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And through it all, I stood and stumbled,
waded through my thoughts and heart.

Yeah through it all,
I fooled and fumbled, lost to the poet’s frown.

I fought the wolves of patience just to let it lie down.

—Ben Howard, These Waters
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1
INTRODUCTION

The world is a dynamic mess of jiggling things if you look at it right.
And if you magnify, you will hardly see a little thing anymore,

because everything is jiggling in its own pattern, and there’s a lot of little balls.
It’s lucky that we have such a large scale of view of everything,

that we can see these as things,
without having worry about all these little atoms all the time.

R.P. Feynman, Fun to Imagine (BBC 1983)
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1. INTRODUCTION

1.1. MOTIVATION
Sunlight provides an enormous abundance of energy to our planet, roughly 1 kW/m2.
Let us consider the case of illumination for Europe. With cloud coverage and seasonal
fluctuations, the total yearly irradiance varies between countries. Yearly averages vary
from roughly 1.0 ·103 kWhm−2 in the Netherlands, where cloud coverage is high, to rough-
ly 1.7 ·103 kWh/m2 in Spain[1]. The world’s total consumption of all types of energy and
fuels in 2014 was 9425 Mtoe (million tonnes of oil equivalent), or 1.1 ·1014 kWh, and the
projection for 20401 is that energy consumption levels will rise to around 1.42 ·1014 kWh[2].
Assuming a solar to electrical power conversion efficiency (PCE) of 17 %, the entire world’s
demand for energy in 2040 can be satisfied by an area of roughly 492 ·103 km2 at Spain-
levels of yearly irradiation, which is roughly the size of Spain (504 ·103 km2). This might
seem like a huge amount of land required, but should be very much attainable as a con-
certed effort around the world. If we were to cover areas with solar panels at the same
rate as forest is lost due to deforestation (average of 33 ·103 km2 per year between 2010
and 2015[3]), we could provide the world with all the energy it requires within 15 years.

Apart from its enormous abundance, solar energy has the advantage of being renew-
able, and it comes with orders of magnitude lower CO2-emissions than fossil fuel[4]. The
drastic reduction of CO2-emissions will be one of the great technological and societal
challenges of the coming decades. The direct conversion of solar power to electricity is
done with the use of photovoltaic (PV) cells and modules. Standard modules nowadays
are made from crystalline silicon, and achieve power conversion efficiencies (PCE) of
around 14 to 19 %. There are many different types of PV technologies, which, through-
out the years, have seen their PCE increase thanks to extensive research[5].

One of the variations of solar cell design is incorporating organic semiconductors in-
stead of the inorganic active layers. Organic photovoltaic (OPV) devices have the benefit
of having thinner, printable active layers on flexible substrates, drastically increasing the
number and shapes of surfaces that the solar technology can be applied to.

1.2. OPV DEVICES
Organic electronic devices have been produced as counter parts to almost any inorganic
device. Organic LEDs (OLEDs) have successfully replaced LCD screens in display tech-
nologies. OLEDs do not require a backlight, and as such can provide darker blacks and
better power efficiency than LCD screens, while also providing better colour contrast.
These OLEDs have found widespread use in modern display technologies. The device
that performs the reverse process of an LED, a solar cell, has also been made using or-
ganic materials.

There are two families of OPV devices; those that contain small molecules and those
that contain polymers. The polymer based solar devices have the added benefit that
they are solution processable, allowing for an ambient pressure printing technique to be
used to form the active layers. Small molecules tend to crystallise, whereas the polymer
materials remain more amorphous. Using printing techniques could potentially lead to
cheap manufacturing.

1Following the ’new policies’ scenario.
http://www.iea.org/publications/scenariosandprojections/
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1.3. INTERFACES IN OPV DEVICES

The main strength of OPV, however, lies in the tuneability of the materials them-
selves. With organic synthetic methods, it is possible to make an almost endless number
of molecules, each with its own set of characteristics. Using the same building blocks,
carbon, hydrogen, and some minor other elements, materials have been made that range
from fuels and solvents to plastic containers, insulators, conductors, and semiconduct-
ors.

If we focus for now on the polymeric semiconductor materials, it is easy to under-
stand the tuneability of the devices. By changing the conjugated backbone of the poly-
mer, it is possible to change the band gap of the material. If the polymer were to be used
in an OLED, a change in bandgap means a change in the colour of emitted light. For OPV
devices it means a change in absorption of light.

The field of polymeric electronics really started after a paper published by Burroughes
et al.[6] showing the electroluminescence of a semiconducting polymer, followed by an
article by Braun and Heeger[7], who showed that a light emitting diode could be made
from semiconducting polymers. In the years following these articles, many of the stand-
ard inorganic devices got their polymeric counterpart.

1.3. INTERFACES IN OPV DEVICES
The active layers in OPV devices are very thin, typically in the order of 100 nm. When an
organic molecule absorbs light it forms a tightly bound electron-hole pair, a Frenkel ex-
citon. Such an exciton can recombine radiatively (by emitting light), or non radiatively.
In organic materials, the electron and hole are tightly bound together, which causes fast
recombination, resulting in nanometre scale exciton diffusion length (LD ), and a nano-
seconds timescale lifetime. The way to extract charges from excitons was found to be:
having two materials in the active layer, a donor and an acceptor. The energy levels of
the donor and acceptor are chosen such that electrons can be easily transferred from an
excited donor to an acceptor and/or the hole can be transferred from an excited acceptor
to the donor material. Often, polymers are chosen as the donor materials and fullerene-
derivatives as the acceptor material. In this manner, charges can be separated and col-
lected through an external circuit. Only excitons that are formed within ≈ LD from this
interface can reach the donor/acceptor interface, where the charges can be separated.
Since the thickness of OPV devices is typically still almost an order of magnitude larger
than the exciton diffusion length, these devices do not work well in a standard planar
double layer geometry.

In 1992, the fast charge transfer between a conducting polymer and a fullerene was
reported[8], followed soon by the first bulk hetero-junction (BHJ) devices[9, 10]. In a BHJ,
the two materials of the active layer are mixed and phase separate to form intricately
mixed phases of the two materials. With so much increased interfacial area, the charge
separation throughout the device became efficient enough (leading to initial power con-
version efficiencies of ∼2.9 %) to be considered as a photovoltaic device.

Organic materials have low dielectric constants, and as a result have a high exciton
binding energy. If the dielectric constant of the organic material could be raised, the
increased screening would lower the exciton binding energy, increasing the exciton life-
time and diffusion length[11]. Calculations suggest that an organic material with a dielec-
tric constant of εr ≥ 10 would no longer need to be a mixture of two materials. The ex-

1
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1. INTRODUCTION

Flexible substrate

Bottom electrode

Transparent electrode

Flexible substrate

Bottom electrode

Transparent electrode

Active layer: 
polymer/fullerene 
mixture

Figure 1.1 Schematic depiction of a BHJ solar cell. The blend of active materials is sandwiched between two
electrodes, of which one is transparent to allow sunlight to enter the active layer. In most common designs, the
transparent electrode is the anode of the device and the non-transparent electrode is the cathode. However,
inverted structures with transparent cathodes, have also been produced. In both cases, five different interfaces
are present in these devices: the polymer/fullerene interface, where excitons are split into an electron and
a hole. The polymer/anode interface, where the generated holes are transported from the polymer to the
electrode. The polymer/cathode and fullerene/anode interfaces, where generated holes and electrons should
be blocked from transferring to the electrode. The fullerene/cathode interface, where the generated electrons
are transferred to the electrode.

citon binding energy in such a material would be low enough for thermal energy (kB T ≈
26 meV) to be able to separate the charges. In such a case, the photovoltaic action would
only necessitate one such high-εr semiconducting material sandwiched between select-
ive contacts[12]. Several reports have already appeared on attempts to raise the dielec-
tric constant of organic materials, with moderate success[13, 14]. As long as those mater-
ials with εr ≥ 10 have not been created, the interface between the two organic materials
remains an important field of study.

Beside the importance of the interface between the two organic materials, the inter-
faces between the electrodes and the active materials also play a major role in determin-
ing the device efficiency. Knowing the relative position of energy levels of two materials
is essential for understanding the charge injection from one material to the other. En-
ergy levels of a material shift up or down upon coming into contact with other materials.
This effect is called energy level alignment. The shift is caused by an alignment of the
chemical potentials within the two materials. A commonly used model to describe these
shifts is the integer charge transfer model (ICT)[15]. Two energy levels are defined E IC T+
and E IC T−, which represent the energies required to oxidise or reduce the organic mo-
lecule (or polymer) at the interface. Due to the equilibration of the chemical potential at
the interface, the relative position of the organic molecule’s ICT states and the substrate
Fermi level play an important role in the energy level alignment. Two regimes can be
identified: vacuum level alignment and Fermi level pinning.

When the Fermi level of the substrate is between the organic molecule’s ICT levels,
vacuum level alignment occurs. Within this range, the vacuum level shifts linearly with
the substrate work function[16].

When the work function of the substrate is larger (smaller) than the E IC T+ (E IC T−),

1
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1.4. OPV MATERIALS

Fermi level pinning occurs. In this case, an interfacial dipole is formed by means of
charge transfer across the metal/organic interface, which shifts the energy levels such
that E IC T+ (E IC T−) is at the position of the substrate Fermi level. In this regime, the in-
jection barriers are independent of the substrate work function. This model shows that
the charge-injection barriers can be reduced by choosing different substrates (with dif-
ferent work functions) only within the limits established by the E IC T+ and E IC T− levels.

The measurement of the energy level alignment is an important part in understand-
ing device performance. In order to measure the alignment, ultraviolet photoelectron
spectroscopy (UPS) can be used. UPS is an ultra-high vacuum (UHV) measurement
technique that is very surface sensitive (a detailed description is given in Chapter 2.6.1).
A requirement for good measurements is to form clean layers without contaminations.
Most solution processable materials, unfortunately, cannot be thermally evaporated or
sublimed inside a vacuum chamber, as they have the tendency to fall apart at temperat-
ures below the sublimation point. Usual layer forming techniques, such as spin coating
or drop casting, leave contaminations in the layer, which can affect the UPS measure-
ments.

We have built a machine that will allow us to do clean layer deposition in UHV. In this
thesis, we will show the operation of this machine for a few different solution process-
able materials. The technical description of the process is given in Chapter 2.3. In the
next section, an overview will be given of the materials that were studied as examples of
solution processable materials.

1.4. OPV MATERIALS
As described in the previous section, OPV devices have a mixture of two organic materi-
als in their active layer. The acceptor molecule is often a fullerene derivative. Fullerenes
were named after Richard Buckminster Fuller, who designed a geodesic dome that some-
what resembles the structure of the molecule. The molecule consists of 60 carbon atoms
(C60) arranged in the shape of a truncated icosahedron, with a carbon atom at each ver-
tex (as shown in Scheme 1.1a). It was first observed in 1985 by Kroto, Heath, O’Brien, Curl,
and Smalley[17], of whom Kroto, Curl and Smalley received the Nobel Prize in Chemistry
in 1996.

For use in organic photovoltaics a more soluble version of C60 was required. In 1995,
Fred Wudl’s group published their synthesis of the fullerene derivative [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM)[18], shown in Scheme 1.1b. With the birth of PCBM,
the field of OPVs from solution processing was born. To this day, [60]PCBM and [70]PCBM
are still used in the vast majority of solution processed OPV devices.

Much research has been done on varying the polymer in the active layer to improve
the efficiency of the photovoltaic devices. In our group, interesting semiconducting
polymers were designed and synthesised that have anionic groups in the polymer back
bone, and cationic groups in the side chains, making them water soluble[19, 20]. Wa-
ter processable materials will potentially pave the way for greener production of OPV
devices[21]. One of these polymers was used in our experiments: PFSC (poly(9,9-bis(4-
sulfanobutyl)fluorene-alt-(1,4-phenylenebis((N,N-dimethylaniline) methylium) tetrabu-
tylammonium salt))). The structure of this polymer is depicted in Scheme 1.2b.

While testing the equipment, two benchmarking molecules were used: TP-77 and

1
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1. INTRODUCTION

(a) C60

O

O

(b) PCBM

Scheme 1.1 Chemical structures of (a) a fullerene molecule: C60 (m =720 u), and (b) the most commonly used
soluble fullerene derivative PCBM (m =910 u)

SO3

-
-
O3S

Br Br

NaNa

(a) TP-77

-
O3S

SO3

-

N

N

n

(b) PFSC

Scheme 1.2 Chemical structures of (a) a water soluble monomer: TP-77 (m =640 u (including 2Na+)), and (b)
the water soluble conjugated polymer PFSC (monomer mass m =774 u).
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1.5. DEPOSITION OF ORGANIC MATERIALS

LeuEnk. TP-77 (sodium 4,4’-(2,7-dibromo-9H-fluorene-9,9-diyl)bis(butane-1-1sulfonate))
is a monomer used in the synthesis of the water soluble fluorene polymers. The structure
of TP-77 is shown in Scheme 1.2a.

Another molecule that was extensively used to test the electrospray ionisation and
beam guiding optics in our setup is leucine enkephalin (LeuEnk), an oligopeptide with
amino acid sequence Tyr-Gly-Gly-Phe-Leu, as shown in Scheme 1.3. This peptide is
found in the brains of many animals, including humans. This material has been used
extensively in electrospray & beam forming experiments[22].

N
H

O
H
N

O

N
H

O
H
N

O
O OH

NH2
HO

Scheme 1.3 Chemical structure of Leucine-Enkephalin (LeuEnk, m =555 u)

1.5. DEPOSITION OF ORGANIC MATERIALS
The most widely used method to form layers of organic materials, at least for laboratory-
scale purposes, is spin coating. A droplet of a solution, containing the desired material,
is placed in the centre of a substrate and spun at high speed. The liquid spreads out
over the substrate to form a thin layer. The viscosity and concentration of the solution,
as well as the spinning speed and time, and the temperature of the substrate determ-
ine the thickness of the final layer. Usually, a volatile solvent is used which evaporates
during and after the rotation to leave a layer containing mostly the desired material. For
many purposes, the pureness of the layers that are formed with spin coating is sufficient.
The fact that organic electronic devices can be made with these methods is one of their
strengths, because it allows for large scale printing methods to be used for their fabric-
ation. However, for the purpose of scientific understanding of the interactions between
two different materials, or the material and the substrate, contaminations can obscure
valuable information.

Besides the contaminations that might remain from the solvent, even ambient air
can be detrimental to the outcome of measurements. An example of this was given by
experiments on the work function of gold. Literature values state that gold has a work
function in the range of 5.1 to 5.5 eV, depending on the measurement method used and
the observed crystallographic orientation. To measure the work function of clean gold it
is necessary to create a clean surface within a vacuum system so that no contaminations
can cover the surface before the measurement takes place. It is interesting to look at
gold as an example, because of its chemical inertness. Exposure to ambient conditions
rapidly shifts the observed work function to values as low as 4.3 eV[23]. It was shown
that some of these contaminations leave the surface again after extended times of being
inside the vacuum, but the work function never fully recovers. It can be understood
that measurements looking at the interaction between a gold substrate and an organic

1
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1. INTRODUCTION

overlayer will have different outcomes for the case that the interaction is with a clean
gold surface, or when it is with a contaminated surface. Gold is an inert surface, which is
not often used in real devices. Most OPV devices use aluminium as an electrode, which
is much more reactive than gold, the effect of contamination can be expected to play an
even bigger role.

Interesting cases for this contamination are when they are done intentionally, to
align the energy levels of electrode and active layer such that injection barriers are min-
imised. This is called work function modification. A thin layer is applied between the
electrode and the active material that enhances the efficiency of the device by a better
alignment of the energy levels. Many different materials have been used to perform this
same task[24–27].

1.5.1. VACUUM DEPOSITION METHODS
The solution for excluding ambient contaminations is to perform all of the preparation
steps in a high vacuum system. This makes the work more laborious, but is a sure way to
exclude many sources of contamination. Many different techniques of vacuum depos-
ition exist and are used in industry. Here, we will highlight some of the more common
deposition methods.

VAPOUR DEPOSITION

Physical Vapour Deposition (PVD) techniques are a collection of techniques which all
involve a solid sample, which is brought into the gas phase, and consecutively condenses
back as a solid film onto a substrate. PVD is widely used in industrial applications and
is mostly used to deposit films of inorganic materials. Various ways to heat the desired
material to a high vapour pressure have been developed.

The most common way is called thermal evaporation, in which a crucible containing
the solid sample is heated in high vacuum through resistive heating. The sample evapor-
ates or sublimes and travels to the cooler substrate where it can condense as a thin film.
A special case of this technique is called molecular beam epitaxy (MBE). In MBE, one or
more ’beams’ are formed by heating solid molecular samples in high vacuum. The word
beam is used to indicate that the particles in the beam do not interact with each other
or with the background gas. The deposition rate is made low enough that the material
can grow epitaxially. This method can be used to form molecular crystalline layers on a
substrate[28].

Other ways of producing the desired vapours include illuminating a sample with an
electron beam[29, 30] or a pulsed laser[31, 32], or by putting the sample in contact with
a plasma[33, 34], sputtering away some material from the sample, to be deposited else-
where.

Another deposition method is Chemical Vapour Deposition (CVD), in which a layer
is grown through a decomposition reaction of a gaseous species that takes place near
the substrate. As a by-product of the reaction a solid film is formed on a heated surface.
Polycrystalline silicon wafers are grown using CVD, where the silicon layers are formed
by a decomposition of silane (SiH4), or trichlorosilane (SiCl3H)[35–37]. The silicon can
be doped during growth by adding a phosphine, arsine, or diborane gas. During depos-
ition the temperature can be quite high, values of 400 to 1000 ◦C are not uncommon.

1

8



1.5. DEPOSITION OF ORGANIC MATERIALS

All these methods have in common that a sample has to be able to withstand high
temperatures in order to form the desired layers. The solution processable materials that
we work with and want to study, unfortunately, will not stand high temperatures. The
materials will decompose or lose functional groups upon heating. We turned our eye to
the world of mass spectrometry, where many other techniques have been developed to
bring molecules into the vacuum.

1.5.2. IONISATION METHODS
Mass spectrometers work with elements producing electric or magnetic fields, in va-
cuum systems, to separate particles based on their mass (usually mass over charge). As
such, they require the particles entering their system to carry a charge. All methods of
bringing molecules into the vacuum for mass spectrometry involve ionisation. Over the
years, different techniques have been developed to ionise the various classes of materi-
als, each with their specific uses and drawbacks. One drawback that all ionisation meth-
ods suffer from, in varying degrees, is that of fragmentation. The desired molecule might
fragment and ions of these fragments can enter the mass spectrometer. For mass spec-
trometry, fragmentation can be a useful tool to look not just at the mass of the complete
molecular ion, but also at several of the ion’s building blocks. For our purpose of de-
position, it is desired to reduce fragmentation to a minimum. In this section, the most
common ionisation methods for mass spectrometry will be shortly described.

MALDI
MALDI is an abbreviation for Matrix Assisted Laser Desorption Ionisation, and is often
used with Time-of-Flight (TOF) mass spectrometry methods as MALDI-TOF. It is an ion-
isation method that can be used to make ions of heavy and fragile molecules, such as
proteins and polymers. The technique has seen widespread use after a breakthrough
by Karas and Hillekamp in 1988[38], who used a matrix to absorb the laser irradiation
around the analyte molecule.

The first step for MALDI is to make a solution containing the analyte molecule and a
large excess of an additive molecule that will form the matrix. A molar excess in the range
of 104 to 105 are generally used. The solution is then converted to a solid by putting it in
a vacuum chamber. Once the solvent has evaporated the remaining analyte is contained
within a so called matrix of the additive molecule. The additive should have a low mass
compared to the analyte so that it is easy to separate down the line.

The dried sample is hit by a pulsed laser, which will cause the matrix, containing
the analyte to vaporise. During this process the molecules also get ionised. Another de-
mand for the additive molecule, therefore, is that it readily absorbs the laser radiation.
Usually UV lasers are used, common examples are pulsed nitrogen lasers, which have
a wavelength of 337 nm. Lasers are commonly focussed on an area between 30 and
500µm and the required laser irradiance is typically in range of 106 - 107 Wcm−2. A cer-
tain threshold exists for the laser irradiance, below which no ions are formed. The best
results are obtained at around 20 to 50 % above the threshold.

The strong absorption of the laser radiation by the matrix molecules allows for energy
transfer from the laser to the solid sample. Typical operating parameters for the laser
correspond to approximately 1 photon being absorbed per matrix molecule in the outer
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layer of the solid sample. The UV light has a limited penetration depth into the sample,
typically around 100 nm. The transferred energy is enough to induce the ablation of a
small volume of the solid sample, which sets intact matrix and analyte molecules free.
The freed molecules can be either neutral, or in their ionic form. The exact role of the
matrix in the ionisation of the analyte is not yet fully understood[39].

The use of IR instead of UV lasers has some benefits. The penetration depth of IR
lasers is deeper, which makes it possible to use it on analytes embedded in gels or mem-
branes. In contrast, UV MALDI only ablates and ionises molecules at the surface of the
sample. The mass accuracy, mass resolution have been shown to be approximately the
same for the two laser sources[39]. Generally, IR gives less fragmentation of large mo-
lecules, but much more sample is consumed per laser shot. The ionisation efficiency
however, is lower for IR than it is for UV lasers. In addition to that, different matrix mo-
lecules are required for use with IR and UV lasers, as the absorption of the matrix needs
to be in the wavelength range of the illumination source.

The pulsed nature of MALDI makes it directly compatible with TOF systems of mass
spectrometry, it is slightly more involved to adapt it to quadrupole and magnetic mass
analysers. The resolution of TOF mass spectrometers decreases at higher m/z. Some
studies have shown that the MALDI ions have a broad velocity distribution which is
nearly independent of mass[40, 41].

In MALDI, fragmentation does occur[42]. For the purpose of an analytical technique
fragmentation can be useful, as different fragments can be studied, but for our purpose,
of deposition of the pure compound, fragmentation is unwanted.

ATMOSPHERIC PRESSURE PHOTO IONISATION

Atmospheric Pressure Photo Ionisation (APPI) sources are, as the name suggests, op-
erated at atmospheric pressure. The desired molecule is vaporised into the ionisation
chamber. The sample can also be provided already vaporised, for example when the ion-
isation source is coupled to a gas chromatograph (GC). When the APPI source is coupled
to a liquid chromatograph (LC)[43], the eluent from the LC is vaporised into the ion-
isation chamber. In the case of a sample in solution, high temperatures (250-500 ◦C)
are required to vaporise the solution. The vaporised analyte molecules and solvents are
brought into the ionisation chamber, where they are irradiated by UV radiation. The
source can be either a hydrogen or krypton discharge lamp, but synchrotron radiation
is also possible. Ideally the UV photons have enough energy to ionise the analyte and
solvent molecules, but not the ambient gas molecules. The photon energy generally is
in the range of 7 to 10 eV. It is possible for the analyte molecules to be ionised directly
by the incoming photons, but, due to the relatively low concentration compared to the
present solvent, it is a statistically unlikely event. When the solvent gets photoionised,
those solvent ions can react with the analyte to form ions of the analyte. The exact reac-
tion and outcome will depend on the solvent and analyte used.

Dopants, such as toluene, can be used to increase the ionisation efficiency. The
dopant is effectively photoionised and in turn ionises the analyte molecule. Through dir-
ect ionisation and the chemical reactions between the solvent or dopant with the analyte
various ions of the analyte molecule can be formed. For example, the radical cation of
the analyte can be formed by direct ionisation (removing one electron), or a protonated
ion can be the result from proton transfer from the ionised solvent or dopant.
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This technique has the ability to ionize an extended range of compounds. However,
the analyte solution is heated to high temperatures, which makes it less suitable for mo-
lecules susceptible to thermal degradation, such as proteins.

ATMOSPHERIC PRESSURE CHEMICAL IONISATION

The technique of chemical ionisation was first introduced by Munson and Field[44].
Their technique formed ions through chemical reactions in the gas phase. Their setup
worked at a low pressure (approximately 1 mbar), but several years later, Atmospheric
Pressure Chemical Ionisation (APCI) was introduced. The main idea is to introduce a
reaction gas into an ionisation chamber of a mass spectrometer. This reaction gas is ion-
ised. Modern APCI devices use a corona discharge as the ionisation mechanism, but in
the first designs an electron beam was used. The reaction gas should be chosen such
that the reaction gas ions do not react with its neutral species. The material of interest
should be present in the gas, and can react chemically with stable ions of the reaction gas
to form ions of the desired material. This technique got some academic attention, but
did not become widely accepted as an analytic technique until Fales et al. demonstrated
its utility for complex biological samples[45].

Recently, most chemical ionisation is performed at atmospheric pressure. This has
the advantage that the liquid is vaporised and the sample is ionised at atmospheric pres-
sure and ideally only the ions in a bath of relatively dry gas enter the mass spectrometer.
The atmospheric pressure ionisation was pioneered by Horning et al.[46, 47]. Such sys-
tems have become widely available commercially.

A requirement for samples to work well with APCI is that they should survive va-
porisation as neutral molecules without decomposition. APCI is not suitable for non-
volatile or thermally unstable samples. For these, electrospray is the method of choice[39].
Since the interface with the mass spectrometer is similar, many MS systems are installed
with both an electrospray and an APCI source.

Both APPI and APCI have limitations when it comes to non-volatile samples.

ELECTROSPRAY

Dole et al. demonstrated in 1968 that spray techniques can bring macroions of poly-
styrene into the vacuum[48]. It was a small adaption to Dole’s electrospray, made by
Yamashita and Fenn, that made the breakthrough for electrospray[49, 50]. In 2002, Fenn,
Wüthrich, and Tanaka jointly received the Nobel prize in chemistry for their develop-
ment of electrospray ionisation.

The process of electrospray will be described in more detail in Chapter 2.3.1, and
will only be shortly discussed here. A solution containing the desired molecule passes
through a small needle at a high electric potential relative to ground. Charged droplets
break off from the main solvent body and disperse into an ambient gas and are allowed to
enter a vacuum system. As the solvent in the droplets evaporates, the charge density on
the droplets increases until a Coulomb explosion occurs, which breaks the droplets into
smaller droplets. This process continues until gas phase ions are formed. Electrospray
has shown itself to be a soft ionisation technique by producing ions of high molecular
weight species with very low fragmentation. Furthermore, the formed molecular ions
are more likely to be in their ground state compared to other ionisation methods which
often produce ions in highly excited states.

1

11



1. INTRODUCTION

Hence, we have chosen electrospray as the ionisation method of our deposition sys-
tem.

1.5.3. DEPOSITION OF MOLECULAR IONS IN UHV
Following the ionisation, the ions enter the vacuum system, where eventually they will
be deposited. We want to maximize the amount of material that reaches the substrate.
The charged droplets and ions from the electrospray source, that enter the first vacuum
chamber, all have the same charge, and as such will repel each other. Due to the dif-
ference in pressure, the droplets and ions will form a plume, expanding in a wide cone
in the first vacuum chamber. To capture the expanding plume of ions an ion funnel is
employed. This device consists of several metal ring electrodes, with decreasing inner
diameter, to which electric potentials are applied in order to focus the ions into a beam.
This ion funnel was first developed by Shaffer et al.[51] and will be described in more
detail in Chapter 2.3.3.

The first vacuum chamber operates at a pressure of roughly 1 mbar. To reach ultra-
high vacuum conditions (pressures below 10−6 mbar), several steps down in pressure
have to be made. A series of vacuum chambers is used that are connected through small
apertures, allowing each consecutive chamber to obtain a lower pressure than the one
before.

We use other techniques from the fields of mass spectrometry and ion beam guiding
to get the molecular ion beam through several chambers into the deposition chamber at
UHV pressures. One of those is an electric quadrupole, which can be used to do mass
selection, giving us further control over the purity of the deposited layers.

1.6. SIMILAR RESEARCH
There have been other groups that have developed similar machines. Sometimes with
completely different experiments in mind. For example, during the project we learned
that the group of Hoekstra and Schlathölter, formerly at the Kernfysisch Versneller In-
stituut (KVI) in Groningen, had developed in parallel a similar system. Their system in-
cludes ionisation of molecular materials through electrospray, focussing of the beam by
ion funnel, and mass selection by quadrupole. Their experiments are mainly focussed
on radiation damage of biomolecules. During the flight the ions can be subjected to
ion bombardment to induce fragmentations. Instead of being deposited, their ion (frag-
ments) are collected in a Paul trap and send into a time-of-flight mass spectrometer to
be analysed[22, 52, 53].

Electrospray has been used previously to deposit layers of materials under ambi-
ent conditions, foregoing a vacuum system altogether. Examples of this are the work of
Morozov and Morozova[54], who used several spray needles in conjunction with a dielec-
tric mask to form an array of dots of DNA on a substrate.

O’Shea and co-workers have shown experimentally to be able to deposit C60, as well
as carbon nanotubes in their vacuum system using electrospray ionisation[55–57]. Their
deposition setup does not include any further beam guiding or mass selection tools,
and the measurements that they perform on the deposited materials focus on atomic
force microscopy (AFM) and scanning tunnelling microscopy (STM). In 2014, Kim et
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al. showed electrospray deposition of PCBM on top of a spin coated P3HT (poly(3-
hexylthiophene-2,5-diyl)) layer and measured the energy level alignment with UPS[58].
Their setup, similar to that of O’Shea’s, consists of several differentially pumped vacuum
chambers connected in series through small apertures to provide for the steps down in
pressure towards UHV condition, without any electrical elements present within those
chambers to perform beam guiding or mass selection. Similar setups have also been
used to deposit metal complexes[59] and polymers [60–64]. These experiments have
shown the possibilities of electrospray deposition. With the addition of an ion funnel,
we hope to achieve a higher throughput of molecular ions, in other words higher depos-
ition rates, and with the quadrupole we expect to obtain higher purity of the layers by
filtering out unwanted masses.

There are also setups, which are more similar to ours. For example, Hamann et al.
have described their setup[65], which is comparable to ours, but uses two ion funnels
instead of one, and has an additional electrostatic quadrupole deflector. The deflector
changes the direction of the ion beam by 90° before it gets deposited in a further cham-
ber. All uncharged species will not be deflected and therefore are rejected from moving
further down the beam path, effectively preventing uncharged contaminations from the
ion source from reaching the UHV deposition chamber.

We have included the option to apply a bias to the substrate, which can be used to
slow down the incoming molecular ions in the beam, providing a soft landing. It was
shown that for Rhodamine dye molecules (Rho6G), kinetic energies up to 35 eV produce
near unity intact molecules on the surface[66].

1.7. THESIS OUTLINE
The main goal of the developed machine is to be able to perform photoelectron spec-
troscopy (PES) measurements on layers of solution processable materials, without any
ambient contaminations. For this to be possible, we have to perform a vacuum depos-
ition of the clean materials, and measurements within the same vacuum system, so the
samples are not exposed to any sources of contamination. The developed system and its
use are the core of this thesis.

In Chapter 2, we will give an extensive overview of the machine and all its aspects.
The complete machine, including the traditional deposition method of evaporation, the
deposition method of electrospray ionisation deposition, and the measurement tech-
niques will be described. Besides the machinery that is involved in the soft molecular
landing beam line, the working principles of the involved processes are described. At
the end of this chapter, we describe the experimental methods used, with the main fo-
cus on the photoelectron spectroscopy that can be performed on the samples within the
same vacuum system.

In Chapter 3, we give a characterisation of the beams formed within our machine,
and the controls we have for influencing the properties of the formed beams.

Chapter 4 describes the measurements that were performed on the layers deposited
with the new deposition method. It gives a proof of concept that the SML works as in-
tended and indeed forms layers of the solution processable materials. We show layers
formed with C60, PCBM, and PFSC.

In Chapter 5, conclusions and an outlook are presented.

1

13



BIBLIOGRAPHY

BIBLIOGRAPHY
[1] Solargis. http://solargis.info/.

[2] International Energy Agency. Key world energy statistics. http://www.iea.org,
2016.

[3] Food and Agriculture Organization of the United Nations (FAO). Global Forest Re-
sources Assessments. http://www.fao.org/forest-resources-assessment/
en/.

[4] Jinqing Peng, Lin Lu, and Hongxing Yang. Review on life cycle assessment of energy
payback and greenhouse gas emission of solar photovoltaic systems. Renewable
and Sustainable Energy Reviews, 19:255–274, March 2013.

[5] National Renewable Energy Laboratory. Research Cell Record Efficiency Chart.
http://www.nrel.gov/pv, 2016.

[6] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend,
P. L. Burns, and A. B. Holmes. Light-emitting diodes based on conjugated polymers.
Nature, 347(6293):539–541, October 1990.

[7] D. Braun and A. J. Heeger. Visible light emission from semiconducting polymer
diodes. Applied Physics Letters, 58(18):1982–1984, May 1991.

[8] N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl. Photoinduced Electron Trans-
fer from a Conducting Polymer to Buckminsterfullerene. Science, 258(5087):1474–
1476, November 1992.

[9] G. Yu and A. J. Heeger. Charge separation and photovoltaic conversion in polymer
composites with internal donor/acceptor heterojunctions. Journal of Applied Phys-
ics, 78(7):4510–4515, October 1995.

[10] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger. Polymer Photovoltaic Cells:
Enhanced Efficiencies via a Network of Internal Donor-Acceptor Heterojunctions.
Science, 270(5243):1789–1791, December 1995.

[11] L. Jan Anton Koster, Sean E. Shaheen, and Jan C. Hummelen. Pathways to a New
Efficiency Regime for Organic Solar Cells. Advanced Energy Materials, 2(10):1246–
1253, October 2012.

[12] Peter Würfel. Physics of Solar Cells: From Principles to New Concepts. WILEY-VCH,
2005.

[13] M. Breselge, I. Van Severen, L. Lutsen, P. Adriaensens, J. Manca, D. Vanderzande,
and T. Cleij. Comparison of the electrical characteristics of four 2,5-substituted
poly(p-phenylene vinylene) derivatives with different side chains. Thin Solid Films,
511–512:328–332, July 2006.

1

14

http://solargis.info/
http://www.iea.org
http://www.fao.org/forest-resources-assessment/en/
http://www.fao.org/forest-resources-assessment/en/
http://www.nrel.gov/pv


BIBLIOGRAPHY

[14] Yunzhang Lu, Zhengguo Xiao, Yongbo Yuan, Haimei Wu, Zhongwei An, Yanbing
Hou, Chao Gao, and Jinsong Huang. Fluorine substituted thiophene–quinoxaline
copolymer to reduce the HOMO level and increase the dielectric constant for high
open-circuit voltage organic solar cells. Journal of Materials Chemistry C, 1(4):630–
637, December 2012.

[15] Carl Tengstedt, Osikowicz Wojciech, William R. Salaneck, Ian D. Parker, Che-H. Hsu,
and Mats Fahlman. Fermi-level pinning at conjugated polymer interfaces. Applied
Physics Letters, 88(5):053502, January 2006.

[16] Menno Bokdam, Deniz Çakır, and Geert Brocks. Fermi level pinning by integer
charge transfer at electrode-organic semiconductor interfaces. Applied Physics Let-
ters, 98(11):113303, March 2011.

[17] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley. C60: Buckmin-
sterfullerene. Nature, 318(6042):162–163, November 1985.

[18] Jan C. Hummelen, Brian W. Knight, F. LePeq, Fred Wudl, Jie Yao, and Charles L.
Wilkins. Preparation and Characterization of Fulleroid and Methanofullerene De-
rivatives. The Journal of Organic Chemistry, 60(3):532–538, February 1995.

[19] Thomas P. Voortman and Ryan C. Chiechi. Thin Films Formed from Conjugated
Polymers with Ionic, Water-Soluble Backbones. ACS Applied Materials & Interfaces,
7(51):28006–28012, December 2015.

[20] Thomas P. Voortman. Conjugated Polyions: Polymers with Ionic, Water-Soluble
Backbones. Phd. thesis, University of Groningen, Groningen, 2016.

[21] Roar R. Søndergaard, Markus Hösel, and Frederik C. Krebs. Roll-to-Roll fabrication
of large area functional organic materials. Journal of Polymer Science Part B: Poly-
mer Physics, 51(1):16–34, January 2013.

[22] S. Bari, O. Gonzalez-Magaña, G. Reitsma, J. Werner, S. Schippers, R. Hoekstra, and
T. Schlathölter. Photodissociation of protonated leucine-enkephalin in the VUV
range of 8–40 eV. The Journal of Chemical Physics, 134(2):024314, January 2011.

[23] S.C. Veenstra. Electronic Structure of Molecular Systems: From Gas Phase to Thin
Films to Devices. Phd. thesis, University of Groningen, Groningen, July 2002.

[24] Jong Soo Kim, Jong Hwan Park, Ji Hwang Lee, Jang Jo, Dong-Yu Kim, and Kilwon
Cho. Control of the electrode work function and active layer morphology via surface
modification of indium tin oxide for high efficiency organic photovoltaics. Applied
Physics Letters, 91(11):112111, September 2007.

[25] Oliver T. Hofmann, David A. Egger, and Egbert Zojer. Work-Function Modification
beyond Pinning: When Do Molecular Dipoles Count? Nano Letters, 10(11):4369–
4374, November 2010.

1

15



BIBLIOGRAPHY

[26] Jeihyun Lee, Soohyung Park, Younjoo Lee, Hyein Kim, Dongguen Shin, Junkyeong
Jeong, Kwangho Jeong, Sang Wan Cho, Hyunbok Lee, and Yeonjin Yi. Electron trans-
port mechanism of bathocuproine exciton blocking layer in organic photovoltaics.
Physical Chemistry Chemical Physics, 18(7):5444–5452, February 2016.

[27] Kouki Akaike, Marco V. Nardi, Martin Oehzelt, Johannes Frisch, Andreas Opitz,
Christos Christodoulou, Giovanni Ligorio, Paul Beyer, Melanie Timpel, Igor Pis, Fe-
derica Bondino, Karttikay Moudgil, Stephen Barlow, Seth R. Marder, and Norbert
Koch. Effective Work Function Reduction of Practical Electrodes Using an Organo-
metallic Dimer. Advanced Functional Materials, 26(15):2493–2502, April 2016.

[28] Yujing Ma, Sadhu Kolekar, Horacio Coy Diaz, Johannes Aprojanz, Ilio Miccoli, Chris-
toph Tegenkamp, and Matthias Batzill. Metallic Twin Grain Boundaries Embedded
in MoSe2 Monolayers Grown by Molecular Beam Epitaxy. ACS Nano, April 2017.

[29] Jogenden Singh, Douglas E. Wolfe, and Jason Singh. Architecture of thermal barrier
coatings produced by electron beam-physical vapor deposition (EB-PVD). Journal
of Materials Science, 37(15):3261–3267, August 2002.

[30] Xin Zhou, Limin He, Xueqiang Cao, Zhenhua Xu, Rende Mu, Junbin Sun, Jieyan
Yuan, and Binglin Zou. La2(Zr0.7Ce0.3)2O7 thermal barrier coatings prepared by
electron beam-physical vapor deposition that are resistant to high temperature at-
tack by molten silicate. Corrosion Science, 115:143–151, February 2017.

[31] J. Narayan, P. Tiwari, X. Chen, J. Singh, R. Chowdhury, and T. Zheleva. Epitaxial
growth of TiN films on (100) silicon substrates by laser physical vapor deposition.
Applied Physics Letters, 61(11):1290–1292, September 1992.

[32] P. R. Willmott and J. R. Huber. Pulsed laser vaporization and deposition. Reviews of
Modern Physics, 72(1):315–328, January 2000.

[33] R. F. Bunshah and C. V. Deshpandey. Plasma assisted physical vapor deposition
processes: A review. Journal of Vacuum Science & Technology A: Vacuum, Surfaces,
and Films, 3(3):553–560, May 1985.

[34] Satoshi Takeichi, Takashi Nishiyama, Mitsuru Tabara, Shuichi Kawawaki, Masami-
chi Kohno, Koji Takahashi, and Tsuyoshi Yoshitake. Thermal Conductivity of Ul-
trananocrystalline Diamond/Hydrogenated Amorphous Carbon Composite Films
Prepared by Coaxial Arc Plasma Deposition. ECS Transactions, 75(25):27–32, May
2017.

[35] J. K. Rath, H. Meiling, and R. E. I. Schropp. Low-temperature deposition of poly-
crystalline silicon thin films by hot-wire CVD. Solar Energy Materials and Solar
Cells, 48(1):269–277, November 1997.

[36] A. F. B. Braga, S. P. Moreira, P. R. Zampieri, J. M. G. Bacchin, and P. R. Mei. New
processes for the production of solar-grade polycrystalline silicon: A review. Solar
Energy Materials and Solar Cells, 92(4):418–424, April 2008.

1

16



BIBLIOGRAPHY

[37] Ashok Jadhavar, Amit Pawbake, Ravindra Waykar, Vijaya Jadkar, Rupali Kulkarni,
Ajinkya Bhorde, Sachin Rondiya, Adinath Funde, Dinkar Patil, Abhijit Date, Habib
Pathan, and Sandesh Jadkar. Growth of Hydrogenated Nano-crystalline Silicon (nc-
Si:H) Films by Plasma Enhanced Chemical Vapor Deposition (PE-CVD). Energy Pro-
cedia, 110:45–52, March 2017.

[38] Michael Karas and Franz Hillenkamp. Laser desorption ionization of proteins with
molecular masses exceeding 10,000 daltons. Analytical Chemistry, 60(20):2299–
2301, October 1988.

[39] Marvin L. Vestal. Methods of Ion Generation. Chemical Reviews, 101(2):361–376,
February 2001.

[40] Ronald C. Beavis and Brian T. Chait. Velocity distributions of intact high mass
polypeptide molecule ions produced by matrix assisted laser desorption. Chem-
ical Physics Letters, 181(5):479–484, July 1991.

[41] J. Zhou, W. Ens, K. G. Standing, A. Verentchikov, and B. U. R. Sundqvist. Kinetic
energy measurements of molecular ions ejected into an electric field by matrix-
assisted laser desorption. Rapid Communications in Mass Spectrometry, 6(11):671–
678, November 1992.

[42] Jainab Khatun, Kevin Ramkissoon, and Morgan C. Giddings. Fragmentation Char-
acteristics of Collision-Induced Dissociation in MALDI TOF/TOF Mass Spectro-
metry. Analytical Chemistry, 79(8):3032–3040, April 2007.

[43] Damon B. Robb, Thomas R. Covey, and Andries P. Bruins. Atmospheric Pressure
Photoionization: An Ionization Method for Liquid Chromatography-Mass Spectro-
metry. Analytical Chemistry, 72(15):3653–3659, August 2000.

[44] M. S. B. Munson and F. H. Field. Chemical Ionization Mass Spectrometry. I. Gen-
eral Introduction. Journal of the American Chemical Society, 88(12):2621–2630, June
1966.

[45] Henry M. Fales and George W. A. Milne. Chemical ionization mass spectrometry of
complex molecules. Journal of the American Chemical Society, 91(13):3682–3685,
June 1969.

[46] E. C. Horning, M. G. Horning, D. I. Carroll, I. Dzidic, and R. N. Stillwell. New pico-
gram detection system based on a mass spectrometer with an external ionization
source at atmospheric pressure. Analytical Chemistry, 45(6):936–943, May 1973.

[47] E. C. Horning, D. I. Carroll, I. Dzidic, K. D. Haegele, M. G. Horning, and R. N. Still-
well. Atmospheric Pressure Ionization (API) Mass Spectrometry. Solvent-Mediated
Ionization of Samples Introduced in Solution and in a Liquid Chromatograph Efflu-
ent Stream. Journal of Chromatographic Science, 12(11):725–729, November 1974.

[48] M. Dole, L. L. Mack, R.L. Hines, R. C. Mobley, L. D. Ferguson, and M. B. Alice. Mo-
lecular Beams of Macroions. The Journal of Chemical Physics, 49(5):2240–2249,
September 1968.

1

17



BIBLIOGRAPHY

[49] Masamichi Yamashita and John B. Fenn. Electrospray ion source. Another vari-
ation on the free-jet theme. The Journal of Physical Chemistry, 88(20):4451–4459,
September 1984.

[50] Craig M. Whitehouse, Robert N. Dreyer, Masamichi Yamashita, and John B. Fenn.
Electrospray interface for liquid chromatographs and mass spectrometers. Analyt-
ical Chemistry, 57(3):675–679, March 1985.

[51] Scott A. Shaffer, Keqi Tang, Gordon A. Anderson, David C. Prior, Harold R. Udseth,
and Richard D. Smith. A novel ion funnel for focusing ions at elevated pressure
using electrospray ionization mass spectrometry. Rapid Communications in Mass
Spectrometry, 11(16):1813–1817, October 1997.

[52] O. González-Magaña, G. Reitsma, S. Bari, R. Hoekstra, and T. Schlathölter. Length
effects in VUV photofragmentation of protonated peptides. Physical Chemistry
Chemical Physics, 14(13):4351–4354, March 2012.

[53] Sadia Bari, Ronnie Hoekstra, and Thomas Schlathölter. Peptide fragmentation by
keV ion-induced dissociation. Physical Chemistry Chemical Physics, 12(14):3376–
3383, 2010.

[54] Victor N. Morozov and Tamara Ya. Morozova. Electrospray Deposition as a Method
for Mass Fabrication of Mono- and Multicomponent Microarrays of Biological and
Biologically Active Substances. Analytical Chemistry, 71(15):3110–3117, August
1999.

[55] James N. O’Shea, John B. Taylor, Janine C. Swarbrick, Graziano Magnano, Louise C.
Mayor, and Karina Schulte. Electrospray deposition of carbon nanotubes in va-
cuum. Nanotechnology, 18(3):035707, 2007.

[56] Christopher J. Satterley, Luís M. A. Perdigão, Alex Saywell, Graziano Magnano, Anna
Rienzo, Louise C. Mayor, Vinod R. Dhanak, Peter H. Beton, and James N. O’Shea.
Electrospray deposition of fullerenes in ultra-high vacuum: In situ scanning tunnel-
ing microscopy and photoemission spectroscopy. Nanotechnology, 18(45):455304,
November 2007.

[57] Alex Saywell, Graziano Magnano, Christopher J. Satterley, Luís M. A. Perdigão,
Neil R. Champness, Peter H. Beton, and James N. O’Shea. Electrospray Deposition
of C60 on a Hydrogen-Bonded Supramolecular Network. The Journal of Physical
Chemistry C, 112(20):7706–7709, May 2008.

[58] Ji-Hoon Kim, Jong-Am Hong, Dae-Gyeon Kwon, Jaewon Seo, and Yongsup Park.
Energy level alignment in polymer organic solar cells at donor-acceptor planar
junction formed by electrospray vacuum deposition. Applied Physics Letters,
104(16):163303, April 2014.

[59] Louise C. Mayor, J. Ben Taylor, Graziano Magnano, Anna Rienzo, Christopher J. Sat-
terley, James N. O’Shea, and Joachim Schnadt. Photoemission, resonant photoe-
mission, and x-ray absorption of a Ru(II) complex adsorbed on rutile TiO2(110)

1

18



BIBLIOGRAPHY

prepared by in situ electrospray deposition. The Journal of Chemical Physics,
129(11):114701, September 2008.

[60] N. Dam, M. M. Beerbom, J. C. Braunagel, and R. Schlaf. Photoelectron spectro-
scopic investigation of in-vacuum-prepared luminescent polymer thin films dir-
ectly from solution. Journal of Applied Physics, 97(2):024909, January 2005.

[61] B. Lägel, M. M. Beerbom, B. V. Doran, M. Lägel, A. Cascio, and R. Schlaf. Investiga-
tion of the poly[2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene vinylene]/indium
tin oxide interface using photoemission spectroscopy. Journal of Applied Physics,
98(2):023512, July 2005.

[62] A. J. Cascio, J. E. Lyon, M. M. Beerbom, R. Schlaf, Y. Zhu, and S. A. Jenekhe. Invest-
igation of a polythiophene interface using photoemission spectroscopy in combin-
ation with electrospray thin-film deposition. Applied Physics Letters, 88(6):062104,
February 2006.

[63] Alex Saywell, Johannes K. Sprafke, Louisa J. Esdaile, Andrew J. Britton, Anna Rienzo,
Harry L. Anderson, James N. O’Shea, and Peter H. Beton. Conformation and Pack-
ing of Porphyrin Polymer Chains Deposited Using Electrospray on a Gold Surface.
Angewandte Chemie International Edition, 49(48):9136–9139, November 2010.

[64] Soohyung Park, Younjoo Lee, and Yeonjin Yi. Vacuum-integrated electrospray de-
position for highly reliable polymer thin film. Review of Scientific Instruments,
83(10):105106, October 2012.

[65] Chr Hamann, R. Woltmann, I.-Po Hong, N. Hauptmann, S. Karan, and R. Berndt.
Ultrahigh vacuum deposition of organic molecules by electrospray ionization. Re-
view of Scientific Instruments, 82(3):033903, March 2011.

[66] Stephan Rauschenbach, Ralf Vogelgesang, N. Malinowski, Jürgen W. Gerlach, Mo-
hamed Benyoucef, Giovanni Costantini, Zhitao Deng, Nicha Thontasen, and Klaus
Kern. Electrospray Ion Beam Deposition: Soft-Landing and Fragmentation of Func-
tional Molecules at Solid Surfaces. ACS Nano, 3(10):2901–2910, October 2009.

1

19





2
EXPERIMENTAL SETUP

One machine can do the work of fifty ordinary men. No machine can do the work of one
extraordinary man.

Elbert Hubbard

I do not think there is any thrill that can go through the human heart like that felt by the
inventor as he sees some creation of the brain unfolding to success... such emotions make

a man forget food, sleep, friends, love, everything.

Nikola Tesla

In this chapter a technical description of the complete system is given. First the traditional
evaporation chamber is described, followed by a thorough description of the soft molecu-
lar landing beam line. Besides the hardware, the processes involved in electrospray ion-
isation, ion evaporation, and beam guiding are described. At the end of this chapter an
account is given of the measurement methods of UV and X-ray photoelectron spectroscopy,
scanning tunneling microscopy, and atomic force microscopy.
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2. EXPERIMENTAL SETUP

2.1. INTRODUCTION

In the laboratory environment, spin-coating is the most commonly used way of fabricat-
ing devices from solution processable materials. However, spin-coating generally leaves
considerable amounts of contaminations in the film. Such contaminations are mainly
residues of solvents, or appear in the film due to exposure to oxygen and/or moisture in
air, if the preparation and experiments are not entirely done inside a glove box. When
using a surface-sensitive measurement technique, such as UPS, these contaminations
can influence the measured spectrum considerably. In order to measure pure com-
pounds and their interactions, without the influence of contaminants, it is important to
prepare samples under clean conditions. Organic thin films grown under high-vacuum
conditions, for example by thermal evaporation, do not have these contaminations and
provide interpretable results, and have, therefore, been studied extensively[1–3].

It is our goal to use photoelectron spectroscopy measurements on molecular mater-
ials which are not thermally evaporable, in order to gain a better understanding of the
interfaces in organic electronics. This has lead us to design the soft molecular landing
(SML) machine, which will do high-vacuum deposition of solution processable materi-
als. This SML machine is one of three parts of the setup, which are linked together. Mag-
netic transfer rods allow us to transport samples between the three parts. Figure 2.1 is a
photograph of the complete setup, with an overlay indicating the three parts. All three
chambers can be sealed off from each other to reduce contaminations from the depos-
ition chambers entering the measurement chamber. Part 1 is an evaporation chamber in
which layers of both metals and organic materials cam be grown; this is described in sec-
tion 2.2. Part 2 is the new soft molecular landing beam-line, where layers of organic ma-
terials from solution can be deposited. This will be described in section 2.3. Lastly, part 3
is the measurement chamber in which the photoelectron spectroscopy takes place. The
layout of the measurement chamber, and the hardware used are described in Section 2.5,
while the process of photoelectron spectroscopy will be explained in Section 2.6.

In order to get the measurement chamber to the best quality vacuum, it needs to
be heated to 100 to 150 ◦C, thus removing any contaminations adsorbed on the cham-
ber walls. Every time the chamber is exposed to air, this bake-out has to be performed.
When venting the chambers, first an inert gas is introduced (nitrogen or argon) in order
to reduce the effects of moisture, oxygen, or other contaminants adsorbing on the walls.
This passivation by the inert gas reduces the time required for the bake-out. Since all
chambers can be sealed off from one another, only the chamber where maintenance is
performed can be vented, while the other chambers can be kept under vacuum. In order
to reduce downtime when introducing samples, a quick entry airlock is attached to the
preparation chamber. To insert a sample into the UHV system, only the small volume
inside the airlock needs to be pumped.

The design of the setup allows for the growth of thin films of metals, and both evap-
orable and non-evaporable organic materials in arbitrary order. In between deposition
steps, measurements can be performed on the interfaces of these different materials. In
principle, an entire device can be built up, and every material and interface contained
within can be characterised.
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Measurement 
chamber 

Figure 2.1 Photograph of the complete setup. The three compartments are indicated in the overlay in the lower
figure.
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2. EXPERIMENTAL SETUP

2.2. EVAPORATION CHAMBER
Inside the preparation chamber, thin layers of metals, such as gold or copper, and or-
ganic small molecules, such as C60, can be prepared through thermal evaporation. Post-
deposition treatment is also possible in the form of annealing for both metals and organ-
ics, and sputtering for metals. This chamber has three stages, as is indicated in Figure 2.2.

2.2.1. EVAPORATION OF METALS AND ORGANIC SOLIDS
The desired materials are introduced in the solid state into the vacuum system and they
are evaporated by heating. The material is loaded into a quartz or ceramic container
inside a Knudsen cell. The container is surrounded by heating wire directly, or is inside
a block of heat conducting material, e.g. copper, which is heated by a heating wire. A
thermocouple is in contact with the bottom of the container to measure the temperat-
ure. A temperature controller (Eurotherm 902S) is used, which controls a power supply
(Delta Elektronika, ES 030-5 and SM 7020-D) to heat the cell in a controlled manner.
As the material heats up, it will start to evaporate or sublime. For clarity, we will just
write ‘evaporation’ from here on out. The evaporated materials are deposited onto the
sample. The geometry of this deposition can be seen in Figures 2.2b and 2.2d. A shutter
allows to start or stop the deposition at any time by blocking the pathway to the sample.
Shutters are also installed on the viewports above the metal evaporation cells to prevent
metal from depositing on the glass windows, which would reduce their transparency and
eventually turn them into mirrors.

Quartz micro-balances (Sycon STM-100) are used to monitor the thickness of the de-
posited layers. The geometry of the sample holder at the metal evaporation stage pre-
vents the Layer Thickness Monitor (LTM) to be used during the deposition (the LTM is
shadowed by the sample holder). To determine the rate of deposition of the metals, the
rate is monitored for five minutes before and after deposition and interpolated to get an
estimate of the layer thickness. At the organics evaporation stage, this is not a problem
and the thickness can be measured during the deposition.

An alkali-metal dispenser (SAES Getter) has been installed to allow for doping the
samples with metals, like potassium[4]. The potassium is contained within the dis-
penser in the form of a stable salt. By running a current through the dispenser, atomic
potassium is released at a rate which is proportional to the applied current.

2.2.2. POST-DEPOSITION TREATMENT
The manipulator under the sputter gun has been fitted with heating wire and a thermo-
couple. This is used for thermal annealing of the sample. Thermal annealing can be
used to remove unwanted materials from the sample, or to allow the molecules on the
surface to rearrange and adopt a different morphology. The sputter gun can be used to
clean samples as well. For the sputtering, argon gas is entered into the chamber. The gas
is ionised and accelerated toward the sample by the sputter gun. The high energy argon
atoms collide with the surface atoms and knock them out of their lattice. In general, this
sputtering does not provide a smooth surface, but annealing afterwards can re-orient
the atoms to form smoother surfaces again.

With both deposition and post-deposition treatments available, this chamber provides
all the tools necessary to do i n − vacuo cleaning and deposition of both metals and or-
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(a) (b) Organics deposition stage & quick entry lock

(c) Sputtering & annealing stage (d) metal deposition stage

Figure 2.2 Schematic cross-sections of the evaporation chambers.
(a) top view of the whole chamber.
(b) cross-section of the organic-deposition part with the quick entry lock.
(c) the sputtering/annealing stage.
(d) the metal evaporation stage.

2

25
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ganic materials through thermal evaporation.

2.3. SOFT MOLECULAR LANDING
In the following sections, a description of the process of electrospray ionisation (ESI) is
given, combined with a description of the setup. Molecules from the solution are ion-
ised, brought to the gas phase, and guided through the vacuum system by electric fields.
These ions bridge a pressure gap of 11 orders of magnitude along the way to the depos-
ition stage in the final chamber. To do so, the soft molecular landing part of the setup
consists of several chambers, with small (2 mm diameter) openings between them. The
pressure drops several orders of magnitude from chamber to chamber. Figure 2.3 shows
a photograph of the outside of the beam line, while Figure 2.4 depicts a schematic of the
components inside the different chambers.

2.3.1. ELECTROSPRAY IONISATION

The process of bringing molecules from a solution into the gas phase has its roots in
the field of mass spectrometry. Mass analysis of molecules, separated using chroma-
tography methods, requires the molecules under investigation to be ionised and to be
brought into the high vacuum world where mass analysers, such as quadrupole mass
spectrometers (QMS) or time-of-flight (TOF) analysers, work.

The process of electrospray is depicted in Figure 2.5. A mixture of analyte in solvent(s)
is pushed through a thin metal needle (Vitaneedle, 0.004 ′′ (0.1 mm) inner diameter) by a
syringe pump (KD Scientific, KDS 100), which for the syringe (Hamilton, 100µl) can move
1µl/h up to 1 ml/h. The needle is brought to a high electrical potential (up to 3.5 kV) us-
ing a high voltage source (FuG Elektronik, HCL35-3500), which sets up a strong electric
field between the needle tip and the vacuum chamber opening, the capillary. The field
is the strongest around the sharp end of the needle’s tip. The competition between the
electrostatic forces, which push the ions in the liquid outward, and the surface tension,
which tries to reduce the surface area at the tip exit, leads to the characteristic shape
called the Taylor cone[5, 6]. From the Taylor cone, small droplets (up to ∼150µm dia-
meter, depending on the spray conditions[7]) are ejected, which contain both solvent
and analyte molecules.

The analyte can already be present in the solvent in its charged state, or the charges
can be created at the solvent/tip interface. Biomolecules in water/methanol mixtures
are often (de)protonated by addition of an acid (or base), making the charged species
readily available in the mixture[8]. Charges can be generated at the needle tip through
an electrolytic reaction[9, 10]. These charges can then be transferred to the analyte at a
later stage of the process.

The ejected droplets have a net charge, and, as they move towards the vacuum sys-
tem, the solvent will evaporate. This shrinking of the droplets is aided by collisions with
the background gas. Both positively and negatively charged droplets can be formed, de-
pending on the sign of the applied potentials. For clarity, all potentials are written as
positive, and the droplets and analytes are assumed to be positively charged, but the
reader should keep in mind that the process works for negative ions in exactly the same
way when the polarity of the applied potentials is reversed.

2

26



2.3. SOFT MOLECULAR LANDING

Figure 2.3 Photograph of the SML beam line. The numbers indicate the different chambers the beam passes
through. A is the syringe which the solvent mixture is pushed from, B is the needle from which the electrospray
occurs, and C is the opening capillary, where the charged droplets enter the vacuum machine.
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Figure 2.4 Schematic of SML machine. The five chambers: (1) Ion Funnel, (2) second chamber, (3) octupole, (4)
quadrupole, (5) target. Three movable plates/sample holders to measure the beam current or do deposition:
(A) IF beam measurement, (B) early deposition stage, (C) final deposition stage.

As the droplets shrink in size, the charge density of the droplet increases, up to a limit,
which is named the Rayleigh limit[11], named after Lord Rayleigh, who described the
stability of charged droplets in 1882. When a droplet is at its Rayleigh limit, the Coulomb
repulsion between the charges balances the surface tension that tries to keep the droplet
together. This happens when a droplet has a total charge Q, which is equal to:

Q2 = 8π2εr ε0γd 3, (2.1)

where εr ε0 is the permittivity of the medium surrounding the droplet, γ is the surface
tension, and d is the diameter of the droplet. At charge densities close to the Rayleigh
limit, instabilities can occur in the droplet and the droplet can eject smaller droplets
(roughly 1/10th of its diameter), which carry off a fraction of the mass, and a larger frac-
tion of the charge in a process called Coulomb fission or jet fission[10]. These fission
events and continued evaporation happen until the droplets have reached diameters of
a few nanometres. The gaseous analyte ions can be produced from these nano droplets
through one of several mechanisms; a schematic depiction is shown in Figure 2.6. Three
distinct mechanisms were described by Konermann et al.: the ion evaporation model
(IEM), the charge residue model (CRM), and the chain ejection model (CEM)[10]. Like
most literature on this subject, the focus is heavily on the process for biomolecules from
aqueous solutions.

The ion evaporation model describes the escape of an analyte ion from a charged
droplet. The net charge of the droplets will be situated at the droplet-air interface. For
polar solvents, however, the ions are generally not at that edge of the droplet, but rather
slightly inward. The polar solvent molecules will arrange around the ions to screen its
charge, and in doing so, will leave a net charge density on the outside of the droplet. For
the ion to evaporate from the droplet, it will have to overcome an energetic barrier. Ahadi
and Konermann used molecular dynamics (MD) simulations to visualise the process[12].
Upon the ion’s exit from the droplet, it drags along with it a number of solvent molecules
creating a tail, which will eventually break. The formation of this tail depends strongly
on the surface tension of the solvent used. After the ejection of the ion from the droplet,
a few solvent molecules might remain with the ion, but they will eventually be lost due
to either evaporation, or collisions with the background gas.

For large globular analytes, such as natively folded proteins, the charge residue model
describes the desolvation most accurately[13, 14]. Droplets close to their Rayleigh charge
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Needle
(>2.5kV)

Taylor cone evaporation & 
Coulomb �ssion

Figure 2.5 Top: photograph of the electrospray in process. The emitter needle on the left, with the Taylor cone
present (magnified in the inset). On the right side, the capillary opening of the vacuum system can be seen.
Bottom: schematic of electrospray process: under the influence of the strong electric field generated at the
needle tip, and the counteracting surface tension, a Taylor cone is formed, from which a stream of charged
droplets is ejected. The charged droplets shrink in size due to evaporation of the solvent and under collision
with the background gas until the Rayleigh limit is reached, upon which the droplet will undergo Coulomb
fission, resulting in several smaller droplets.
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Figure 2.6 Three models for the final ejection of ions from charged nano droplets. The ion evaporation model
(IEM), charge residue model (CRM), and chain ejection model (CEM), description of the different models is
given in the main text.

limit that contain a single analyte molecule evaporate their solvent completely, leaving
behind the charged analyte. As the droplets shrink, they have to lose some charge in or-
der to stay below the Rayleigh limit. This shedding of charges can take place by ejecting
charged solvent through for instance IEM ejection. The charge that remains, when al-
most all the solvent has evaporated, is transferred to the analyte. The maximum charge
such an analyte can acquire is that of a Rayleigh charged solvent droplet with the dia-
meter of the analyte.[10].

Many protein chains adopt a globular fold in the solution, with the non-polar moi-
eties buried and inaccessible to the solvent, while the polar moieties point outward into
the solvent. A similar aggregating behaviour is reported for conjugated polymers with
ionic pendant groups in water[15]. In this conformation, one expects the protein to be
ejected through the CRM. However, when the polymer adopts an unfolded conforma-
tion, the polymer chain will be ejected through a different mechanism; the chain ejection
model. The hydrophobic character of (parts of) the protein chain makes it unfavourable
for the protein to reside within the droplet interior. When the droplets become Rayleigh
charged, one end of the chain will be ejected from the droplet, followed by step-by-step
ejection of the rest of the chain[16]. Similar to much of the work done on electrospray,
these models are also focussed on (bio)molecules electrosprayed from aqueous solu-
tions. The materials we try to spray are conjugated polymers from water, and fullerene
derivatives from relatively apolar solvents.

2.3.2. CAPILLARY

The ions and charged droplets produced from the electrospray process have to enter the
vacuum chamber, an effective way to do this is to let them pass through a thin capillary.
The use of a capillary as the interface between the ambient pressure and the intermedi-
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ate pressure chamber was pioneered by Whitehouse et al. in 1985[17]. The capillary is a
bottleneck for the transport of gas from the ambient pressure area to the lower pressure
area inside the first vacuum chamber. Inside the capillary the evaporation, Coulomb fis-
sion, and ion ejection from the droplets, described in the previous section, continue to
take place.

Whitehouse et al. showed that for gas flow through capillaries with diameters in the
order of 0.1 mm, unexpectedly, the ion throughput is similar to that of a simple orifice
with slightly smaller diameter[17]. A lot less ions collide with the capillary walls than
was initially expected. Lin and Sunner have performed experiments to study the flow of
ions through metal and glass capillaries[18]. They measured the ion flow through capil-
laries of 2.1 mm inner diameter, and lengths of 61 cm to 15.2 m. These capillaries were
coiled, showing that the flow of ions does not need to be in a straight line to avoid colli-
sions with the walls. They found a transmission efficiency of up to 29 % for the capillary
of 61 cm length. To effectively model their results, they took into account space charge
(the ions repel each other, and as such expand away from one another), and diffusion.
To accurately match their model with experiments, they had to include a distribution of
differently sized ions with differing diffusion constants, which is expected as the elec-
trospray produces ions, as well as charged droplets of various sizes, which are present
inside the capillary.

A stainless steel capillary with an inner diameter of 1 mm, and a length of 10 cm was
used. The capillary is mounted inside a block of copper, which is surrounded by thermo-
coax wire to provide the possibility of heating. A thermocouple can be inserted into the
copper block to effectively measure the temperature. It was reported[19] that heating
the capillary can improve the ion throughput by speeding up the evaporation of droplets,
and in doing so it reduces the need of applying a dry nitrogen flow, which is often present
in ESI-MS setups.

2.3.3. ION FUNNEL

The charged droplets enter the first vacuum chamber, where the remaining solvent will
evaporate and the charged molecules are focussed into a beam. A high-volume mechan-
ical booster pump (Edwards EH500IND/E2M80) is used to pump this chamber. The base
pressure in this chamber is in the range of 0.1-1 mbar, as measured some distance away
from the ion funnel. Inside the ion funnel the pressure could be considerably higher. We
have found that the operation of the ion funnel, is influenced by the pressure. A leak
valve was installed to be able increase the pressure to the desired level. By leaking in
some air, the ion funnel can be operated at an elevated pressure up to 20 mbar.

Shaffer et al. first implemented an ion funnel design for the focussing of ion clouds
expanding into a vacuum chamber, and noted an order of magnitude increase in intens-
ity compared with the previously used capillary-skimmer configuration[20, 21]. Their
design is based on that of stacked ring RF multipole ion guides, which comprise metal
rings of equal diameter centred along an axis and equally spaced. The field regions in this
configuration can be approximated in first order to consist of a field free region along the
centre of the device, and a region with strong fields close to the electrodes. The field free
zone arises from the fact that contributions from the each electrode will be cancelled
by the two neighbouring electrodes, which have potentials of opposite sign[22]. Besides
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that, the field from a ring electrode in the plane of the ring is expected to be very small
due to the coaxial cylindrical symmetry of the electrode.

The radial focussing of the ion funnel occurs due to the oscillating nature of the
RF electric fields and the strong position dependence of those fields. As an ion moves
through the funnel out of the field free zone, it will experience a force which will be at-
tractive or repulsive towards the closest electrode. If it is repulsive, the ion will be forced
back into the field free zone, and the focussing works. If the force is attractive, the ion will
move closer to the electrode, however, during this movement the direction of the electric
field will change to become repulsive again. Since the ion is closer to the electrode, the
repulsive forces it experiences will always be stronger than the attractive ones. This sets
up a so called "pseudopotential", which will focus all ions into the field free zone[20, 22]
It is interesting to note that this radial focussing principle works in the same manner for
both positive and negative ions.

The forces in the axial direction of the funnel are applied by creating a DC potential
gradient over the ring electrodes. The sign of this gradient will determine whether pos-
itive or negative ions are transported through the funnel. Figure 2.7 shows ion trajectory
simulations performed with SIMION software[23, 24], particle and field details are listed
in the figure caption. For this simulation, ions with wider distributions than expected
in our experiments were used. The field free zone can be clearly seen as the ions are
focussed away from the electrodes into the centre of the funnel.

Our ion funnel is based on the design introduced by Shaffer et al.[20, 21]. It consists
of 29 ring electrodes of the same outer diameter (4.3 cm), and decreasing inner diameter
(for precise diameters, see Appendix A.1.1, Table A.1). A photograph of the funnel can be
seen in Figure 2.8. The ring electrodes have small extensions on opposite sides, which
will be used to make the necessary connections to apply voltages to the rings. A zero
injection force (ZIF) socket is used to clamp onto the extensions. A circuit board is placed
on the back of the ZIF sockets, on which the resistances and capacitors are soldered.
The ZIF sockets allow for easy taking off and putting on of the circuitry, which allows for
easier maintenance of the funnel, when, for instance, cleaning is necessary.

A DC gradient and radio frequency (RF) potentials are co-applied to the rings, in
such a way that adjacent rings always have opposite signs of the RF signal. The funnel is
divided in two sections; the first 25 plates of the funnel have both a DC gradient and RF
potentials, while the last 4 plates only have a DC gradient.

The DC gradients were made by connecting the rings to each other through resist-
ors. Ring 1 is connected (through a resistor) to a voltage source (FuG Elektronik, HCL35-
3500), and plate 25 is connected to a home built variable resistor box (’box 1’, schematic
in Figure A.3). The voltage source determines the voltage on the first ring, while the value
of the variable resistor determines the slope of the gradient. By increasing the resistance
of the variable resistor, the potential on the 25th ring is raised, effectively decreasing the
slope of the gradient. The DC potential drop is always linear over the series of rings. Typ-
ical values for this first gradient are 300 V on the first ring, decaying to 110 V on ring 25.
The final 4 rings have their own separate circuit, with their own DC voltage source. Two
settings are possible; the plates have either have (75 %, 50 %, 25 % & 0 %), or (80 %, 60 %,
40 % & 20 %) of the applied voltage. For most measurements, the DC gradient over the
last 4 plates is from 110 V to 0 V.
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Figure 2.7 Cross section of simulation of ion trajectories inside an ion funnel. A hard sphere collision model[24]
was used to implement collisions of the ions with neutral background gas molecules (a pressure of 1.33 mbar
N2 is used). The initial parameters for the ions are: mass of 720 u, charge of +1 e, initial positions are distributed
along a circle at a fixed x, initial kinetic energy is between 10 eV and 15 eV (which is quickly reduced due to
collisions). The particles have an initial direction in a cone around the x̂ direction, with a half opening angle
of 5°. The red dashed lines indicate the field free region, where the electric field is very low, and which the ions
are focussed into. Outside of the dashed region, the electric field rapidly increases towards the electrodes. This
funnel has 16 electrodes, with RF on all electrodes, arranged such that adjacent electrodes have the opposite
sign of the RF voltage (VRF =50 V, f = 500 kHz). A DC voltage gradient is set up over the electrodes of 100 V on
electrode 1, to 68 V on electrode 16. This geometry is different from the one used in our experiments (for the
precise geometry used, see Appendix A.1)
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Figure 2.8 Photograph of the ion funnel as it is installed in the first chamber. On the top side one (out of two)
ZIF sockets with circuitry is visible.

A home built high-Q head (Appendix A.1.3) provides two radio frequency (RF) signals
of equal amplitude, but 180° out of phase, to be applied to the ring electrodes. Two lines
to apply the RF signals are connected to the ring electrodes through capacitors. These
capacitors prevent DC currents from flowing back to the RF generators, while the high
ohmic resistors separate the two RF signal lines. To protect the voltage source against
potential backflow of RF, the line between the first plate and voltage source has a con-
nection to ground through a capacitor, where any RF signals can flow to ground.

A more detailed description of the circuitry involved, including schematics, is given
in Appendix A.1.2.

2.3.4. SECOND CHAMBER

In the original design for this setup, the ion funnel (IF) chamber is connected directly
to the octupole chamber. We have found that the ion funnel performs better when the
pressure in the IF chamber is raised. However, through doing this, the pressure in the
octupole chamber is also increased, which decreases the efficiency of ion guiding by the
octupole. Overall, this leads to a decrease in beam current in the target chamber with
an increase in pressure in the IF chamber. In order to prevent the pressure in the octu-
pole chamber from rising when increasing the pressure in the IF, an extra chamber was
introduced, the second chamber. The extra step in the pressure sequence ensures that
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Figure 2.9 Design A of the second chamber. Components in solid blue are electrodes where voltages are ap-
plied, red are grounded/chassis and purple are insulating materials. The green plate is a sliding plate used to
measure the beam current.

the pressure does not increase significantly in the octupole chamber, when the pressure
in the IF chamber is increased.

The second chamber was designed in such a way that the actual beam path through
the chamber is short. Due to the extra chamber, however, an extra step down in pressure
is taken for the octupole chamber. The ion funnel chamber is operated at a base pres-
sure of 0.1 mbar or higher. The pressure in the second chamber will be in the order of
10−1 mbar. The octupole chamber then has a pressure in the order of 10−5 mbar, which
is a suitable pressure for ion guiding. In Figure 2.9 and 2.10, two designs (design A and
B respectively) are shown for the second chamber. The core of the two designs is the
same, but design B has a longer chamber, which has some room for a sample holder to
be positioned in the beam, allowing deposition at this earlier stage in the beam-line. The
figures show at the left side the last four plates of the ion funnel, and on the right side the
eight rods of the octupole. Directly behind the ion funnel, a retractable plate, shown in
green, is mounted on a rod that moves through the flange of the chamber. The plate
is connected to an ammeter, and when charged particles land on the plate, a current
will flow, which can be measured to quantify the beam current. To reduce leaking in air
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Figure 2.10 Design B of the second chamber. This chamber is longer than the first design and attached to it, it
has a quick entry lock with sample holder, where depositions can be performed at an early stage of the beam
path.
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along the rod, there are two o-rings in the feed-through, and the space between the o-
rings is differentially pumped. The second chamber is pumped by a scroll pump (nXDS
10i). Several elements are drawn in Figures 2.9 and 2.10 that are part of the same vacuum
chamber pot, but are in open connection to the next chamber (octupole chamber). As
such, the beam only travels a few centimetres through the second chamber.

A metal screw cap, with an aperture in the centre, separates the second chamber
from the octupole chamber. As the diameter of the aperture is increased, so does the
pressure in the octupole chamber. We have found that a hole of 2 mm diameter gives
the optimum between ion current throughput and low pressure in the next chamber. In
the centre of the design, set of 3 ring electrodes is present, an einzel lens, which will be
described in a later section.

Design B of the second chamber (Figure 2.10) has extra room between the einzel lens
and the octupole. At this position, the beam can be intercepted by a sample holder,
which is on a magnetic arm in a quick entry lock configuration. There is a valve that
closes off the entry lock from the octupole chamber, which can be closed when the
sample holder is retracted. At this sample holder, depositions can be performed for quick
or exploratory experiments, for which absolutely clean samples are not necessary.

2.3.5. ION GUIDING
To transport the beam of ions formed in the ion funnel all the way to the final chamber a
variety of focussing and guiding elements are employed, which will be described in the
following sections.

EINZEL LENS

Einzel lenses are used to (de)focus or collimate the ion beam. An einzel lens consists of
three rings along an axis to which voltages can be applied.[25] The general way of op-
erating this lens is to ground the first and third rings, while applying a voltage to the
central ring. An einzel lens can be operated in either acceleration or decelerating mode.
When applying a potential of the same sign as the charged particles in the beam, the
particles will be decelerated inside the lens, change their direction, and speed up again
when exiting the lens system. In the case that a potential of the opposite sign is applied,
the beam particles will speed up inside the lens and be slowed down again upon exit-
ing. As long as the lens system does not stop the beam completely, the exiting beam will
have the same kinetic energy as the incoming beam. This lens system does the same to
a beam of electrons as optical lenses do to light, such as focussing, defocussing, or col-
limating. By adjusting the voltage on the centre ring, the focal distance of the lens can
be changed. The lens can even be changed from converging to diverging. Simulations of
particle trajectories through such an einzel lens can be seen in Figure 2.11. The simula-
tions were done using the software program Simion 8.1[23]. These lens systems are used
in three places along the beam-line to project the beam correctly into the next electrical
element. The first of these is in the second chamber/octupole chamber, the second is in
the quadrupole chamber, and the third is in the target chamber to focus the beam onto
the deposition target. In the target chamber, a special 4 segment lens is present, which
allows for slightly more tuneability for focussing the beam onto the sample.
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Figure 2.11 Simulation of ion trajectories through an einzel lens, performed in Simion 8.1, showing focussing
of a parallel beam. The simulation has the following parameters: mass of 720 u, charge of +1 e, initial kinetic
energy of 10 eV. The first and third ring are grounded, and the central ring is at a potential of 15 V.

OCTUPOLE AND QUADRUPOLE

The main ion guiding is performed by an octupole in the third chamber, while mass
selection and focussing is performed using a quadrupole in the fourth chamber. Quad-
rupole and octupole fields are approximated by using rods (four rods for the quadrupole,
eight for the octupole) that are evenly spaced out around a central axis. Figures 2.14 and
2.13 show images of the quadrupole and octupole respectively. RF potentials are then
applied to the rods such that neighbouring rods have potentials of the opposite sign.
We choose ẑ to be the central axis, and the voltage applied to the rods to be of the form
Ψ(t ) =U ±V cos(ωt ), where U is the DC potential applied to the rods, and V and ω are
the zero-to-peak amplitude and angular frequency of the applied RF signal respectively.
We choose to use the quadrupole and octupole in RF-only mode, meaning that U = 0. In
this case, the potential in the guide can be expressed as[26]:

Φ(x, y, t ) =φN (x, y)Ψ(t ), (2.2)

where N is the order of the multipole field, φ2 and φ4 give the shape of the quadrupole
or octupole potential:

φ2(x, y) =
(
x2 + y2

)
r 2

0

for the quadrupole (2.3)

φ4(x, y) = x4 −6x2 y2 + y4

r 4
0

for the octupole. (2.4)

Here r0 is the shortest distance between the central axis and the electrodes’ surface.
These potentials are for ideal multipole fields, which require electrodes to be hyperbolic
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in shape. The ideal fields can be closely approximated by choosing the right r0 and dia-
meter of the rods[27, 28].

Similar to what was found for the field inside the ion funnel, here too, the field strength
is strongest close to the electrodes. The higher the order of the multipole field, the more
rapid the increase close to the electrodes, and thus the larger the area in the centre of the
device with low field strengths. This shows why the quadrupole can be used as a weak
focussing element, while the octupole is used purely for beam guiding.

For the quadrupole potential, the equations of motion for ions can be solved for x
and y independently, which is described in many works before [26, 29, 30]. In general,
two parameters (a and q) are defined:

ax =−ay = 8eU

mω2r 2
0

qx =−qy = 4eV

mω2r 2
0

,
(2.5)

with m the mass of the ion, and e the elementary charge (1.602×10−19 C), which de-
termine the stability of an ion’s orbit through the quadrupole. The equations of motion
are:

d 2x

dξ2 + (
ax −2qx cos(2ξ)

)
x = 0

d 2 y

dξ2 + (
ay −2qy cos(2ξ)

)
y = 0

(2.6)

with ξ= ωt
2 . These equations are Mathieu equations, and can be solved through various

methods[31]. Depending on the values of a and q , the solutions give stable or unstable
orbits. The border of the stable region that is most frequently used for the operation of
quadrupoles is given by the following relations:

a0 =−q2

2
+ 7q4

128
− 29q6

2304
+ . . .

a1 = 1−q − q2

8
+ q3

64
+ q4

1536
+ . . .

(2.7)

A plot of this stable region can be seen in Figure 2.12a. The two lines are (−)a0 and a1.
The shaded region in the plot indicates the combinations of a and q that give stable
orbits for the ions. Outside the shaded region, orbits are unstable and those ions will not
make it through the quadrupole. In Figure 2.12b, the same stability diagram is drawn for
two ions with a m/q of 300 and 720 as a function of U and V .

Generally, the quadrupole is used in RF-only mode (U = 0, a = 0). With this setting,
the quadrupole works as a high-pass filter. For any given voltage V , ions will only have a
stable orbit if their stability region encompasses the point (0,V ) in Figure 2.12b. We can
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Figure 2.12 Stability diagrams for quadrupole (a) shows the first stability region as a function of the two para-
meters a and q , as described in the text. The lines show a0 and a1 give the border of the stable region (shaded).
Settings of the quadrupole in the shaded region are settings that produce a stable orbit through the quadru-
pole. (b) shows the same stability diagram, but for two molecules of masses 300 u (red) and 720 u (grey), as a
function of the DC and RF voltages (U and V), taken that r0 =6 mm and ω = 2π·800 kHz. When operating the
quadrupole as narrow mass filter, the scanline can be used. When scanning U and V along this line, consec-
utively, higher masses will be stable through the quadrupole. We operate the quadrupole in RF-only mode,
for example the point V=constant, lies outside the red shaded area. Operating the quadrupole this way would
allow the ions with mass 720 u to pass through, but the ions with mass 300 u and lower are rejected.

calculate the minimum mass that will be guided through the quadrupole (mmi n), at a
given RF amplitude V , from the intersection of a1 with U = 0, and equation 2.5:

mmi n = 4eV

0.909ω2r 2
0

(2.8)

In this way, ions of low mass, such as residual charged solvent molecules, can easily be
rejected, making sure that the deposition will only have the required higher mass species.

For the octupole, the mathematical treatment is more involved, because the fields
in x, and y cannot be separated, this treatment of octupoles goes beyond the scope of
this thesis and won’t be given here. Octupoles are used for beam guiding, as opposed to
quadrupoles that are used for mass selection[32].

A model of the octupole, and the system that allows us to fine-tune the position of
the octupole, can be seen in Figure 2.13. The design allows two translations (in x and z),
and two rotations (ϕx and ϕz ), as indicated in the figure.

Figure 2.14 shows a model of the quadrupole in the setup, paired with an einzel lens
on the same axis. The einzel lens can be used to projects a parallel beam into the centre
of the quadrupole.

The RF voltages that are applied to both the octupole and the quadrupole are gener-
ated using a home-built high-Q head (details in Appendix A.1.3). The circuitry to apply
the voltages is an LCR-circuit, which is operated at its resonance frequency to minimise
active power in the ion guides. By having a variable capacitor in the high-Q head, the
resonance frequency of the quadrupole and octupole can be tuned from 730 to 1040 kHz
and from 820 to 960 kHz, respectively.
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Figure 2.13 Positioning system for the octupole. Four knobs allow us to position the octupole from outside of
the vacuum chamber. The movements are translations in the x̂ and ẑ direction and rotationsϕx andϕz around
the x̂ and ẑ axes respectively.

2

41



2. EXPERIMENTAL SETUP

Figure 2.14 A model of the quadrupole, combined with an einzel lens. Ions will be focused by the einzel lens
into the quadrupole, which will mass-selectively guide them to the next chamber.

2.3.6. TARGET CHAMBER

The final chamber features a four segment lens, which is used to focus the beam onto the
target. A potential can be applied to the target in order to slow down the beam before it
hits the target, preventing the molecules from fragmenting on impact. The target can
also move in the x and z direction, allowing for the writing of patterns on the sample.
This movement is directed by two stepper motors, which can be controlled by a com-
puter. The line width of writing is determined by the focus that can be obtained, and
thus on the homogeneity of kinetic energy within the beam. Should it be necessary, the
target sample holder can be cooled down to liquid nitrogen temperatures, which forces
more molecules to stick to the surface.

2.4. SAMPLES AND SAMPLE HOLDERS
Our machine is designed to handle stainless steel sample plates of 17 × 15 × 1 mm. At
the back of the sample plate is an extension where a bayonet mount can be attached,
which is depicted in Figure 2.15b. This bayonet mount makes easy transport on the mag-
netic arms through the vacuum system possible, through which the sample plates can
be transported between different stages.

For samples that are to be prepared inside the vacuum machine, a strip of steel is spot
welded over a piece of n-doped silicon (1 by 1 cm). A photograph of one such sample
can be seen in Figure 2.15a. Before entry into the vacuum system, these samples are
washed with Teepol, ethanol and acetone, and subsequently sonicated in acetone for 10
minutes. After entry into the vacuum system through the quick-entry lock, the sample
plate is transported to the evaporation chamber where layers of metals and/or organic
materials can be deposited.
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(a) (b)

Figure 2.15 Image of the sample plate with a silicon sample clamped on top of it. The backside shows the
bayonet mount used to hold the sample on the magnetic arms for transport through the chambers.

Figure 2.16 Photograph of the inside of the measurement chamber. In the right figure, an overlay shows the
important components. The capillary that guides UV light onto the sample, the X-ray source, and the opening
of the electron analyser are indicated at the top. The sample holder at the bottom is indicated together with
the three directions of translation and its axis of rotation.

For samples that are prepared through other methods, such as growing a SAM, or
spin-coating, a sample plate with flexible clamps that hold the sample in place and make
electrical contact between the top of the sample and the sample plate was made. With
this sample plate, samples of approximately 10 × 10 mm can be transferred and meas-
ured.

2.5. MEASUREMENT CHAMBER
In the third part of the setup, the measurement chamber, photoelectron spectroscopy
measurements are performed. This chamber has a base pressure of 4×10−9 mbar and is
pumped by an ion pump (Varian Starcell, 500 ls−1) with a titanium sublimation add-on.
There is a bypass to the target chamber of the soft molecular landing beam-line so the
chamber can be pumped with a membrane/turbopump to achieve low pressures before
turning on the ion pump. A photograph of the inside of the measurement chamber is
shown in Figure 2.16.

The principle of photoelectron spectroscopy is that photons fall on the sample and,
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if they have enough energy, electrons are released, a process that is described in Chapter
2.6.1. Our chamber has two different photon sources, a UV lamp and an X-ray source.

The UV source is a gas-discharge lamp, in which helium gas is used to produce photons
of 21.2 eV energy (He I, with a small satellite at 23.1 eV of approximately 1.5 % relative in-
tensity). By changing the pressure of the helium during discharge a second line can be
used at 40.8 eV (He II, with satellites at 48.4, 51.0, and 52.2 eV). The extra emission lines
have much weaker intensities than the main emission lines. The extra emission lines,
or satellites, will show up in the measured spectrum as a copy of the original one, but
shifted to higher kinetic energies (because the satellites have higher photon energies). It
is possible to correct the measured spectra for the presence of satellite peaks, but due
to their low intensity this is usually not necessary. The gas discharge chamber is dif-
ferentially pumped by a rotary pump (Edwards, E2M8), and the capillary between the
discharge chamber and the measurement chamber is pumped by a turbo pump (Pfeifer
TMU 260). The helium is supplied from a canister and is flushed through a liquid nitro-
gen trap to freeze out possible contaminations.

The X-ray source has an aluminium/magnesium anode. Electrons from a filament
are accelerated towards either the magnesium or aluminium side of the anode. Upon
collision with the anode, electrons out of the K-shell are released. The atom will relax
by electrons falling back into the K-shell from the higher L-shell, releasing a high energy
(X-ray) photon in the process. These photons are the characteristic Kα emission lines,
1253.6 eV for magnesium, and 1486.7 eV for aluminium. The X-ray source is operated at
10 kV and is water cooled to prevent overheating.

During measurements, the sample is held in a manipulator. This is a stage which can
be moved in x̂, ŷ , and ẑ direction, as well as rotate around the x̂ axis (ϕx ). This rotation
of the sample around the x-axis by an angle θ will result in that same angle between the
detector and the sample normal vector. In our configuration, both photon sources are
rotated 45° out of the plane of rotation of the sample holder (y z-plane), which makes the
direction of photon emission not perpendicular to the axis of rotation of the sample, as
can be seen in Figure 2.16. Because of this, the actual angle between the photon sources
and the normal vector of the sample is not equal to θ, but a non-trivial function. A de-
scription of the precise angles is given in Appendix A.2.

Figure 2.17 shows a schematic cross section of the electron energy analyser as em-
ployed in the setup. As before, the lens system in front of the hemisphere entrance does
not change the kinetic energy of the incoming electrons, but focuses more of the elec-
trons onto the entrance. The two hemispherical plates are kept at a fixed potential during
a scan. Electrons entering the hemisphere will be deflected by the electric field present
between the two plates. Electrons whose kinetic energy is too high will not be deflected
enough and thus collide with the outer plate. At the same time, electrons which have too
little kinetic energy will be deflected too strongly and collide with the inner plate. Only
those electrons that have kinetic energies in the right range, around the so-called pass
energy, when entering the hemisphere, will make it through and reach the detector. To
acquire a spectrum of the whole range of kinetic energies, a voltage will be applied to
a retardation plate. This plate slows down the electrons until they arrive at the hemi-
sphere entrance. A spectrum can be recorded, of electron counts versus kinetic energy,
by varying the voltage on the retardation plate.
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Retardation plate

Outer hemisphere

Inner hemisphere

Channeltron

Lens

Ground

Sample V
bias

Figure 2.17 Schematic of the hemispherical electron analyser. Electrons are released from the sample through
the photoelectric effect. The sample is under a negative bias and the potential difference will accelerate the
electrons away from the sample. The electrons are then focussed by a lens onto the opening of the hemisphere.
A retardation plate slows down the electrons to the right pass energy, allowing them to make a passage through
the hemisphere and arrive at the channeltron to be detected.
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2.6. MEASUREMENT DETAILS
A variety of measurement techniques was used to characterise the properties of the de-
posited layers. First and foremost, there is photoelectron spectroscopy (PES). The main
reason for building the soft molecular landing machine was to be able to perform PES
measurements on solution processable materials without any contaminations arising
from the spin-coating process or the transport through ambient environments. The sur-
face is further characterised by scanning microscopy techniques. In the next sections I
will describe the measurement techniques used to characterize the deposited layers.

2.6.1. PHOTOELECTRON SPECTROSCOPY
To fully understand the measured photoelectron spectra it is necessary to understand
the process of photoelectron spectroscopy. The technique is used to gain information
on the occupied density of states in a solid. Electrons are bound to the atom nucleus,
in molecular orbitals for molecules, or in energy bands for solids. The process of photo-
electron spectroscopy can be explained as follows: Assume a molecule (M), which upon
photoionisation, by a photon (γ), emits an electron (e – ):

M +γ→ M∗++e−. (2.9)

Where M∗+ represents the molecule in an ionized excited state. It is possible to remove
an electron from one of the deeper lying orbitals; this ion state does not have to be the
ion’s ground state. For ionization to happen, the incoming photon needs to carry enough
energy (or more) to free the electron. Excess energy from the photon is transferred to the
electron as kinetic energy (Ek ). The energy balance is given by:

EM +hν= EM∗+ +Ek,e (2.10)

Here, hν is the energy of the photon (h is Planck’s constant and ν the frequency of the
light), EM is the energy of the ground state molecule, and EM∗+ is the energy of the (ex-
cited) ion. The binding energy (Eb) of an electron in its orbital, is the minimum energy
necessary to free an electron from its orbital and is equal to the difference between the
energy of the excited ion and the ground state molecule. In this description, the sudden
approximation is assumed to be valid. This approximation assumes that the relaxation
of the excited ion is slow with respect to the electron leaving the atom, and therefore
does not affect the energy of the leaving atom. We can rewrite the energy conservation
relationship to:

EM −EM∗+ = Eb = Ek,e −hν, (2.11)

giving the relationship between the binding energy of the electron and the kinetic en-
ergy of the electron once it is freed. Note that Eb is a negative number. In many cases,
the minus sign of the binding energy is dropped. For convenience, we will write ’larger
binding energy’ for electrons which are more tightly bound (have more negative binding
energy).

The vacuum level is introduced as the energy level an electron needs to attain in
order to be freed from its atom or molecule. An electron at the vacuum level is no longer

2

46



2.6. MEASUREMENT DETAILS

bound, but has zero kinetic energy. Expressed in this way, the energy of the electron is
negative as long as it is bound, and positive when it is not bound, with the energy of the
unbound electron being in the form of kinetic energy. At the vacuum level, the electron
has 0 energy, meaning it is not bound to a molecule or solid, and has no kinetic energy.

All electrons in the molecule, which have a binding energy lower than the incoming
photon energy, hν, can be photoionised. Whereas for the electrons, which are more
strongly bound, photoionisation is not possible.

Figure 2.18 shows a schematic of the basic principle of the photoelectron measure-
ment and the spectrum that will be obtained. On the lower left, the electrons are shown
occupying molecular orbitals in their host molecule, with solid vertical arrows depict-
ing the photoexcitation. Electrons with binding energies larger than the photon en-
ergy cannot be freed from their host molecule and, therefore, will not be detected. The
sample can be put at a negative bias (Vbi as ), which will cause an additional accelera-
tion of the freed electrons. All the free electrons gain qVbi as in additional kinetic energy,
irrespective of what kinetic energy they started with. This bias rigidly shifts the entire
spectrum. In addition, the difference in work function between the sample and the de-
tector (∆Φs−d ) gives the spectrum another rigid shift, which can be either up or down in
kinetic energy. On the right, the resulting spectrum as measured by the electron analyser
is shown.

In solid samples, the process of photoelectron spectroscopy consists of three steps.
The first step is the photoexcitation of the molecule, as was described before. The second
step is the transport of the electron through the material to the vacuum. The electron can
be freed from a molecule, which is not located directly at the material/vacuum interface,
and will need to travel through the material to get out into the vacuum. The third step is
the travel of the electron through the vacuum to reach the detector, where it gets accel-
erated by the applied bias and the difference in work function between the sample and
detector.

The second step of electron transport through the material is the main difference
between gas phase and solid phase measurements. A fraction of the freed electrons from
the solid will make it to the vacuum without interactions with the host medium; these
electrons keep all the information of their original orbitals and will constitute the peaks
seen in the spectra. These electrons are called the primary electrons.

During the transport through the material, the electrons can scatter from other parti-
cles and lose a fraction of their energy. With this loss of energy the information about
which state or orbital the electron came from is also lost. These electrons are called sec-
ondary electrons and show up as a big tail at the low kinetic energy part of the spectra, as
indicated in Figure 2.18 by the darker shaded tail in the spectrum. The amount of scat-
tering that occurs, and thus the intensity of the tail of secondary electrons, is determined
by the mean free path of the electrons in the medium. This mean free path is also the lim-
iting factor in the physical depth that can be probed with photoelectron spectroscopy,
which is in the order of a few nanometres. This entails that photoelectron spectroscopy
is very sensitive to changes on the surface, since only the electrons from atoms close to
the surface can be measured. The difference between UV photoelectron spectroscopy
(UPS) and X-ray photoelectron spectroscopy (XPS) is the initial photon energy, which
for the UPS source is 21.2 eV, and for the XPS sources 1253.6 eV or 1486.7 eV. XPS allows
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Figure 2.18 Principle of photoelectron spectroscopy. Electrons are bound in energy levels on the bottom left,
with the shaded areas indicating the occupied states in the material. Electrons with binding energies larger
than the photon energy (hν) will not reach above the vacuum level and, therefore, stay inside the material,
and consequently, will not be detected. Electrons with a binding energy smaller than hν can be freed from
the sample and move to the spectrometer. Along the way towards the detector, they are accelerated by an
applied potential (Vbi as ) and the difference in work function of the sample and the spectrometer (∆Φ). The
spectrum on the top right indicates the electrons as they are measured. Primary electrons reach the detector
without scattering inside the material and are shown as the lighter shaded peaks in the top spectrum. The
darker shaded tail of the spectrum arises from electrons that scatter inside the medium before they reach the
vacuum interface, the secondary electrons.
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Figure 2.19 UPS spectra of Au and C60. The centre panel shows the full spectra, with dashed boxes indicating
the areas of the details in the side panels. The left panel shows a zoom-in of the low kinetic energy onset, while
the right panel shows a zoom-in of the Fermi level. The dashed lines in the left panel are fits used to determine
the position of the low kinetic energy onset (Ek,mi n ). In the right panel, a fit is made to the gold Fermi level
step. Appendix B.1 gives more details about the fitted functions.

us to probe deeper energy levels than UPS, and measures core levels. With UPS, the pho-
toexcited electrons have a shorter mean free path length than those freed with XPS, due
to their lower kinetic energies. This allows UPS to be more surface sensitive than XPS.
UPS is ideal for studying the valence levels of materials.

UPS
A spectrum of electrons leaving the sample with certain kinetic energies is recorded.
The electrons that reach the detector with the lowest kinetic energy are the ones that
were freed from their molecules, and scattered inside the material until they reached the
material-vacuum interface with no kinetic energy left. Due to the applied bias, they are
accelerated, and these electrons are measured to have a kinetic energy higher than 0.
In the spectra, a sharp onset of the spectrum is observed, this low kinetic energy onset
is labelled Ek ,mi n. The onset is important, because from this onset the position of the
vacuum level can be determined:

Ek,vac = Ek,mi n +hν (2.12)

With Ek,vac the position of the vacuum level on the kinetic energy scale. The binding
energies of all features in the spectrum can be calculated by subtracting Ek,vac from the
feature’s kinetic energy value Ek .

Eb = Ek −Ek,vac (2.13)

This way, the 0 value of binding energy at the vacuum level is where it should be; the
features appearing at their (negative) binding energies.

In Figure 2.19, a full spectrum is shown of two samples, with the spectrum of gold in
black, and the spectrum of a thick layer of thermally evaporated C60 in red. In the gold
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spectrum, the three characteristic peaks (or shoulders) around 14.5, 16, and 18 eV are
visible, as well as the Fermi level cut-off around 20.7 eV. The right panel shows a zoom
of the region around the Fermi level cut-off. The left panel shows the detail of the onset
of the spectrum. This low kinetic energy onset is used to determine the position of the
vacuum level, and consequently, the binding energy scale of the spectrum.

The red spectrum in Figure 2.19 is that of a thick layer of thermally deposited C60 on
gold. In the centre panel, several peaks are observed clearly, which correspond (from
right to left) to the HOMO, HOMO-1, etc. In the right panel, a small feature around 20 eV
is seen. This feature arises because of a satellite of the excitation source, and is only
visible because there is no other signal in this part of the spectrum. The onset, clearly
visible in the left panel, is slightly shifted with respect to that of bare gold. This shift is
due to an interfacial dipole that arises at the interface between a metal and molecular
materials. At this interface, a (partial) charge transfer takes place between the metal and
the organic semiconductor. The electron transfer, or polarisation, is limited to the first
layer(s) of material on the surface. The created dipole sets up an electric field, that will
speed up (or slow down) the freed electrons moving from the sample to the detector.
This shows in the measurements as a rigid shift of the entire spectrum to higher or lower
kinetic energies. In the case of C60 on gold, negative charge is effectively transferred from
the C60, to the Au surface, as was also found earlier[33]. In this example, the vacuum level
for bare gold is 0.1 eV higher than that of C60.

In the spectrum of the metal, the electrons with the highest kinetic energy (Ek,max )
originate from the Fermi level (EF ). The minimum energy required to free an electron
from a metal is called the work function (Φ). From the spectra, the work function can
be found by taking the difference between the vacuum level and the high kinetic energy
cut-off.

Φ= E m
k,vac −Ek,F = hν− (E m

k,max −E m
k,mi n) (2.14)

With the superscript m indicating these values are from the metal. In other words, the
work function is determined by taking the difference between the photon energy and the
width of the spectrum. For organic semiconductors, the electrons with the highest kin-
etic energy originate from the highest occupied molecular orbital (HOMO) rather than
the Fermi level. The minimum required energy to remove an electron from a molecule is
called the ionisation potential, and is found in a completely analogous way as the work
function, taking the difference between the photon energy and the width of the spec-
trum:

IP = E mol
k,vac −Ek,HOMO = hν− (E mol

k,max −E mol
k,mi n) (2.15)

The superscript mol indicates that the values belong to features of the molecule in the
spectrum. The actual energies of the HOMO and the Fermi level are given as negative
values, for they are binding energies. The work function and ionisation potential are
positive, they are the minimum energy required to free an electron from the Fermi level
of a metal, or HOMO level of an organic molecule, respectively.

The vacuum level shift, or interfacial dipole (∆) can be found by the difference of the
low kinetic energy onsets:
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∆= E mol
k,mi n −E m

k,mi n (2.16)

This shift can be either positive or negative. When electrons are donated from the metal
to the semiconductor, the spectrum will shift to higher kinetic energies, making the va-
cuum level shift ∆ positive. Electrons taken from the semiconductor by the metal will
shift the spectrum the other way, towards lower kinetic energies and make∆ negative. In
the case shown in Figure 2.19, Au/C60, has a negative vacuum level shift.

For device performance, the so called injection barriers are important. This is the
difference between the Fermi level of the metal and either the HOMO or lowest unoccu-
pied molecular orbital (LUMO) of the molecule. Electrons are conducted in the LUMO,
and as UPS cannot measure the unoccupied levels, the electron injection barrier cannot
be measured by UPS. Inverse photoelectron spectroscopy (IPES) can be used to measure
the unoccupied levels[34].

Holes are transported through the HOMO of the molecule and UPS is capable of
measuring those. The barrier for injection of holes from the metal into the semicon-
ductor (∆h) can be found as:

∆h = IP−Φ−∆ (2.17)

From this equation, the influence of the interfacial dipole on the injection barrier can be
clearly seen.

2.6.2. SURFACE CHARACTERIZATION: STM & AFM
A combination of scanning tunnelling microscopy (STM) and atomic force microscopy
(AFM) was used to characterise the layers that were deposited with the soft molecular
landing setup. STM is a technique to measure surface topology of (semi)conductive
materials. It works by bringing an atomically sharp metal tip (Pt/Ir 80/20) close to the
sample surface. When applying a voltage to the tip, a tunnelling current flows between
the sample and the tip. Two piezo motors move the tip in the x y plane over the surface.
A third piezo (z) regulates the distance between the tip and the sample. The STM can
either be operated in constant current mode, where the z position of the tip is changed
in order try to keep the tunnelling current constant, or in constant height mode, where
the tip’s height is kept constant and the current is recorded. An ambient STM(Molecular
Imaging, PicoSPM) was used for most of the STM measurements, but in order to get
higher resolution images, a vacuum STM (Omicron VT-STM/AFM controlled by Nanosis
MAX system) was employed[35].

AFM is another method to measure surface topology, and similar to STM, can be used
to measure the topology of a surface. However, STM uses a different feedback mechan-
ism to determine the height of its tip above a surface. The tip of an AFM is connected to a
cantilever, which is driven to oscillate at a given frequency (usually close to its eigenfre-
quency). As long as there is no interaction between the tip and the surface, the amplitude
and frequency of the oscillation will remain constant. When the tip gets closer to the
surface, forces acting on the tip will change the resonance frequency of the cantilever,
which will cause the cantilever to oscillate with a different amplitude. The amplitude of
the oscillation is measured (usually using a laser) to give the feedback for the z piezo.
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Figure 2.20 Schematic representation of (a) scanning tunnelling microscopy (STM), and (b) atomic force mi-
croscopy (AFM). In both microscopy techniques, a tip is scanned over a sample surface, with two different
feedback mechanisms to determine the height profile of the surface. For STM, the tunnelling current is used
as the feedback mechanism, while in AFM a shift in oscillation amplitude is used.

An AFM Bruker, MultiMode was used to measure the thickness of the deposited lay-
ers. From earlier UPS measurements, the location of the material on the sample was
roughly determined, which is necessary, because thin layers are not always visible with
the naked eye. To measure the thickness, a scratch is made on the surface using a razor
blade. The blade removes both the deposited material and the gold layer. The scratch is
made to extend over the full width of the sample, making sure it crosses the area where
the deposition spot is, as well as where it is not. The AFM is used to make a scan of the
area of the scratch, from which the height step can be determined. A lower limit for the
deposition thickness is found from the difference between the gold thickness and the
gold + deposition material thickness. This thickness is just an indication of the thickness
of the deposited layer, because of the difficulty of finding the centre of the deposition
spot.

Using this combination of measurement techniques, deposition of the desired ma-
terials on metal substrates can be shown and confirmed.
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3
CHARACTERISATION OF THE

MOLECULAR ION BEAM IN THE

SOFT MOLECULAR LANDING

MACHINE

Time flies like an arrow, fruit flies like a banana.

This chapter describes the effect of many of the relevant parameters on the properties of
the molecular beam. The focus will be on the intensity of the beam as well as the kinetic
energies of the ions that make up the beam.
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3.1. INTRODUCTION
Through the process of electrospray, ions of the target molecule are formed and these
ions are focused into a beam in the soft molecular landing machine described in Chapter
2.3.1. This ion beam has certain characteristics, such as a physical width and kinetic en-
ergy. The ions are accelerated in the machine by means of electric fields. From the needle
tip, which is at a potential of 3500 V, to the last plate of the funnel, at ground potential,
the maximum kinetic energy the ions in the beam could gain due to the potential drop is
3500 eV. Due to collisions the ions will never reach this maximum kinetic energy. Most
collisions happen where the pressure is the highest, which would mean they predom-
inantly happen on the path from the needle to the capillary, and inside of the capillary
itself. During their flight, the ions collide with other ions, solvent molecules, and pre-
dominantly air molecules (N2/O2). The kinetic energy of the ions is an important prop-
erty of the beam. The determination of this kinetic energy is described in this chapter.
The setup is designed in such a way that many parameters can be controlled. The effect
of the funnel on the ion beam depends on the following variable parameters: the rate of
flow of the solvent mixture to the needle, the voltage of the needle, the position of the
needle with respect to the capillary, the capillary voltage, the capillary temperature, the
DC gradient over the first 25, and last 4 plates, the RF amplitude over the first 25, and
last 4 plates, and the pressure in the IF chamber. In this chapter, the effects of different
settings of these parameters on the characteristics of the molecular beam is described.

3.2. EXPERIMENTAL SECTION
Many of the adjustable parameters influence the effects of at least one of the other para-
meters. For example, by increasing the pressure in the Ion Funnel chamber, the op-
timum settings for the IF voltages shifts to different values. At the same time, increasing
the pressure in the IF chamber might have a positive effect on the beam intensity just
behind the IF, but the increased pressure carries over into the next chambers and might
have a detrimental effect on the transport there, leaving the net result of adjustments to
the parameters difficult to predict.

Measurements of beam current in this chapter are performed on one of 4 locations in
the beamline: directly behind the IF, on an inset just in front of the 2nd chamber lenses,
on the sample holder of the 2nd chamber/in the octupole chamber, or on the target
chamber sample holder. At all these locations a metal plate can be entered into the beam
(some of them retractable, for others the machine needs to be opened to enter/remove
the plate), which can be connected to an Ammeter to measure incoming current. To de-
termine the kinetic energy of the ions in the beam a source meter (Keithley 6430) is used.
When applying a positive voltage to the measuring plate (+x V), positive ions with kinetic
energies lower than x eV will not be able to hit the plate. Thus, a beam current measured
with x Volts at the measurement plate is a beam of particles with kinetic energy >x eV.
An example of such source meter traces, for a beam of PFSC at various needle voltages,
can be seen in Figure 3.1.

The particles in the beam have a distribution in kinetic energies. Let us name that
distribution of kinetic energies in the beam D(E). With the retardation voltage Vbi as ,
all particles with kinetic energy lower than Emi n = eVbi as are blocked, where e is the
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Figure 3.1 Source meter traces for a beam of PFSC measured in the target chamber. As the voltage on the needle
increases, the intensity of the beam increases. However, the average kinetic energy in the beam (indicated with
the dashed lines) remains constant (within measurement error).

elementary charge, and Emi n in electronvolts. The detected current, I , is then given by
the formula

I =
∫ ∞

Emi n

D(E)dE =
∫ ∞

eVbi as

D(E)dE = F (∞)−F (eVbi as ) =−F (eVbi as ) (3.1)

Here, F is the anti-derivative function of D(E). The distribution D(E) can be found by
taking the negative derivative of the current measured I :

D(E) =−1

e

∂I

∂Vbi as
. (3.2)

Once the distribution of energies in the beam, D(E) has been found, the average value
of the distribution (〈E〉) can be found by the standard method of finding the average of
distributions:

〈E〉 =
∫

ED(E)dE∫
D(E)dE

. (3.3)

In practice, I is only measured at discrete values of Vbi as , so the discrete (numerical)
equivalents of these functions have to be used. Those, and the error propagation of these
measurements are described in Appendix B.2.

3.2.1. SPRAY MIXTURES
The solubility of the various investigated molecules is very different. A description of
the sprayed materials is given in Chapter 1.4. Table 3.1 gives an overview of the used
mixtures for electrospray. In general, electrospray works efficiently with water as the
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solvent. For materials that do not dissolve in water, suitable solvent mixtures have to
be found. A variety of solvents were tried to electrospray PCBM, including chloroform,
ortho-dichlorobenzene, carbon disulfide, and dichloromethane. None of these solvents
allowed us to make a beam of higher intensity than the beam formed from a mixture of
toluene and acetonitrile in a 4:1 ratio (TOL 4:1 ACN).

ρ c Solvent1 solvent 2 additives
(g/L) (µM)

C60 0.22 305 TOL (80 %) ACN (20 %) -
PCBM 0.27 296 TOL (80 %) ACN (20 %) -
TP-77 1 1563 H2O - -
PFSC 1 N/A H2O - -
LeuEnk 0.024 43 H2O (50 %) MeOH (50 %) acetic acid

Table 3.1 Mixtures used for electrospray. TOL = toluene, ACN = acetonitrile, H2O = demineralized water, MeOH
= methanol. Numbers in parenthesis in the solvent columns indicate the volume ratio of two solvent.

3

60



3.3. NEEDLE VOLTAGE

C60

PFSC

LeuEnk

PCBM

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
0

10

20

30

40

Needle voltage (kV)

B
ea
m
cu
rr
en
t(
pA

)

Figure 3.2 Beam current on the sample holder in the target chamber as a function of the voltage applied to the
needle for C60, PFSC, and LeuEnk. Lines are drawn as a guide to the eye.

3.3. NEEDLE VOLTAGE

A minimum voltage on the needle is needed in order to start the electrospray process.
However, this minimum voltage and the behaviour at voltages above this minimum is
markedly different for various analytes and solvents. Figure 3.2 shows the beam current,
measured in the final chamber, as a function of the voltage applied to the needle for four
different analytes. The stability of the different beams is clearly captured in the error
bars in these plots. The beams formed from aqueous solutions fluctuate less than those
formed from toluene solutions. This is seen by the small error bars for the measurements
of LeuEnk and PFSC, and the relatively large error bars for C60 and PCBM. In the range of
voltages measured here, up to 3.5 kV, a decrease in beam current at high voltages is only
observed for the LeuEnk sample. However, a decrease in beam current at high needle
voltage is seen often in literature for analyte sprays from aqueous solutions[1, 2].

There are some marked differences between the various analytes/solvents. The first
difference is that the analytes that are sprayed from a TOL 4:1 ACN mixture (C60 and
PCBM) show a sudden steep increase in beam current when the needle voltage is raised
above a certain threshold, whereas the beam current for analytes sprayed from water/me-
thanol increases more smoothly. The centre of the steps are found to be 2.34 kV, 2.18 kV,
2.61 kV, and 3.41 kV, for C60, PCBM, LeuEnk, and PFSC, respectively.

The electric field, set up by the potential difference between the needle and capillary
opening, pulls the charges in the solvent outward towards the capillary. Surface tension
keeps the liquid together and acts as a counter force to the electrical forces. The Taylor
cone forms when the electrical forces overcome those of the surface tension. An estima-
tion can be made for the minimum voltage needed on the needle to form the Taylor cone
and start a spray[3]. The threshold voltage (UT ) follows:
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Figure 3.3 Electrospray onset voltage against the surface tension of the used liquid mixture. Two lines are
drawn of equation 3.4, with two different needle-capillary distances. Usual operation happens with a separa-
tion within the range given by the two lines. The data points represent the centre of the onset step for the four
different solvent mixtures, with their (estimated) surface tension.

UT ≈ 2 ·105pγrc ln

(
4d

rc

)
, (3.4)

where γ is the surface tension, d is the separation between the Taylor cone apex and the
counter electrode (capillary opening), and rc is the radius of the needle. In Figure 3.3
this function is shown for two separations (d), which represent the edges of the range
of experimentally used separations. The measured onsets for the four different mixtures
are given in the plot as well, and it can be seen that the measured onsets match well with
the predicted values.

The surface tension of binary mixtures of organic solvents was described in various
ways[4, 5], and expressions can be derived to calculate the surface tension of the mixture.
It seems, however, that in all the different models some parameters are required that
can only be obtained from fitting to experimental data. The surface tension values ob-
tained of the mixtures are: 72 mN/m for water[6], 33 mN/m for the 50/50 by volume mix-
ture of water/methanol (69/31 mole fractions)[7], and 29 mN/m for toluene/acetonitrile
(80/20)[8]. An estimate has to be made for the value of the surface tension of the tolu-
ene/acetonitrile mixture. It is safe to assume a linear relation between the mole fraction
and the surface tension between the two values of pure compounds. Especially since the
surface tensions of the pure compounds are already very close: 28.5 and 29.3 mN/m for
toluene and acetonitrile, respectively.

Subsequently, the influence of the needle voltage on the kinetic energy of the ions
in the beam was studied. These measurements are summarized in Figure 3.4. Measure-
ments with the source meter were performed as described in Section 3.2. For all of these
traces the average kinetic energy was calculated and plotted in Figure 3.4. The measure-
ments of LeuEnk, TP-77, and PFSC have much smaller error bars compared to those of

3

62



3.3. NEEDLE VOLTAGE

LeuEnk

TP-77

PFSC

C60

2.9 3.0 3.1 3.2 3.3 3.4 3.5
0

5

10

15

20

Needle voltage (kV)

<
E
k
>
(e
V
)

Figure 3.4 average kinetic energy measured as a function of the voltage applied to the needle. Beam currents
are measured in the target chamber. Within measurement accuracy, the average energies seem to be constant,
indicating that the needle voltage does not have an effect on the kinetic energy of the ions in the beam.

C60, due to the stability of the respective beams. For these four molecules all measured
average kinetic energies are within measurement uncertainty.

It might seem counter intuitive that the strongest electric field has a limited influence
on the kinetic energy of the ions, but this can be rationalized by assuming that the ions
lose their kinetic energy in collisions. As the ions have to move through high pressure
areas (mainly between the needle and the capillary, and inside the capillary), where the
mean free path is in the order of 0.03µm (C60 molecule moving through 1 bar of air), it is
not too surprising that the collisions would cause the ions to lose their kinetic energy.
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3.4. CAPILLARY HEATING
In order to accelerate the evaporation and desolvation of the ions, several designs have
been employed by other groups, including adding a co-axial flow of neutral gas[9], a
heated nitrogen bath gas[10] (perpendicular to or co-axial with ion flow), or by heating
the capillary interface[11]. The design for a capillary that can be heated was added later
in the development process, but has proven important for the formation of ion beams of
good quality. Figure 3.5 shows measurements on the influence of capillary temperature
on the beam intensity, performed on both C60 and PFSC. Because of the instability of the
C60 beam, measurements over extended periods were performed. At each temperature,
the beam current was recorded once per second for one minute. The data points reflect
the average over one minute, with the error bars representing the standard deviation
of the measured points. The very small fluctuations for PFSC allowed for recording the
beam current while heating the capillary, without having to record currents over longer
times. The fluctuations of the PFSC beam current were within ≈1 pA. On this scale error
bars of 1 pA are not visible.

The heated capillary increases the evaporation rate of the solvent droplets, leading
to a more efficient desolvation process. For the sprays with water as the solvent large in-
creases in beam current were found up to around 45 ◦C, with the beam current levelling
off above that temperature. For the mixtures in toluene/acetonitrile a smaller increase in
current was observed, but there is also some improvement in the stability of the formed
beam around 40 ◦C.

There is an optimum for the heating of the capillary: as the temperature increases
the solvent droplets shrink, making the desolvation process more efficient. However,
at even higher temperatures the ions will be completely desolvated while still having to
traverse the capillary. The transport through the capillary favours heavier ions (heavier
mass, not just m/z), as they are less likely to be swept into the capillary walls.[12] There-
fore, a reduction in beam current can be expected at higher temperatures when all the
ions are completely stripped from their solvent before they have traversed the entire ca-
pillary. Optimally the droplets are small, so that they efficiently produce the ions, but
not completely free of solvents to facilitate a better transport through the capillary.

3.5. IF CHAMBER PRESSURE
Without any background gas, the electrospray process and the ion funnel would not
function. In that situation, the ions would acquire ≈3.2 keV in kinetic energy by the elec-
tric field between the needle and capillary, and subsequently would be accelerated for
an extra 300 eV by the DC gradient inside the funnel. Ions with such high kinetic ener-
gies move in straight lines, and their path will only slightly be perturbed by the IF electric
fields, not enough to truly form a beam. The small portion of those ions that move along
the axis of the device would arrive at the sample with such high energies that they would
sputter the sample, rather than be deposited there. A certain amount of collisions of the
ions/droplets is needed for the funnel to work optimally. In Figure 3.6 the beam current
measured at different positions in the beamline is plotted as a function of the pressure
in the IF chamber. The material of this beam is LeuEnk for all three of the data traces. A
metal insert was made which fits into the exit of the funnel. Thus, the current arriving
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Figure 3.5 Measured beam current in the target chamber against the temperature of the opening capillary for
C60 and PFSC. For C60 a small increase is seen in beam current, while for PFSC an increase of one order of
magnitude is observed.

to the insert is measured only 1 mm from the last funnel plate. The current measured on
the 8P rods was measured when the 2nd chamber was not installed, thus the octupole
rods were also close to the IF exit. Both the measurements on the insert and on the 8P
rods show similar behaviour, where the beam current increases with increasing pressure
in the IF chamber. The higher pressure increases the amount of collisions in the fun-
nel and makes it work more optimal. However, the beam current measured in the target
chamber drops with increasing IF chamber pressure. This can have several causes.

First, the beam becomes more divergent when the IF chamber pressure is raised, as
will be illustrated later (Section 3.5.1). The width of the beam is measured at the opening
of the einzel lens in the second chamber/octupole chamber. Before the ions pass arrive
at this point, they have to have passed through two 2 mm apertures. Due to this diver-
gence, the beams might not enter the octupole cleanly in the centre, decreasing the total
number of ions transported through the octupole.

Second, the increase of pressure in the IF chamber comes with an increase of pres-
sure in the next chambers as well. In the 8P and 4P chambers, the ions should have
effectively zero collisions for optimal beam guiding. In the basic situation of the SML
beamline, without 2nd chamber, and an IF chamber pressure of pIF = 0.3 mbar, the pres-
sure in the 8P chamber is p8P =5×10−4 mbar. When the pIF is increased to 5 mbar, p8P

increases up to 9×10−4 mbar. At this pressure, the mean free path for a molecule like
C60 becomes 3.5 cm[13], meaning several collisions occur during the transit through the
octupole. These collisions could disturb the path of the ions enough to knock them out
of the octupole.

Third, the kinetic energy of the ions in the beam goes down, which can be seen in
Figure 3.7. With a lower kinetic energy, it becomes easier for the ions to drift away from
their initial direction.
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Figure 3.6 Beam current on an insert right behind the IF, on the octupole rods, and on the sample holder in the
target chamber as a function of the pressure in the IF chamber. Beams are LeuEnk

Increasing the pressure in the IF chamber increases the number of collisions the ions
will have. The ensemble of ions loses a fraction of its kinetic energy to the background
gas at every collision event. It is therefore not surprising to observe a decrease of the
average kinetic energy with increasing pressure. The average kinetic energy, measured
using the source meter as described before, is shown in Figure 3.7.

Measurements with beams of C60 and PCBM were also performed, but large fluctu-
ations in their beam intensities obscured all information of possible trends.

The measurements with beams of C60 and PCBM were also performed, but the are
not shown here. Due to large fluctuations in beam intensity, the uncertainty in determ-
ining the average kinetic energy becomes very large, and therefore no valid conclusion
could be reached about their trends. The trends for the more stable beams (LeuEnk,
TP-77, and PFSC) are shown in Figure 3.7, where a decrease of the average kinetic energy
with increasing pressure in the IF chamber is observed. Linear fits are drawn as guides to
the eye, but the lack of data points prevents us to make any statements about the shape
of the relation between the pressure and the beam current.

Simulations in SIMION 8.1[14, 15] were performed to see if such simulations can re-
produce the measured trends. Figure 3.8 shows the results of these simulations. Each
data point shows the average of 100 ion trajectories through a 16-electrode funnel, sim-
ilar to that in Figure 2.7. The kinetic energies at the moment of impact on a final plate
behind the last electrode was recorded for all of these trajectories. The difference in geo-
metry between the simulation and the experiment will lead to different field strengths for
the same applied potentials. The simulation is expected to show the same trend as the
experiment, but not necessarily at the same potentials or pressures. In the simulation, a
decrease in the average kinetic energy was observed up to around 2 mbar, after which a
plateau seems to be reached. The DC gradient forces the ions to move in the right direc-
tion along the axis, so no matter how many collisions the ions experience, they will still
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Figure 3.7 Average kinetic energy in beams of LeuEnk, TP-77, and PFSC at various IF chamber pressures. The
dashed lines are guides for the eye showing the slow decrease of the average kinetic energy with increasing
pressure in the IF chamber.

have a net speed in the axial direction.

3.5.1. WIDTH OF BEAM

A metal plate, as depicted in Figure 3.9, was installed in the beam path. This allowed
for measuring the beam at the position directly in front of the einzel lens of the second
chamber/octupole chamber combination. The unit consists of two metal plates, separ-
ated by an insulator (polyether ether ketone, PEEK). Both the front metal plate and the
insulator have a small hole in the centre (0.5 cm diameter) which exposes the back metal
plate to the beam. The holes off centre, which are present in all three plates, serve to
make sure pumping is possible on both sides of the measurement plate. Both the front
plate and the back plate are connected to ground through picoammeters (Keithley 4685).
Any charge that falls on the plates will flow to ground through the picoammeter and will
be detected as a current. A beam that is properly focussed will have all of its current ar-
riving on the back plate. The more divergent the beam becomes, the more current will
arrive on the front plate. Because the current can be measured from both the front plate
and the small inner area of the back plate, an estimate of both the intensity of the beam
and its focus can be given.

The divergence of the beam increases when the pressure in the ion funnel chamber
is increased, as can be seen in Figure 3.9b. These measurements were performed with a
beam of LeuEnk. At low pressures only very low currents are detected on the front plate,
but as the pressure increases the amount of current on the front plate increases while
the current in the centre (back plate) decreases, signifying a defocussing of the beam
with increasing pressure.
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Figure 3.8 Average kinetic energy from simulations for particles of mass 300 u and 720 u. Simulated ions start
with a uniform distribution of kinetic energies between 10 and 40 eV. Kinetic energies are recorded at the
moment of impact on a final collection electrode. The data points and errorbars represent the average and
standard deviation of a group of 50 simulated trajectories respectively. Two regions can be identified, the
low pressure region, below 1.5 mbar, where the average kinetic energy decreases almost linearly, and the high
pressure region, where the average kinetic energy reaches a plateau.
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Figure 3.9 Measurements of the beam width. (a) shows the measurement device used to measure the current in
the second chamber/octupole chamber combination. The hole in the centre of the front and insulator plates
allows the beam, when it is centred, to arrive at the back plate. A more divergent beam will arrive more on
the front plate. The two holes to the sides are used to allow pumping on both sides of the plates. (b) shows
measurements with a beam of LeuEnk, using the device in a. As the pressure in the IF chamber is increased,
the beam diverges more, leading to an increase in current detected on the front plate and a decrease on the
back plate.
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Figure 3.10 Beam current measured in the target chamber against the RF amplitude on the first 25 funnel
plates, at pressures ranging from 0.4 mbar to 4 mbar for a beam of PFSC. An optimum in the trend can be seen,
which shifts to higher RF amplitudes with increasing IF chamber pressure.

3.5.2. RF AMPLITUDE
When the pressure in the IF chamber is increased, the optimal settings for the applied
RF voltage tend to change. The beam current, of a beam of PFSC, was measured in the
last chamber as a function of the RF peak-to-peak voltage applied to the first 25 plates
of the ion funnel, at pressures between 0.4 and 4 mbar. Figure 3.10 shows the measured
beam currents. Whereas the optimal value for the DC gradient does not seem to change
with the chamber pressure, the optimal setting for amplitude of the RF potentials on
the first 25 plates clearly shifts towards higher values with increasing pressure. In this
graph, a decrease of beam current with increasing pressure is observed again. With re-
gard to the focussing of the particles to the axis of the funnel, we imagine the movement
of the particles is more damped at higher pressures due to an increase in collisions. More
damping of the movement would necessitate a stronger potential field to give the same
focussing properties.

The optimal setting of the RF amplitude appeared to be different for the various ma-
terials. TP-77 and PFSC show the same trends, while C60, PCBM, and LeuEnk require
higher RF amplitudes. For the fullerenes, an increase in beam current with increasing RF
amplitude was measured, up to the limit of the operating voltage (≈550 Vpp). At higher
RF amplitudes electrical breakdown in the funnel was observed. Therefore, the decrease
in beam current, when the RF amplitude is raised higher than the optimum, has not been
measured with either C60, PCBM, or LeuEnk. The funnel can be operated very close to
the optimum however, since the beam current does level off close to the edge of the op-
erating range.
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3.6. ION FUNNEL DC GRADIENT
The applied voltages on the ion funnel play an important role in shaping the beam. The
ion funnel has 29 plates, which, using the circuitry described in Appendix A.1.2, carry
both DC and RF potentials. Two separate circuits were installed to supply potentials to
the first 25-, and the last 4 plates. The DC voltage is supplied by two voltage sources
(whose applied voltages will be written as UIF25 and UIF4), which supply the DC voltage
to the first 25- and the last 4 electrodes respectively. The RF signal for all plates of the
funnel is generated by a single circuit consisting of a wave-function generator, broad
band amplifier, and high-Q head (Appendix A.1.3). However, during normal operation,
no RF potentials are used on the last 4 IF plates. The DC voltage on plate i , Ui , can
be expressed for plates 1-25, as a function of UIF25, and the variable resistance (box 1)
setting Rbox1.

Ui = UIF25 ·
(
1− i R0

25R0 +Rbox1

)
, i ∈ {1 .. 25} (3.5)

Where R0 is the standard resistance of 22 MΩ, and Rbox1 is the resistance of the variable
resistance (described in Appendix A.1.2), with values ranging from 0 and 31.5 R0 (0 to
693 MΩ), in steps of 0.5 R0 (11 MΩ). The potentials on the first 25 plates decrease linearly
from approximately the applied voltage (UIF25) on plate 1, down to a voltage on plate 25
(U25), which can be raised or lowered by raising or lowering the value of the variable
resistance box 1. By increasing the value of Rbox1 the slope of the DC gradient over the
first 25 plates is decreased.

The voltage for the DC gradient over the last 4 plates (UIF4) is provided by a second
voltage source. Also over the last 4 plates, a linearly decreasing potential will be set up.
The circuitry allows for the choice of whether or not the last funnel plate (plate 29) is
at ground or at a slightly elevated potential. This choice affects the steepness of the DC
gradient over the last 4 plates, which follows the expression:

Ui =
{

UIF4 · 29−i
4 , when plate 29 is grounded

UIF4 · 30−i
5 , when plate 29 not grounded.

, i ∈ {26 .. 29}. (3.6)

Plots of equation 3.5 can be seen in Figures A.1. It is important to note that the potential
gradient over the last four plates is either 80 % to 20 % (p29 not grounded), or 75 % to 0 %
(p29 grounded) of the applied voltage UIF4.

For both plate series individually, a DC gradient is formed where the DC potential
always linearly decreases in magnitude in the direction that the beam travels in. The
exception is between plate 25 and plate 26. Here, the potential on plate 26 can be made
higher than that on 25, which would set up an electric field locally pointing against the
direction of the beam. If the beam has lower kinetic energy than the potential difference
between plate 25 and 26, the beam can be blocked. This effect can be clearly seen in
Figure 3.11a, and has been used by others to make an ion trap based on the RF multipole
design[16, 17].

The beam current in the target chamber was measured as a function of the UIF4

voltage, for two different materials (C60 and PFSC), and at three settings of the box1 res-
istance for each material. By increasing the gradient over the last 4 plates, the intensity of
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the beam was increased, up to a certain threshold value. Above this threshold the beam
current sharply dropped (within 1 to 2 V). This cut-off was observed for all materials that
were electrosprayed.

The reverse effect, where the DC gradient over the last 4 plates is kept constant and
the gradient over the first 25 plates is varied, has also been observed. In Figure 3.11b,
the beam current, measured in the final chamber, is plotted against the voltage applied
over the first 25 plates (UIF25) for different values of UIF4. In all these measurements the
variable resistance Rbox1 was 16R0. A clear cut-off is seen in all the traces, where no beam
flows through unless UIF25 is above a threshold value.

The intensity of the beam was fairly constant (sometimes with a minor slope) for
voltages above the threshold. In most of the measurements, the optimal value for UIF25

was just above the threshold voltage, similar to how the optimal value for UIF4 is just
below its threshold value.

For the measured traces in Figures 3.11a & b the threshold voltages were determ-
ined and the corresponding voltages on plates 25 and 26 were calculated using equa-
tions 3.5 & 3.6. Figure 3.12 is a scatter plot of the voltages on plate 25 and 26, for each of
the determined cut-offs. From that graph it is easy to see that the cut-off occurs when
U25 ≈ U26. This leads us to conclude that the kinetic energy of the ions at the place of
plate 25/26 must be nearly zero, and, since the cut-offs are very steep, the distribution
of kinetic energies has to be very narrow. This means that the final kinetic energy of the
beam is strictly determined by processes that occur to the ions after they have passed
plate 26. At plate 25/26 the ions have nearly zero kinetic energy, so any kinetic energy
the ions have in the final chamber has to be gained after this point. From the DC gradi-
ent over the last 4 plates, the ions still have a potential energy, to be converted into kin-
etic energy. A maximum of ∼110 eV can still be gained from DC gradient over plates 26
through 29.

The kinetic energy of the ions in the beam is measured as a function of UIF4 for TP-77,
PFSC, and C60, as depicted in Figure 3.13. For each material series the applied voltage
to the first 25 plates (UIF25) was kept constant, but the value of the variable resistance
(Rbox1) was changed in such a way that the step at plates 25/26 was continuous. Before,
the kinetic energy of the ions at the location of plates 25/26 was shown to be nearly zero,
irrespective of the slope of the gradient over the first 25 plates. However, before the beam
reaches the final chamber it picks up some kinetic energy, which can be seen to scale
with UIF4.

A linear relation is observed between the average kinetic energy of the beam and the
applied gradient over the last 4 plates. The ions do not gain the full potential difference
as kinetic energy, which can be easily explained from to the fact that the particles still un-
dergo collisions. This finding seems to match with the relation that was found between
the pressure in the IF chamber and the average kinetic energy.

3.7. CONCLUSIONS
By measuring the beam current directly, and when applying a bias voltage to the measur-
ing plate, information about both the intensity of the beam, as well as about the kinetic
energy of the ions that constitute the beam was retrieved.

The overall electrospray results involves many processes, which are subject to para-
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Figure 3.11 (a)Beam current on the sample holder in the target chamber against UIF4. The applied voltage to
the first 25 plates (UIF25) is constant for all the measurements at 305 V, and the different settings for the box1
resistance change the slope of the gradient over the first 25 plates.
(b)Beam current on the sample holder in the target chamber against the applied voltage for the DC gradient
over the first 25 plates UIF25. Rbox1 = 16R0 for all these measurements.
Lines are drawn as a guide to the eye. Circles/solid lines are measured with a beam of C60, and triangles/dashed
lines are measured with a beam of PFSC.
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Figure 3.12 Determined cut-offs of plate 26 voltage as a function of plate 25 voltage. The line U26 = U25 is
drawn to indicate the situation where both plates have the same voltage.
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Figure 3.13 Average kinetic energy of ions in the beam, against the DC voltage applied to the last 4 funnel plates
for TP-77, PFSC, and C60. Dashed lines are drawn as guides to the eye to visualize the slopes. The values on
the top axis represent the values of the box1 resistance (×22 MΩ)
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meters that can be optimised. However, some of the parameters are shared between
multiple processes, which makes optimisation slightly more complex. For example, the
pressure in the ion funnel chamber has an effect on the focussing of the ion beam. The
throughput of the funnel can be increased by increasing the pressure. A higher pres-
sure leaks into the next chambers, where the beam has to be guided over some distance.
The higher pressure in these following chambers however has a detrimental effect on
the transportation efficiency of the ions, leading to an overall decrease of beam current,
even though the funnel is working more efficiently.

We have found the following description of the total process to match well with ob-
servations. The solvent arrives at the needle opening where the strong electric field
drives positive and negative charges apart. Ions can either already be present in the
solution, or can be formed through a reaction at the needle-solvent interface. If the elec-
tric field is strong enough to overcome the solvent’s surface tension, a Taylor cone can
be formed, from which droplets with an excess charge are emitted.

The solvent from these droplets evaporates as the droplets travel in the direction
forced by the electric fields. The rate of evaporation has an influence on the efficiency of
ion formation. Larger droplets are, due to their lower mobilities, more likely to be trans-
ported through the capillary into the first vacuum chamber. Ways to influence the size
of the droplets that are available are: changing the rate of flow of solvent through the
needle, or raising the temperature of the capillary. Ideally the last step of desolvation of
the target ion does not happen before it enters the ion funnel chamber.

Inside the ion funnel the droplets and/or ions are focussed to the axis of the funnel
by the quasi-potential set up by the RF potential on the funnel electrodes. Either positive
or negative charges are forced forward by the DC gradient. During their flight through
the funnel chamber, the charged species undergo many collisions with background gas
or other ions/droplets, losing most of their kinetic energy. The ions were found to have
close to zero kinetic energy in the funnel around plates 25/26. On plates 1 to 25 an RF
signal was applied, and no RF signal was applied to plates 26 to 29. The DC gradient is
less steep over plates 1 to 25, than it is over the last four plates. This means that the colli-
sional cooling is a dominant effect over other processes up to this point. This abundance
of collisions explains why the high potential difference between the needle and capillary
has an influence on the intensity of the beam, but little to no influence on the kinetic
energy of the beam.

The average kinetic energy of ions in the beam can be influenced by varying the DC
gradient over the last four plates and by varying the pressure in the ion funnel cham-
ber. In the range used, a linear decrease of the average kinetic energy with increasing
pressure was observed. This can be explained intuitively by the ions losing a fraction of
their kinetic energy at each collision. Increasing the pressure should linearly increase
the number of collisions that the ions undergo. A linear relation was found between the
kinetic energy of the ions and the slope of the second DC gradient. Again, this seems
plausible since the amount of acceleration the ions experience in between collisions is
increased with increasing slope of the DC gradient.

Beams with very different types of molecules were formed: C60, PCBM, LeuEnk, TP-
77, and PFSC. Despite the difference between the molecules, all of them follow the same
trends observed and described before. Our measurements indicate that beams can be
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formed for any type of molecule, given that it can be effectively ionised.
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4
ELECTROSPRAY DEPOSITION OF

FULLERENE (DERIVATIVES) AND

POLYMERS

The scientific man does not aim at an immediate result. He does not expect that his
advanced ideas will be readily taken up. His work is like that of the planter — for the

future. His duty is to lay the foundation for those who are to come, and point the way. He
lives and labors and hopes.

"Radio Power Will Revolutionize the World" in Modern Mechanics and Inventions (July
1934)

In this chapter, results are presented of depositions made with the soft molecular landing
machine. Thin layers of C60, PCBM, and PFSC were deposited and the depositions were
characterised using UV photoelectron spectroscopy, scanning tunnelling microscopy, and
atomic force microscopy.
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4. ELECTROSPRAY DEPOSITION

4.1. INTRODUCTION
In this chapter, the results of depositions made with the soft molecular landing setup are
described. Depositions were made onto polycrystalline gold substrates, with beams that
were described in the previous chapter. A variety of experiments were used to charac-
terize the formed layers, such as ultraviolet photoelectron spectroscopy (UPS), scanning
tunnelling microscopy (STM) and atomic force microscopy (AFM).

Several different materials were studied to show the possibilities of the deposition
system. C60 was used as a comparison, because this material can also be thermally
evaporated[1, 2]. With this material, a comparison between the old method of thermal
evaporation and the new method of electrospray deposition is possible.

Consecutively, PCBM, which can not be thermally evaporated, is deposited. This has
been the first step towards doing photoelectron spectroscopy measurements on solution
processable, non-thermally evaporable small molecules deposited in an UHV environ-
ment.

The deposition of a conjugated polymer, PFSC, is also shown, which completes the
demonstration of the versatility of materials that can be deposited using the new ma-
chine.

4.2. EXPERIMENTAL DETAILS

The substrates are prepared in the following way: a 1×1 cm2 piece of n-doped silicon is
clamped on the sample base plate by spot welding a strip of stainless steel over one side
of the silicon. A picture of such a sample can be seen in Figure 2.15a on page 43. The
sample and base plate are cleaned with, consecutively, water/soap (Teepol), ethanol and
acetone. Samples are sonicated in acetone for 10 minutes and then blow dried using ni-
trogen. After the cleaning procedure the bayonet mount is screwed to the base plate and
the sample is entered into the quick entry lock of the vacuum system. In the preparation
chamber a layer of metal (usually Au), of 10 nm to 50 nm thickness, is deposited on top
of the silicon.

When required, the samples are annealed at approximately 250 ◦C for half an hour.
This annealing treatment cleans the surface of possible contaminations and reorders the
metal surface, making it more crystalline. The increased crystallinity can be observed
from the appearance of interface states in UPS.

The samples are transferred to the target chamber of the SML beam line where the
deposition of the organic molecules or polymers takes place. The sample holder is con-
nected to an ammeter (Keithley 6485) to observe the beam current during the deposition.
Sometimes it is necessary to adjust some of the parameters in order optimise the beam
current. A log is kept of the beam current during the deposition, which can later be
used to determine the total charge arriving on the sample holder, which will be a meas-
ure of the amount of material deposited. Figure 4.1 shows two of such logs, for depos-
ition of PCBM and PFSC. These logs give a good indication of the difference in stability
of the formed beams between the two materials. The beams from fullerenes (C60 and
PCBM) show a much larger variation in intensity than the beams of water-soluble ma-
terials (LeuEnk, TP-77, and PFSC). The PFSC beam can be seen to be extremely stable;
after a brief period where the settings were being optimised, the beam stabilised, and it
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Figure 4.1 A log in time to show the beam current of different materials.

remained on a constant current level for a period of several hours.
UPS was used as the spectroscopic method of choice to measure the properties of

the deposited materials. The hardware used, and processes involved, in PES measure-
ments are already described in Chapters 2.5 and 2.6.1, respectively. In all photoelectron
spectroscopy measurements presented in this chapter, a bias voltage of -4 V was applied
to the sample holder.

UPS was also used to determine where the deposited material is located on the sample.
The UV source weakly emits yellow/orange light besides the main UV emission. This
light spot can be seen on the sample in places where the sample is not too reflective.
In general the smooth metal films are, even with the thin layer deposited, mirror like,
and the light spot can’t be seen on the sample itself. The light of the specular reflec-
tion on the mirror-like surfaces doesn’t reach the viewport. The edges of the sample,
and the stainless steel strip that clamps the silicon wafer to the base plate, reflect the
light more diffusively, and the light spot can be seen when it hits these parts. During the
measurements the light source is fixed, but the sample holder can be moved. Before the
UPS measurement, the outer edges of the sample are determined by moving the sample
holder to where the light spot can be seen to appear on the edges. Then, the position
of the sample holder is scanned; recording spectra on different locations on the sample.
The deposition spot is found to be the area where the spectrum least resembles that of
the underlying substrate. In the graphs of the UPS spectra shown in this chapter a small
inset resembles the sample with the clamping strip. In this inset, the approximate posi-
tion where the samples are recorded are indicated.

4.3. WORK FUNCTION OF GOLD
Measuring the work function of a metal is quite fickle work. Any molecules that may
be physisorbed or chemisorbed onto the surface of the metal will change the measured
work function. On top of that, many metals have different work functions for different
crystallographic orientation. In this sense, gold has a literature value roughly between
5 and 5.5 eV. Previously, it has already been established that a gold sample, with a work
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4. ELECTROSPRAY DEPOSITION

Figure 4.2 UPS spectra of gold samples with different amounts of treatment. Black line: as deposited, no post-
deposition treatment. Red line: annealed for one hour at 300 ◦C. The work functions of the samples were found
to be 4.4 and 4.8 eV respectively.

function of 5.4 eV, has its work function shifted by -1.05 eV to a value of 4.4 eV, upon
exposure to ambient air for 1 hour[3].

Figure 4.2 shows the UPS spectra of gold samples that were prepared in different
ways. The black line shows the spectrum of gold, as deposited, without any post-deposi-
tion treatment. The sample was transferred directly to the measurement chamber after
deposition. The peaks at 14.5 eV and between 16 and 18 eV are the Au 5d-band. An extra
feature is observed around 11 eV which does not show up in the other two spectra. This
is a feature that is attributed to physisorbed organic compounds on the surface[3].

The red line in Figure 4.2 represents a spectrum that was measured on gold, which
was annealed for one hour at 300 ◦C directly after deposition. The Au5d band features
are more pronounced. The relative height of the different peaks varies with the rotation
of the sample holder for the cleaned samples, which is an effect of having a predominant
crystallographic direction at the measurement location. The intensity of the secondary
electron background has also decreased, which is a sign of lower scattering caused by
lower levels of contamination. In addition to the secondary electron tail being lower in
intensity, the cut-off has shifted to higher kinetic energies.

The shift of the secondary electron cut-off entails a different work function for these
two samples. For the black and red spectra, a work functions of 4.4 and 4.8 eV, respect-
ively, was found. The nature of the experiments in this chapter led us to perform depos-
itions mostly on gold that had a work function of around 4.4 eV. This value was either
reached simply by using the gold as-deposited, or by exposing the gold sample to the
higher pressure (∼10−6 mbar) of the SML beam line’s target chamber.

4.4. C60
After testing the beam with LeuEnk, the first material that was used to do a depos-
ition was C60. This material was chosen because it has a well defined, and well stud-
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ied spectrum[4, 5]. At the same time, it is possible to deposit C60 in the standard way by
thermal evaporation (sublimation), which provides a comparison between the spectrum
of the ’traditional’ deposition method and the new electrospray deposition.

4.4.1. CONTAMINATION OF C60
Some experiments were performed on the contamination of thermally deposited C60

films, in order to get a better understanding of the spectra that were measured of C60 in
the preliminary experiments. At first, depositions were performed in the 2nd chamber of
the beam line to have a higher deposition rate. The samples would have to be transpor-
ted through the ambient environment to the entry lock on the other side of the vacuum
machine, before being able to reach the measurement chamber. A control study was per-
formed on C60 deposited through thermal evaporation, and how its spectrum changes
under the influence of ambient contaminations. To see the effect of contamination, a
UPS spectrum was measured directly after thermal deposition, and after two different
exposures to background gasses. The first exposure was by leaving the sample in the
vacuum chamber for 8 days. The second exposure was to, after the 8 days vacuum ex-
posure, expose the sample to ambient pressure in the quick entry lock for 30 minutes.
These spectra are shown in Figure 4.3.

Due to the exposure, the features of the spectrum broaden. Furthermore, the sec-
ondary electron background of the spectrum increases, signifying increased scattering.
The peak positions don’t move with respect to the Fermi level, but, due to the broadening
of the peaks, the injection barrier does decrease. This contamination can be ascribed to
oxygen and water interactions with the fullerene cage, as concluded by Bao et al.[6]. They
studied the contamination of PCBM films due to oxygen and water contaminations, and
reported very similar changes in their PCBM spectra when exposing it to water vapour.
They also report orbital levels that don’t shift, but broaden under the exposure of the
films to water vapour.

4.4.2. ELECTROSPRAY DEPOSITED C60
To electrospray C60, a solvent mixture of toluene/acetonitrile[2, 7] was used. First, C60

was dissolved in toluene (25 mg/ml) and acetonitrile was added to obtain a 4:1 mixture,
by volume, of the two solvents, with a C60 concentration of 0.22 mg/ml. C60 in general
doesn’t dissolve well, but has reasonable solubility in toluene (2.8 mg/ml), however, it
does not dissolve in acetonitrile[8].

The acetonitrile assists in the electrospray process, most likely its polarity aids in
the charge transfer at the needle tip, and is necessary for beam formation. Different
ratios of toluene:acetonitrile were tried and it was found that with pure toluene, a beam
does not form. At 40 % (volume) acetonitrile, the solutions becomes an opaque brown
suspension, as opposed to the usual clear purple solution. 20 % acetonitrile was used
for the electrospray mixture, which gave workable beam currents. The mixtures were
filtered through 0.45µm pore syringe filters before use in the electrospray, leaving some
brown residue on the filter, indicating that some aggregation occurred.

In Figure 4.4, UPS spectra are shown recorded at several positions on the sample,
after deposition of a total cumulative beam current of 256 pAh. The spectra are recorded
on locations that are 1 mm apart, as indicated in the inset in the middle panel. The left
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Figure 4.3 UPS spectra of thermally evaporated C60, directly after deposition (black line), after exposure to
vacuum for 8 days (red line), and after exposure to ambient air (blue line). After exposure, peaks have visibly
broadened and features become less distinct.

Figure 4.4 UPS spectra of electrospray deposited C60 at different spots on the sample. The location on the
sample that was illuminated during the recording of the spectra is shown in the inset in the middle panel. In
the middle and right panel the spectra have been vertically offset for clarity. The features on the high kinetic
energy side of the spectrum are indicated with arrows, indicating both the Au 5d-band features, the Au Fermi
level, and the HOMO and HOMO-1 of the deposited C60. The low kinetic energy cut-off shifts slightly toward
higher values with increasing deposition thickness.
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Figure 4.5 Scanning tunnelling micrograph of recorded current of a sample of C60 deposited on gold in the
octupole chamber. Total scan size is 15×15nm2. The ball-shaped features on the surface are individual C60
molecules.

panel shows the low kinetic energy onset of the spectra, where a slight shift of <0.15 eV
towards higher values is observed. In the centre and right panel the spectra have been
vertically offset for clarity. The upper lines (marine and teal) show features correspond-
ing to gold. The Fermi level can be seen (indicated with an arrow in the right panel),
as well as the three distinctive features of the Au 5d-band. The red and cyan lines show
a spectrum that closely resembles that of thermally evaporated C60, after a 30 minutes
exposure to ambient air, as can be seen in Figure 4.3. The black and purple lines show
features of C60, the HOMO and HOMO-1, but also show the Fermi level of the underlying
gold. The presence of the Fermi level in the C60 spectra indicates that a very thin layer
has been deposited.

STM was used to further confirm the presence of C60 on the surface. The micro-
graphs can be seen in Figures 4.5 and 4.6. The scans in Figure 4.5 were recorded on a
sample where the C60 was deposited in the octupole chamber. The circular features,
with diameters of ∼8 Å, correspond to single C60 molecules on the surface.

The scans in Figure 4.6 are done on a sample where C60 deposition was performed in
the target chamber. Panels a and c are recorded in an area away from the deposition spot
and show the surface of gold. This sample has been annealed after the deposition and
the surface has reorganized, showing larger gold terraces than for non-annealed gold.
The white coloured area in c is due to a scanning artefact, most likely some dust on the
surface.

On the same sample, but in the area of deposition, Figures 4.6b and d were recorded.
Clear differences with the area of bare gold, shown in a and c, are observed. The smallest
features in b represent single C60 molecules. It can be clearly seen that the C60 does not
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Figure 4.6 Scanning Tunnelling Micrograph of a sample of C60 electrospray deposited on gold and sub-
sequently annealed. (a) & (c) show an area of uncovered gold. (b) & (d) are taken in the area where C60 was
deposited.

form a smooth layer, but tends to aggregate on the surface. In b and d clusters of C60

molecules can be seen. The C60 is seen to cluster in regions of approximately 30 nm in
size. On the surface of these clusters, smaller clusters are found as seen in Figure 4.6b.
C60 is known to form aggregates[9, 10] in toluene solutions after extended periods of time
(weeks). The possibility that the beam of C60 contains clusters, as opposed to individual
ions, can not be excluded by our measurements. Clusters of C60 being deposited on the
polycrystalline gold surface might explain the observed structure on the surface.
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Figure 4.7 UPS spectra of electrospray deposited PCBM at different spots on the sample. The inset in the
middle panel shows the positions on the sample where the spectra were recorded. The spectra in the middle
and right panel have been vertically offset for clarity. The clearest features of the Au and PCBM have been indic-
ated by arrows. In the left panel the rigid shift, of the spectrum towards lower kinetic energies, with increasing
PCBM layer thickness, can been seen.

4.5. PCBM
Compared to C60, PCBM,the structure of which is shown in Scheme 1.1b, has a much
higher solubility in many solvents (19 mg/ml in toluene)[11]. PCBM also dissolves in
acetonitrile. In a similar mixture as used with C60, toluene and acetonitrile (4:1), less
aggregation from PCBM is expected, compared to C60, due to its higher solubility. With
PCBM’s higher solubility, the way was opened to try to make a spray from different sol-
vents. Tests were performed with PCBM in a variety of solvents, including: chloroform,
ortho-dichlorobenzene, carbon disulfide, dichloromethane, and benzonitrile. With a
number of these solvents, an additive was added in order to assist the charge trans-
fer. Unfortunately, none of the tried mixtures produced a beam with more stability and
higher currents than the toluene:acetonitrile mixture that was also used for C60.

For the electrospray deposition of PCBM, the mixture reported in Table 3.1 was used:
0.27 mg/ml PCBM in toluene:acetonitrile (4:1).

4.5.1. UPS
Figure 4.7 shows the UPS spectra recorded at several positions on a sample, where PCBM
is deposited using the SML beamline, onto a gold substrate. The cumulative deposition
current was 431 pAh. The marine and teal lines, and to a lesser extent the purple (top 3
lines in Figure 4.7), mostly show the features of the gold: the Fermi level, and the three
peaks of the Au 5d-band can be distinguished. In the cyan, red, and black spectra the
HOMO of PCBM is clearly visible. The black spectrum is measured at the thickest area
of the deposited layer.

At the low kinetic energy side of the spectra, a shift is observed in the low kinetic
energy cut-off(Ecuto f f ), towards lower values, of 0.2 eV, which is observed to be a rigid
shift of the whole spectrum. Rigid shifts are caused by a dipole present at the Au/PCBM
interface. The dipole is set up by a (partial) charge transfer between the metal and the
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Figure 4.8 Vacuum scanning tunnelling micrograph of PCBM on gold. (a) An area of 20 by 20 nm2 where the
oval features belong to PCBM molecules. (b) The same area as (a), with overlayed 3D models of PCBM.

organic overlayer. Such a dipole shifts the entire spectrum equally.

The valence band of PCBM is dominated by the orbitals on the C60 sphere[12], there-
fore the UPS spectra look very similar to that of C60. The levels associated with the phenyl
and butyl groups lie deeper (larger binding energies), and as such do not show up near
the HOMO.

4.5.2. STM & AFM
Vacuum STM was performed on the PCBM deposited sample in order to verify the pres-
ence of PCBM molecules on the surface. Vacuum STM has the added benefit of less
thermal drift and more vibration dampening compared to the ambient STM. Figure 4.8a
and b show the same 20×20 nm2 areas. In panel b, 3D models of PCBM have been layered
over the image to indicate the size of PCBM molecules. The layer of PCBM is several lay-
ers thick, so only the top molecules are visible and indicated. Away from the deposition
spot the STM shows a smooth Au surface similar to that shown in Figure 4.6.

AFM measurements have been made to determine the thickness of the deposited
PCBM layer. The cumulative deposition current for this sample was 301 pAh. A razor
blade was used to make a scratch over the full length of the sample, through the area
where PCBM was deposited. Figure 4.9 shows atomic force micrographs of 3 by 1.5µm2

scan areas of the steps created by this cut. Figure 4.9a shows an area where PCBM is not
deposited, the step here is only the bare gold, while Figure 4.9b shows the area where
the PCBM deposition was performed. Besides the height, also the roughness has a com-
pletely different pattern on the PCBM deposited area, roughness values (rms) of 1.6 and
2.8 nm were measured at the gold and PCBM areas, respectively. Figure 4.9c shows the
column-averaged value of the height in the scans in a and b, as a function of the x co-
ordinate. By making a fit to this data, the height of the steps can be determined, and by
taking the difference between the two steps the thickness of the deposited layer is cal-
culated. The layer was found to be at least 6 nm thick. By eye, the deposition spot is
not visible, thus the location where the deposition is thickest is difficult to find with the
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AFM. As such, the thickness deposited can only be treated as a thickness somewhere on
the deposition profile and doesn’t necessarily correspond to the thickest region of the
deposited spot.
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Figure 4.9 (a) AFM step height determination of Au on Si, and (b) PCBM & Au on Si. The y-averaged height vs
x position in a graph for the two scans(c) with fitted step functions to determine the height of the steps. The
thickness of the PCBM layer was found to be 6 nm.
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4.6. POLYMER DEPOSITION
The capabilities of the soft molecular landing machine are shown here by the deposition
of a polymer. The chosen polymer is the water soluble conjugated polymer, PFSC (struc-
ture in Scheme 1.2), which was synthesized in our lab by T.P. Voortman[13, 14]. This poly-
mer has ionic groups implemented in both the polymer backbone and in the side chains
in order to make the polymer truly water soluble[15]. While in solution, the charges are
screened by the presence of counter ions. In order to make the large scale fabrication
of OPV devices more feasible, materials should be used that can be processed from en-
vironmentally friendly solvents such as water or methanol[16]. Most of the electrospray
literature seems to be focussed on sprays from water solutions or mixtures containing
water.

The mixture that was used has 1 mg/ml of polymer powder, which also contains the
counter ions. The polymer has been dialysed to get rid of the excess salts that were
present as residue from the synthesis. The spray that was formed from this mixture was
very stable over periods of several hours, the beam intensity varied much less in time
than previous sprays of fullerenes. A comparison between the stability of the sprays of
PCBM and PFSC can be seen in Figure 4.1.

4.6.1. UPS
The gold substrates were prepared in the same way as for the C60 and PCBM depositions.
During this deposition, the cumulative current was 556 pAh. Figure 4.10 shows the UPS
spectra recorded on this sample, with three spectra (black, red, and cyan) showing no
features of the underlying gold, so a layer of material has to be present. The other three
spectra (purple, teal, and marine) show in increasing amounts the features of the under-
lying gold. The gold spectrum before the deposition is shown as a dashed black line.

On the valence side of the spectrum no clear peaks are present from the polymer, this
is to be expected for a polymer with a wide distribution of chain lengths and composi-
tions. Time-of-flight (TOF) mass spectrometry was performed to determine the com-
position of materials in the formed beam, this is reported in Section 4.6.3

4.6.2. STM & AFM
After the deposition and UPS measurements the sample was taken out of the vacuum
system and prepared for STM measurements with the ambient STM. Figure 4.11 shows
micrographs of two size areas, on two areas of the sample. Scans a and c are taken on
an area of the sample where no material was deposited, showing the bare gold substrate,
while b and d are recorded where the polymer was deposited.

In the scans of the bare gold, large grains can be seen that are typical for a polycrys-
talline gold surface. These samples were not annealed, hence the rougher surface than
that shown in Figure 4.6. After deposition the layers become more smooth. The polymer
fills the gaps in between the grains and smooths out the rough structure of the under-
lying substrate. The smoother surface can be clearly seen from the micrographs, the
roughness (rms) of the surfaces was 10 nm for the bare gold, and 1 nm for the polymer
layer.

A scratch was made with a razor blade along the length of the sample and AFM was
again used to measure the step height of the scratch in order to find the thickness of the
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Figure 4.10 UPS spectra of electrospray deposited PFSC at various positions on the sample. The inset in the left
panel shows the positions on the sample where the spectra were recorded. The marine and teal spectra, and
to a lesser extend the purple spectrum, show features of the underlying gold, whereas the cyan-coloured, red
and black spectra don’t show any clear features at all. The dashed black line shows the gold before deposition.

deposited layer. The measurement results are shown in Figure 4.9. The scans are made
in an area of 1.1×10µm2. The thickness of the PFSC layer was found to be 6 nm at the
location where the measurement was performed.
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Figure 4.11 Scanning Tunnelling Micrograph of a sample of PFSC electrospray-deposited on gold. (a)& (c)
show an area of the sample away from the deposition spot, showing the rough structure of polycrystalline gold
grains. (b)& (d) are taken in the area where PFSC was deposited and show a much smoother surface.
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Figure 4.12 AFM measurements on (a) bare gold, and (b) gold+PFSC. The graph in (c) shows the height aver-
aged over y as a function of x for the two scans shown in (a) and (b). A step function was fitted to the data in
order to find the height of the steps. The thickness of the PFSC layer was found to be 6 nm.
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4.6.3. MASS SPECTRA

The UPS, AFM, and STM measurements show clearly the deposited layers on the sample,
but do not give any information as to what has been deposited. Mass spectrometry
measurements were performed, on an ESI-MS setup that closely resembles the soft mo-
lecular landing setup, to show that the material in the beam is indeed the polymer.

The mass spectra were obtained with the Paultje system[17], which is very similar
to the soft molecular landing beamline. It uses the same way of ionising and form-
ing a beam (electrospray, capillary, ion funnel, quadrupole, octupole), but instead of
a deposition stage, this system uses a Paul trap to trap ions, which are subsequently
pulsed into a time of flight (TOF) mass spectrometer. The flight time-to-mass scale cal-
ibration is carried out using three different charge states of a small peptide (melittin,
mass = 2846.46 gmol−1, z = +3, +4, and +5).

In Figure 4.13a the mass spectrum of PFSC is depicted, with zoom-ins of the two
main regions of the spectrum depicted in Figure 4.13b&c. The tall peak at m/z 242 is
identified as tetrabutylammonium (Bu4N), which is a counter ion used in the synthesis
of the polymer. Two broad distributions, with collections of peaks on top of them, can
be seen in the full spectrum, one ranging approximately from m/z 380 to 540, and the
second from m/z 560 to 680. In order to identify the main peaks in the spectrum, the
synthesis of PFSC has to be taken into account. The polymer is synthesized from an-
other polymer, PFSK[14] (Figure B.2). The reaction involves replacing ketone groups on
the PFSK polymer with dimethylaniline groups to form PFSC. The conversion of ketone
groups is not 100 percent effective though, and, as such, various combinations of re-
acted/unreacted monomer units are possible. The monomer unit with two unreacted
ketone groups has a mass of 566 u, the monomer with one reacted and one unreacted
ketone group has a mass of 670 u, and the monomer unit with two reacted ketone groups
has a mass of 774 u. Figure B.2 shows the structures of PFSK, PFSC, and the expected in-
termediate building blocks of the polymer. Taking into account different chain lengths,
charge states, and building block composition the main peaks in the spectrum can be
identified.

The vertical lines in Figures 4.13b&c indicate several of such combinations. The
chain length and charge are indicated in the legend of the plot, with the numbers above
the vertical lines indicating the number of ketone groups that have been converted to
N,N-dimethylaniline. In example, the red line at m/z 402 in Figure 4.13b corresponds to
a polymer consisting of 3 repeating units, with a total charge of +5e, and where 3 out of
the 6 ketone positions have been converted to N,N-dimethylaniline moieties. Moreover,
any polymer chain with a multitude of those three quantities will give a peak at exactly
the same m/z.

For this polymer, a distribution of chain lengths is observed, as well as varying num-
bers of charges per repeating unit, and variations in the composition of the polymer. The
broad distributions are formed by many of the different combinations of chain length
n, charge z, and composition. The average charge on the polymer is approximately 1
charge per repeating unit for the distribution between m/z 560 and 680, and 1.5 charges
per repeat for the distribution between m/z 380 and 540.

The peaks in the measured mass spectrum can be related to some form of the poly-
mer and therefore shows that the material in the beam has to be our desired polymer.
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4. ELECTROSPRAY DEPOSITION

Since the Paultje setup is essentially identical to the soft molecular landing setup in
terms of ionisation and beam guiding, the beam in the soft molecular landing setup is
expected to also consist of the desired polymer. Barring fragmentation on impact, the
deposited layer has to consist of PFSC. This entails a successful deposition of solution
processable polymer in high vacuum.
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Figure 4.13 ESI mass spectra of PFSC recorded with the Paultje setup[17]. Full spectrum in a, where two broad
distributions can be seen. These two distributions correspond to polymers with an average charge of +1.5 and
+1 per repeating unit. b and c show the regions of the two distributions. Vertical lines indicate peaks that have
been identified as a combination of polymer chain length, charge state, and composition.
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4. ELECTROSPRAY DEPOSITION

4.7. CONCLUSION
In this chapter, depositions of several different molecules were shown. The first mo-
lecule of which the ESI-deposited layers were studied was C60. This molecule can also
be thermally evaporated, which made it possible to compare the two deposition meth-
ods. The recorded UPS spectra show that the ESI deposited layer contains intact C60,
as could also be seen from the STM measurements. The UPS spectra of ESI deposited
C60 show broader features than those of thermally evaporated C60. These broader fea-
tures indicated some form of contamination being present in the layer. A possible form
of contamination is that of the underlying gold, which we have discussed at the start
of this chapter. The pressure in the target chamber during deposition is in the order of
10−6 mbar. During the long times required for the deposition, contaminations could also
creep into the layer from the background gas.

A fullerene derivative that is not thermally evaporable, PCBM, was deposited using
the setup as well. As expected, the UPS spectra shows only minor differences in the
valence band region of the spectrum with respect to C60. The SEC shift of PCBM is in
the opposite direction as that of C60, but care has to be taken not to over-interpret this
result. The shift is with respect to the contaminated gold surfaces and, therefore, might
not necessarily indicate anything about the interaction between the materials and the
pure gold. The ionisation potential of PCBM was found to be 6 eV, which is in good
agreement with literature[6, 18]. In the STM measurements, slightly larger molecules
were measured with PCBM than with C60. All these measurements together indicate
that the PCBM molecules are deposited intact.

To complete the range of solution processable materials, the operation of the ma-
chine was shown with a polymer, PFSC. UPS measurements don’t show clear features for
the polymer, which is expected since the polymer is a mixture of various chain lengths,
which consequently must all have different energy levels. Using mass spectrometry in a
setup that is very similar to the deposition beamline, the beam current measured on the
sample plate in the target chamber was verified to be the desired polymer material. The
beam in this experiment consists of polymer chains of different lengths, different charge
per repeating unit, and different amount of reacted sites and thus appears as many peaks
in the mass spectrum. With the use of ESI mass spectrometry, it is possible to gain more
information about the composition of the polymers.
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5
CONCLUSIONS AND FUTURE WORK

So many loves half-loved, so many inventions half-invented.
That damn time machine alone set me back 15 years.

Professor Farnsworth

If only it’d worked, you could go back and not waste your time on it.

Dr. Zoidberg
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5. CONCLUSIONS AND FUTURE WORK

5.1. CONCLUSIONS
Using electrospray ionisation to do soft landing of molecules in high vacuum has proven
to be a challenge. However, the developed machine does just that. The beam guiding
and focussing, especially the ion funnel works as intended. The behaviour of the formed
beams with the various parameters was investigated in detail. Nevertheless, some diffi-
culties in operation still arise. In the previous chapters, it was described that sprays of
some materials seem to have an inherent tendency to fluctuate in their intensity, while
others produce stable beams. This seems to coincide with the literature reports; the ma-
jority of which only describes electrospray from aqueous solutions or solution mixtures.
Most of the materials studied with ESI(MS) are water soluble and are (de)protonated in
the solution by addition of an acid or base. The fullerenes that have been sprayed are
not water soluble, and cannot be (de)protonated using acid or base. They do not make
stable beams, which are hard to optimise. Most of the interesting molecules for OPV
devices are, unfortunately, not water processable. The currents acquired with the setup,
as it is now, allow deposition of a layer of several nanometres on a 1 mm2 area, over the
course of several hours. With more possibilities for optimising the beam intensities, this
deposition time can be further reduced.

The deposition conditions are not optimal for truly clean depositions. Depositions
were shown on gold substrates, which were already somewhat contaminated. As such,
lower work functions of the metals were measured than are reported in literature.

We have shown that, with the SML machine, it is possible to do a deposition of solu-
tion processable materials in an UHV environment with a background pressure down
to 10−6 mbar. The deposited solution processable (non-thermally evaporable) materials
were PCBM, a fullerene derivative, and PFSC, a water soluble polymer. Both materials
are deposited and show clear deposition patterns in UPS, STM, and AFM. For the water
soluble polymer, ESI mass spectrometry was performed, which has enabled us to de-
termine the composition of the polymer.

5.2. FUTURE WORK
With this new machine, the way is opened to research on clean interfaces that were pre-
viously very difficult to get to. Future work on improving the deposition quality and
speeds should focus on the ionisation process of non-water soluble semiconducting or-
ganic materials. It is the ionisation process that determines, or limits, the stability and
intensity of the ion beams. In other combinations of solvents and additives easier, ion-
isation of molecules similar to fullerenes might occur. For instance, adding a strong
donor to the mixture, such as tetrathiofulvalene (TTF), might form negatively charged
C60 ions in solution[1]. For the choice of solvents, care has to be taken with the solubil-
ity, because the ions should still be able to dissolve in the solvent mixture. This problem
of finding the right solvents and additives might prove interesting project for chemists.

By using the quadrupole as a band-pass filter, it will be possible to make a better
selection on which particles make it through to the sample. This could further improve
the quality of the deposited layers.

Besides the chemical problems of the ionisation and filtering of the beam, the quality
of the deposited films and substrates can be further improved by lowering the pressure
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5.3. CLOSING

in the deposition chamber. One option, which is employed regularly in UHV systems,
is to place a cold ring around the sample holder in the SML target chamber. The cold
ring locally lowers the pressure by binding the background gasses to its surface. Since
the machine is always leaking in air from the opening capillary, the chambers were not
left at low pressures overnight. The quality of the vacuum in the target chamber might
improve upon keeping it at lower pressures for extended periods of time. In addition it is
possible to also perform a bake-out of the target chamber to further improve the vacuum
quality. Improving the vacuum quality will reduce the degradation of

5.3. CLOSING
The machine, and especially the ion funnel and beam guiding parts, work as expec-
ted. The ionisation mechanism, especially the solvent mixture, can still be optimised
to produce cleaner layers. In the literature most reports focus on sprays of water soluble
protonated (or deprotonated) compounds, whereas for this research it would be prefer-
able to obtain charged species by adding or subtracting electrons from the compounds.
In order to facilitate these processes, a good choice of solvents needs to be made. For
some compounds electrospray might not be the easiest way of ionisation. In these cases
it should be fairly straightforward to add a different ionisation source, such as atmo-
spheric pressure photo ionisation (APPI) or atmospheric pressure chemical ionisation
(APCI). With these ionisation methods however, there is a larger chance to induce frag-
mentation. The ions produced by these other sources can be guided in exactly the same
way as those that are produced with electrospray.

With an effective ionisation source, new pathways are opened to interesting research.
The machine can also be used to form interesting interfaces of other materials. For ex-
ample, O’Shea et al. have already reported the deposition of carbon nanotubes with
a similar electrospray deposition setup[2]. Better control over deposition of quantum
dots could also be provided with the setup. Other research approaches could include
the study of self assembly, or pattern forming, of organic molecules on metal substrates,
a topic that is widely studied for thermally evaporable molecules. With this setup these
studies can be extended to molecules that previously could not be transferred to the gas
phase easily.

Besides these new ideas, this machine can help to gain a better understanding of
the interfaces in organic photovoltaics. The research presented in this thesis is only
one small step in the search to better understanding of organic PV, which hopefully can
contribute to solving two of the world’s main problems: reducing CO2-emissions, and
providing energy for everyone in the world without having to rely on non-renewable
sources.

We hope to have provided a new tool which can be used to gain a deeper understand-
ing of the processes involved in organic electronic devices.

5

103



BIBLIOGRAPHY

BIBLIOGRAPHY
[1] J. U. Andersen, P. Hvelplund, S. B. Nielsen, U. V. Pedersen, and S. Tomita. Statist-

ical electron emission after laser excitation of C60- ions from an electrospray source.
Physical Review A, 65(5):053202, April 2002.

[2] James N. O’Shea, John B. Taylor, Janine C. Swarbrick, Graziano Magnano, Louise C.
Mayor, and Karina Schulte. Electrospray deposition of carbon nanotubes in vacuum.
Nanotechnology, 18(3):035707, 2007.

5

104



A
TECHNICAL DETAILS

In this appendix, additional details are given concerning the technical aspects of the
machine.

A.1. TECHNICAL DETAILS OF THE ION FUNNEL

A.1.1. IF RING DIAMETERS
The outer diameter of the ion funnel ring electrodes is constant over all 29 electrodes,
but the inner diameter follows a parabolic function. The function for the diameter of
plate i is:

di = 2 ·0.002248(a(N − i ))2 +1

= 0.0290064 · (28− i )2 +1
(A.1)

Where a is the spacing between the funnel plates (centre-to-centre) in mm, and N
is the total number of funnel plates over which the function is used. In our case, the
function was used to obtain the inner radius of the first 28 plates, and plate 29 was set to
have the same radius as plate 28. The pitch a between the electrodes is 2.54 mm.

A.1.2. ION FUNNEL ELECTRONICS
To apply the two sets of potentials to all the rings, the circuitry depicted in Figure A.2 was
used. The ring electrodes are separated in two sets; the first 25 electrodes and the last
4. A DC voltage gradient is made by connecting the rings in series through resistors with
high resistance (22 MΩ). The first electrode is connected (through a resistor) to a voltage
source and the last of the series, the 25th , is connected to box 1, a home-made variable
resistor (0-341 MΩ in steps of 11 MΩ (0-15.5 times 22 MΩ in steps of 0.5). A circuit dia-
gram of box 1 can be seen in the Appendix A (Figure A.3). For resistance higher than that,
box 1 can be combined with box 1+, which is a single resistor (356 MΩ (= 16.2∗22 MΩ)),
that can be connected between plate 25 and box 1. The value of this variable resistor
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A. TECHNICAL DETAILS

plate nr. x (mm) y (mm) diameter (mm)

1 0.00 10.57 22.15
2 2.54 9.80 20.61
3 5.08 9.06 19.13
4 7.62 8.35 17.71
5 10.16 7.67 16.34
6 12.70 7.02 15.04
7 15.24 6.40 13.79
8 17.78 5.80 12.60
9 20.32 5.24 11.47

10 22.86 4.70 10.40
11 25.40 4.19 9.38
12 27.94 3.71 8.43
13 30.48 3.26 7.53
14 33.02 2.84 6.69
15 35.56 2.45 5.90
16 38.10 2.09 5.18
17 40.64 1.75 4.51
18 43.18 1.45 3.90
19 45.72 1.17 3.35
20 48.26 0.93 2.86
21 50.80 0.71 2.42
22 53.34 0.52 2.04
23 55.88 0.36 1.73
24 58.42 0.23 1.46
25 60.96 0.13 1.26
26 63.50 0.06 1.12
27 66.04 0.01 1.03
28 68.58 0.00 1.00
29 71.12 - 1.00

Table A.1 The inner diameters of the rings in the ion funnel with final aperture of 1 mm. x gives the x position
of the electrodes, which are evenly spaced with a centre-to-centre distance of 2.54 mm. y is the parabolic
function describing the (partial) radius of the electrodes (y = 0.002248× (68.58− x)2), and the diameter of the
rings is given by d = 2y +1. Plate 29 has the same diameter as plate 28.
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Figure A.1 Calculation of the voltages on 6 different plates in the Ion Funnel as a function of the resistance
value of box 1. The dashed line indicates the division between using only box 1, or using box 1 in combination
with box 1+.

determines the gradient of the DC potential on the first 25 ring electrodes. A calculation
of the DC voltage on several of the plates is shown in Figure A.1 as a percentage of the
total applied voltage, for different values of box 1’s resistance. By controlling the applied
voltage from the voltage source and the resistance of box 1, the DC gradient over these
25 electrodes can be fixed. The gradient will always be linear between plate 1 and plate
25.

All 25 electrodes are connected through a 680 pF capacitor to one of the RF lines in
such a way that each neighbouring electrode always has the opposite sign RF signal. The
two RF lines are fed by a high-Q head, which is depicted in Figure A.5, and described in
Section A.1.3.

A separate circuit was used outside of the vacuum chamber, in box 2 (Figure A.4), to
supply the last 4 ring electrodes with their RF and DC potentials. The operating principle
is the same as for the first 25 plates. Electrodes 26 through 29 are also connected in series
by 22 MΩ resistances to create a potential divider. Furthermore, each plate is connected
to one of the two RF lines from the high-Q head. By separating this circuit from the
first 25 plates, more control is obtained over the voltages on the last 4 electrodes. For
instance, an RF signal of lower amplitude can be applied, or a DC gradient with a higher
slope than the ones applied to the first series of plates.

The resonance frequency for the LCR-circuit, that delivers RF to both the first 25, and
the last 4 plates, changes depending on whether or not the RF signal is connected to the
last 4 plates. The capacitance of the LCR-circuit is increased when connecting the last 4

A

107
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plates of the ion funnel, leading to a decrease in resonance frequency.
A switch (S2) sets the connection from electrode 29 to ground; it is either connected

directly, or via another 22 MΩ resistance. Connecting the last plate through the resistor
to ground leaves it at a slightly elevated potential, meaning there will be an electric field
between the last plate and the grounded diaphragm in the next chamber. It is import-
ant to note that the voltage on the 26th plate also varies considerably depending on the
switch position. Plates 26 through 29 have 80 %, 60 %, 40 %, and 20 % of the applied
voltage UIF4 when plate 29 is not grounded directly, and 75 %, 50 %, 25 %, and 0 % when
it is. As with the first 25 electrodes, the gradient is linear between the first and last elec-
trode.

The voltage applied to the 26th plate can acts as a sharp cut-off for the beam when
the voltage is higher than the voltage on the 25th plate. This is further described in
Chapter 3.6.

A second switch (S1) completely disconnects the last funnel electrode from the cir-
cuit and it can be connected to an ammeter. The other three electrodes still function the
same as when the last plate was connected. The idea was to get an estimate of the beam
current by measuring the charges impinging on the last electrode. However, this did not
work properly; the proximity of the last electrode to the RF carrying electrodes allows
small RF currents to be induced, which are measured on the ammeter. A moveable plate
was installed to measure the current in the next chamber (see Chapter 2.3.4). This does
not suffer from this problem, both because it is further away, and the 29th plate, when
grounded, does not induce currents on the moveable plate.
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A.1. TECHNICAL DETAILS OF THE ION FUNNEL
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Figure A.2 Circuitry used to supply the DC and RF potentials to the Ion Funnel. RF potentials are generated in a
wave function generator and amplified by a broadband amplifier. A high-Q head provides an LCR-circuit which
can be tuned into resonance and transforms the unbalanced signal into two balanced ones. A schematic of the
high-Q head interior is shown in Figure A.5. The two balanced signals are applied alternately to the even- and
odd numbered funnel plates. A DC gradient is set up by connecting the funnel plates in series with resistors.
Box 1 represents a variable resistor, whose circuitry is depicted in Figure A.3. The DC potentials are provided
by UIF25 for the first 25 plates, and UIF4 for the last 4 plates. The RF and DC potentials for the last 4 plates
are combined in box 2 (Figure A.4). All resistors drawn here have a resistance of 22 MΩ and all the capacitors
without a label have a capacitance of 680 pF.
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A.1. TECHNICAL DETAILS OF THE ION FUNNEL
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A. TECHNICAL DETAILS

A.1.3. HIGH-Q HEAD
A home-build high-Q head was used (schematic in Figure A.5) to form a resonance cir-
cuit to drive the RF components in the beamline. Three of these high-Q heads are present,
one for the ion funnel, one for the octupole, and one for the quadrupole. The high-Q
head consists of a Balun, which converts the unbalanced signal (a single signal refer-
enced to ground), supplied by the wave function generator and amplified by the amp-
lifier, to a balanced signal (two signals working against each other where ground is ir-
relevant). For the LCR-circuit, two coils of 50µH, two resistors of 22Ω, and two variable
capacitors (∆Cl ar g e and ∆Csmal l ) were used. ∆Cl ar g e has a maximum value of 280 pF,
130 pF, and 290 pF for the circuits of the ion funnel, octupole, and quadrupole respect-
ively. ∆Csmall has a maximum value of 1 to 2 pF. The capacitors are connected in par-
allel, such that their capacitances can be added linearly. The large variable capacitor
allows for coarse tuning of the capacitance of the circuit, while the other is smaller for
fine tuning. Together with the cables and the elements that the RF potentials are to be
applied to, all of which have a certain capacitance, this makes the LCR-circuit.The cir-
cuit is tuned by changing the frequency of the applied signal and varying the capacit-
ance ∆Cl ar g e . The resonances are not sharp enough to allow fine tuning with the small
variable capacitor, so in practise, this small variable capacitor is often not used.

The LCR-circuit is operated in resonance, so that all the active power is dissipated in
the 22Ω resistors, which are cooled by a fan. The ion funnel can be operated in the range
of 550 to 670 kHz.
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A.1. TECHNICAL DETAILS OF THE ION FUNNEL

22Ω

+

Balun

22Ω

RF + out

RF function in
(signal vs ground)

 RF     out

50µH 50µH
∆Clarge

∆Csmall

Figure A.5 Schematic diagram of High-Q head.
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A. TECHNICAL DETAILS

A.1.4. RF AMPLIFICATION

The amplification for all three RF circuits (ion funnel, octupole, and quadrupole) was de-
termined. The peak-to-peak voltage was measured using a T-piece between the high-Q
head and the respective element. The signals are measured using an oscilloscope (Volt-
craft DSO-1062D).

The oscilloscope can measure amplitudes up to approximately 45 Vpp. Three sets of
measurements were performed for each system. The output voltage was measured dir-
ectly with a coaxial cable, with a 1x measurement probe, and with a 10x measurement
probe (PP-80), as a function of the voltage supplied by the function generator. The meas-
urements are presented in Figure A.6.
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Figure A.6 Amplification by the high-Q head circuits for the ion funnel (IF,top left), octupole (8P, bottom right),
and the quadrupole (4P, bottom right). The ion funnel, octupole and quadrupole are operated at 650 kHz,
900 kHz, and 850 kHz respectively.

Only a small range of input voltages can be measured using the coaxial cable and
the 1x probe, as the maximum measurable amplitude is reached readily. The amplitudes
measured with the probes is, due to some capacitance or inductance, frequency depend-
ent. The actual output amplitude is higher than what is measured using these probes.
The frequency-dependent damping was found by comparing the 10x probe measure-
ment with the coaxial cable data. Then, the 10x data was multiplied with the damping
factor to obtain the ’extrapolated coax’ data presented in purple in Figure A.6. The slope
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A.1. TECHNICAL DETAILS OF THE ION FUNNEL

of this data is the amplification factor of the whole amplifier-high-Q head-element cir-
cuit.

The data in the octupole measurement levels off when it gets close to ∼450 Vpp, this
is a measurement artefact which arises as a result of getting close to the measurable
amplitude limit of the oscilloscope.
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A. TECHNICAL DETAILS

A.2. MEASUREMENT CHAMBER ANGLES
For some spectroscopy measurements, notably angle resolved measurements, it is im-
portant to know the angles between the incoming radiation or the escaping electrons,
and the sample surface. Let us define the coordinate system such that the origin is loc-
ated on the sample surface in the centre of the chamber. Furthermore, let the x̂-axis be
along the length of the manipulator arm and ẑ be upwards (see inset in Figure 2.16). Unit
vectors that point from the origin of the coordinate system to the two photon sources
and the detector can then be defined.

v̂X r ay =
 cos(135°)sin(30°)

sin(135°)sin(30°)
cos(30°)


v̂UV =

 cos(−45°)sin(30°)
sin(−45°)sin(30°)

cos(30°)


v̂detector =

 0
0
1


(A.2)

In the same way, the normal vector (n̂) to the surface can be defined, which will be a
function of the sample holder rotation (ϕx ):

n̂(ϕx ) =
 0

−sin
(
ϕx

)
cos

(
ϕx

)
 (A.3)

Standard vector calculus is used to obtain the angle (αx ) between the normal vector n̂
and any of the three other vectors v̂x :

n̂(ϕx )• v̂x = ∣∣n̂(ϕx )
∣∣ |v̂x |cos(αx )

αx = arccos
(
n̂(ϕx )• v̂x

) (A.4)

The relations for the three components are plotted in Figure A.7. The expected linear
relation is found for the angle between the sample normal and the detector. The smallest
angle possible between the X-ray or UV source with the sample normal is 20.7°, at a
sample rotation of ϕx =±22.2°.

This leads to the final expressions for the angle between the sample normal and the
three components:

αdetector =
∣∣ϕx

∣∣
αX r ay = arccos

(p
3

2
cos

(
ϕx

)− 1

2
p

2
sin

(
ϕx

))

αUV = arccos

(p
3

2
cos

(
ϕx

)+ 1

2
p

2
sin

(
ϕx

)) (A.5)
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A.2. MEASUREMENT CHAMBER ANGLES
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Figure A.7 Angles of measurement chamber
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B
CALCULATION DETAILS

B.1. FITTING FUNCTIONS USED IN PES SPECTRA
To find accurate peak positions, onsets, or peak intensities from the spectra, several fit-
ting functions are used, which will be described in this section.

Most of the features measured in photoelectron spectroscopy are broadened by the
instrumental resolution. This broadening has a Gaussian character, which motivated the
choice of Gaussian related functions for fitting. The Gaussian function g (x) is given:

g (x) = H exp

(−(x −µ)2

2σ2

)
(B.1)

where H is the height of the peak, µ is the centre of the peak, and σ gives the width of
the peak. In normal distributions, which follow the same function, µ is the average, and
σ the standard deviation. This Gaussian peak has an area A = Hσ

p
2π

μ
σ σ

g(x)
H

err(x)

A

Figure B.1 depiction of the Gaussian function g (x) and the error function err(x), as defined in Equations B.1
and B.3.
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B. CALCULATION DETAILS

Another useful function is the complementary error function erfc, which is defined1

as:

erfc(x) = 1−erf(x)

= 2p
π

∫ ∞

x
e−y2

d y
(B.2)

Additional parameters were added to match the erfc function with the original Gaussian
function:

err(x) = A

2
erfc

(
µ−xp

2σ

)
=

∫ x

−∞
g (y)d y (B.3)

The function err(x) describes a smooth step of height A, centred on µ, and a width spe-
cified byσ. Figure B.1 shows the two functions g (x) and err(x). This step function is used
often in the fits of the spectra.

Here, a few examples of fitted features are shown, in which the fitting functions de-
scribed in the previous section are used.

EF

19.5 20.0 20.5 21.0 21.5

Kinetic energy (eV)

In
te
ns
ity

Fermi level
an err-function is multiplied with a linear func-
tion. The err-fuction has step height: A = 1. σ

has a negative value in this case, to mirror the err-
function

f (x) = (ax +b)err(x)

The Fermi level is found from the value of µ from
the fit.

onset

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Kinetic energy (eV)

In
te
ns
ity

Low Ek cut-off
An err-function, with the step height A = 1, is
multiplied to a decaying exponential function.

f (x) = e−
x
τ err(x)

The low kinetic energy cut-off can be found as the
value of µ−2σ.

1This definition is used in Wolfram Mathematica (mathworld.wolfram.com/Erfc.html)
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B.1. FITTING FUNCTIONS USED IN PES SPECTRA

80 85 90 95

Binding energy (eV)

In
te
ns
ity

Au4f double peak
A combination of two err-functions is used to de-
scribe the background counts, and two Gaussian
peaks for the peaks. Each set of g (x) and err(x) has
the same values for µ and σ.

f (x) = (g1(x)+err1(x))+ (g2(x)+err2(x))

The positions of the peaks can be found from µ1

and µ2, and the intensity (integrated area) of peak i from Ai = Hiσi
p

2π, with i = 1 or 2.

HOMO
centre

HOMO
onset

14 15 16 17 18 19 20

Kinetic energy (eV)

In
te
ns
ity

HOMO levels in UPS
The functions used vary per sample, mainly be-
cause of the difference in secondary electrons.
Mostly, it consists of several Gaussian peaks, and
a function that describes the background (i.e. ex-
ponential function).

f (x) = B0 exp(−x/τ)+
N∑

i=1
gi (x),

for N peaks. B0 and τ describe the slope of the secondary electron background. The
positions of the peaks can be found from µi , and the intensity (integrated area) of peak i
from Ai = Hiσi

p
2π. If required, an onset for a HOMO feature can be found from µ+2σ.

Care has to be taken not to over-interpret peak fits made to UPS spectra. In many cases
peaks are overlapping that can not be easily separated.
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B. CALCULATION DETAILS

B.2. FINDING THE DISTRIBUTION OF ENERGIES IN THE BEAM
Data points Vi , Ii were measured at discrete intervals of V . Here, i = 1, .., N is an integer
numbering the data points. An error σIi was obtained as well, and the errors σVi are
assumed to be negligible compared to those in I . The distribution function D(E), and
the corresponding energies E , can be calculated as the discrete derivative of I to the bias
voltage V :

Di =− ∆I

∆V
=− Ii+1 − Ii

Vi+1 −Vi

Ei = e
Vi +Vi+1

2

(B.4)

This gives us the data points of the distribution Di (Ei ). To calculate the errors for the
distribution function points Di , standard error propagation is used:

σDi =
√∑

x

(
∂D

∂x
σx

)2

=
√(

1

Vi+1 −Vi
σIi+1

)2

+
( −1

Vi+1 −Vi
σIi

)2
(B.5)

The average kinetic energy in the distribution, 〈E〉, is calculated as:

〈E〉 =
∫

ED(E)dE∫
D(E)dE

≈
∑

i Ei Di∑
i Di

(B.6)

In order to find the error of 〈E〉, the error for the numerator and denominator are found
separately first:

σnum =
√∑

i

(
EiσDi

)2

σdenom =
√∑

i

(
σDi

)2
(B.7)

The error in the determination of the average kinetic energy in the beam can then be
calculated to be:

σ〈E〉 =
√(

∂〈E〉
∂num

σnum

)2

+
(

∂〈E〉
∂denom

σdenom

)2

=
√√√√(

1∑
i Ni

σnum

)2

+
(

−1(∑
i Ni

)2σdenom

)2
(B.8)
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B.3. STRUCTURE OF PFSC

B.3. STRUCTURE OF PFSC

-
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(a) PFSC, all ketone groups converted, monomer m = 774 u
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(b) one ketone group converted, monomer m = 670 u
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O n

(c) PFSK, no ketone groups converted, monomer m = 566 u

Figure B.2 structure of different PFSC building blocks. The reaction from PFSK to PFSC is not 100 percent
effective, so the final polymer product is made up of the various building blocks depicted here.
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LIST OF ACRONYMS

Abbreviation Description

4P Quadrupole
8P Octupole
APCI Atmospheric Pressure Chemical Ionisation
APPI Atmospheric Pressure Photo Ionisation
BHJ Bulk Hetero-Junction
CVD Chemical Vapour Deposition
DC Direct Current
GC Gas Chromatograph
HOMO Highest Occupied Molecular Orbital
ICT Integer Charge Transfer
IF Ion Funnel
IF25 plates 1-25 of Ion Funnel
IF4 plates 26-29 of Ion Funnel
LC Liquid Chromatograph
LED Light Emitting Diode
LUMO Lowest Occupied Molecular Orbital
MALDI Matrix-Assisted Laser Desorption Ionisation
MBE Molecular Beam Epitaxy
OLED Organic Light Emitting Diode
OPV Organic PhotoVoltaics
PES PhotoElectron Spectroscopy
PVD Physical Vapour Deposition
R0 22 MΩ
RF Radio-Frequency
SAM Self Assembled Monolayer
STM Scanning Tunneling Microscope
TOF Time-Of-Flight
U25 Voltage supplied to the first 25 plates
U4 Voltage supplied to plates 26-29
UPS Ultraviolet Photoelectron Spectroscopy
XPS X-ray Photoelectron Spectroscopy
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SUMMARY

Organic Photovoltaics (OPV) is a variation to conventional inorganic PV (e.g. silicon
based PV ) which has some distinct features. One of the advantages of Organic photo-
voltaics is the possibility to use printing techniques to quickly coat large areas of flexible
substrates in a roll-to-roll process, which offers the possibility of cheaper manufacturing.
The molecules of the active materials in OPV devices (the materials that convert sunlight
to chemical energy) are composed mainly of carbon and hydrogen. Their structure, and
hence their optical and electrical properties, can be tuned through chemical synthesis.
These materials have high absorption cross sections, which means that devices can be
made very thin (in the order of 100 nm for the active layers). Consequently, OPV devices
on flexible substrates will have a very low weight. Lightweight and flexible solar cells
have very different potential areas of use than their conventional rigid and heavy coun-
terparts. There are many areas where the properties of OPV would be favoured over that
of inflexible solar cells such as use in clothing or other textiles (e.g. tents and sunscreens),
curved surfaces.

The active layer of OPV devices, the layer where the light is absorbed, consists of two
organic materials: a fullerene derivative which acts as the electron carrier (acceptor),
and a polymer which acts as the hole carrier (donor). These two materials are intric-
ately mixed in the active layer to ensure that an interface with the other material is al-
ways close (in the order of several nanometres). Upon photon absorption, an exciton (a
bound electron-hole pair) is formed in either the polymer or the fullerene. This exciton
has to diffuse through the material in order to reach the interface with the other material
where it can be split into separate charges. The charge separation depends, among other
things, on the energy levels of the polymer and fullerene. Upon contact between an or-
ganic material and a metal or another organic material the energy levels shift, which is
called energy level alignment. The exact energy levels in the materials, and their align-
ment upon contact with another material are difficult to quantify, due to contaminations
introduced into the films during printing or spin-coating processes. In this sense large-
scale production with printing methods is a blessing for manufacturing, but a curse for
academic (research) purposes. We are interested in the interactions of the pure materials
of the active layer; either with the other active component or with the electrodes of the
device. The alignment of the energy levels of the fullerene and polymer with each other,
as well as with respect to the electrodes, has a great effect on device performance; on the
previously mentioned exciton splitting, but also on the charge transport or blocking at
the electrode interfaces. In order to correctly measure the interactions and energy level
alignment between the materials, a deposition method had to be developed that does
not introduce contaminations.

This thesis presents the development of a machine that performs these clean de-
positions: the Soft Molecular Landing machine (SML). Chapter 2 gives a technical de-
scription of the machine, as well as theoretical descriptions of the processes involved.
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ENGLISH SUMMARY

Figure 1 Schematic diagram showing a cross section of the soft molecular landing beamline. From left to
right the chambers contain the following elements: 1) ion funnel 2) octupole ion guide 3) quadrupole ion
guide/mass filter 4) target chamber where deposition is performed. 5) the big chamber at the right end is
the measurement chamber where photoelectron spectroscopy measurements are performed. The substrate
holder in the target chamber can be moved by two stepper motors which allows writing of patterns on the
substrate. An electric potential on the substrate holder slows down incoming ions and ensures a soft landing.

Organic molecules are brought from a solution, via small droplets, to the gas phase
through a process called electrospray. These droplets enter a vacuum setup through a
thin capillary and, on their way, evaporate their solvent to become gas phase ions. Dif-
ferent models are discussed describing the evaporation of the solvent and the formation
of gas phase ions, which seem to be valid for different classes of materials. In order to
deposit these ions onto a clean substrate without contaminations, the substrate should
be in an ultra-high vacuum (UHV) chamber. To achieve transport from ambient pres-
sures to UHV conditions, the SML beamline consists of several chambers with aperture
openings between them. Each chamber is individually pumped to achieve a pressure
gradient with each chamber having one or two orders of magnitude lower pressure. The
gas-phase ions are transported through the chambers with the use of electrodynamic
elements common from mass spectroscopy setups, such as octupole, quadrupole and
einzel lenses. In the first chamber, an ion funnel (IF) is employed to focus the expanding
plume of ions/droplets into a beam of gas phase ions. The quadrupole in a later cham-
ber can be used to perform mass selection on the ions in the beam. An electric potential
can be applied to the substrate upon which the ions are deposited, slowing down the
ions, reducing the impact energy and enforcing a soft landing.

In order to operate a new machine, it is important to understand its characteristics.
In Chapter 3, we present measurements which gave a better understanding of the beam-
forming properties of the SML. Both the intensity of the beam, as well as the kinetic
energy of the ions in the beam were studied. We studied the effect of electric potentials
on the ion funnel and the electrospray needle, and the pressure in the first chamber. The
pressure in the first chamber can be increased by opening a valve that lets in ambient air
into the chamber. Overall, the ion funnel functions better at slightly higher pressures,
but increasing the pressure in the first chamber also increases the pressure in the next
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chamber, which has a negative effect on the beam guiding. A delicate balance exists for
many of the tuneable parameters. Well-controlled beams were formed of water-soluble
non-volatile (bio)molecules and polymers. Beams of fullerene derivatives have also been
formed, which can be controlled in a similar fashion, but the intensity of these beams
proved to be more unstable. These instabilities are attributed to the spray process, which
favours molecules that can be effectively ionised in solution before the spray occurs.

In order to prove our hypothesis that the ion beams produced in the SML are in-
deed of the desired molecules, we studied depositions with a combination of UV photo-
electron spectroscopy (UPS), scanning tunnelling microscopy (STM), atomic force mi-
croscopy (AFM), and mass spectrometry (MS). These measurements are presented in
Chapter 4. UPS and STM measurements revealed that depositions made with beams of
fullerene derivatives indeed yield the desired molecules on the surface. The UPS spectra
show the molecular orbitals of C60 and PCBM, while the STM micrographs show the in-
dividual molecules deposited on the surface. Using a time-of-flight mass spectrometer,
we showed that even extremely non-volatile molecules such as polymers can be brought
into the gas phase using the electrospray method. AFM measurements revealed depos-
ition thicknesses in the order of several nanometres, indicating a very good control over
layer thickness. Unfortunately, UPS spectra indicated that the resulting depositions are
not completely free from contaminations and suggestions are put forth to improve the
quality of the deposited layers.

The deposition machine presented in this thesis lays the foundations for the study
of individual interfaces in OPV devices (or other molecular electronics interfaces) that
were previously inaccessible for proper experimentation due to contaminations. Whole
devices can be constructed layer-by-layer inside the vacuum machine without ever hav-
ing to break the vacuum, allowing for studies of pristine interfaces between all the indi-
vidual device materials. Measurements of the properties of these interfaces can help fur-
ther the understanding of charge separation and transport in this type of devices. Hope-
fully, this understanding will lead to better informed material choices and increased per-
formance of OPV devices; bringing us one small step closer to a sustainable-energy fu-
ture.
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NEDERLANDSE SAMENVATTING

Organische zonnecellen (Engels: organic photovoltaics – OPV) zijn een variatie op con-
ventionele anorganische zonnecellen (bijv. van silicium) met een aantal uitgesproken
andere kenmerken. Een van de voordelen van organische zonnecellen is dat ze gemaakt
kunnen worden met print-technologie, waardoor snel grote oppervlakken bedekt kun-
nen worden. In combinatie met flexibele substraten kunnen zelfs roll-to-roll processen
gebruikt worden voor de fabricage van deze zonnecellen. De moleculen van de actieve
materialen (de materialen die het zonlicht omzetten in chemische energie) zijn opge-
bouwd uit voornamelijk koolstof en waterstof. Hun structuur kan worden afgestemd
door chemische synthese. Door de structuur aan te passen worden ook de optische ei-
genschappen van het materiaal veranderd. Deze materialen hebben een zeer hoge ab-
sorptie en daarom is slechts een dunne laag nodig (in de orde van 100 nm) om al het
licht te absorberen. Doordat er enkel dunne lagen nodig zijn kunnen deze zonnecellen
gemaakt worden met een zeer laag gewicht. Deze lichtgewicht en flexibele zonnecellen
kunnen op heel andere manieren toegepast worden dan de gebruikelijke zware en rigide
zonnecellen die we nu vaak op daken zien. Er zijn veel toepassingen denkbaar waar or-
ganische flexibele zonnecellen beter tot hun recht komen dan anorganische zonnecellen
zoals gebruik in kleding of textiel (bijv. oprolbare zonweringen of tenten) of toepassingen
op gebogen oppervlakken.

De actieve laag van organische zonnecellen bevat een mix van twee soorten molecu-
len: een fullereen derivaat welke de negatieve ladingen (elektronen) draagt en een poly-
meer dat de positieve ladingen (gaten) draagt. Deze twee materialen zijn goed gemengd
in de actieve laag zodat een interface met het andere materiaal altijd nabij is (in de orde
van enkele nanometers). Als een foton wordt geabsorbeerd in een organisch materiaal,
vormt zich een exciton (een gebonden elektron-gat paar) in het absorberende materiaal.
Dit exciton diffundeert door het materiaal tot het een grensvlak met het andere materiaal
vindt, waar het gescheiden kan worden tot twee vrije ladingen door ladingsoverdracht
naar het andere materiaal. Als het exciton gevormd is in het polymeer wordt een aan-
geslagen elektron overgedragen naar een fullereen molecuul en als het exciton gevormd
wordt in een fullereen wordt een gat overgedragen naar het polymeer (een elektron uit
de valentieband van het polymeer naar het fullereen). Het splitsen van een exciton ge-
beurt alleen aan het grensvlak tussen polymeer en fullereen en hangt onder meer af van
de energieniveaus van de moleculaire orbitalen van de beide materialen. Energieniveaus
van organische materialen verschuiven zodra het materiaal in contact komt met een me-
tallische elektrode of een ander organisch materiaal. Deze verschuiving van de energie-
niveaus wordt uitlijning genoemd. Het is echter lastig om de exacte energieniveaus en
hun uitlijning na contact met andere materialen te kwantificeren doordat de productie-
methoden (printen of spin-coaten) vervuilingen in de lagen introduceren. Deze metho-
den zijn een zegen voor het goedkoper produceren van zonnecellen, maar maken het
precies meten van de energieniveaus voor onderzoeksdoeleinden erg moeilijk. Wij zijn
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geïnteresseerd in de interacties van de pure materialen van de actieve laag, zowel met
de elektrodes als met de andere actieve component. De uitlijning van de energieniveaus
van fullereen en polymeer ten opzichte van elkaar, evenals ten opzichte van de elektro-
den, heeft een groot effect op de prestatie van de uiteindelijke zonnecel. Het heeft een ef-
fect op zowel de eerdergenoemde exciton splitsing als op ladingsoverdracht of -blokkade
aan de grensvlakken met de elektroden. Om deze interacties en energieniveau-uitlijning
goed te kunnen meten moest er een depositiemethode ontwikkeld worden die geen ver-
vuilingen introduceert.

Afbeelding 1 Schematische weergave van een doorsnede van de soft molecular landing bundellijn. Van links
naar rechts bevatten de kamers de volgende elementen: 1) ionentrechter, 2) octupole ionengeleider, 3) qua-
drupole ionengeleider/massa filter, 4) substraathouder waarop de depositie plaatsvindt, 5) deze grote kamer
aan het rechter eind is de meetkamer waar foto-elektronspectroscopiemetingen gedaan kunnen worden op
de lagen. De substraathouder kan door twee stappenmotoren worden bewogen waardoor patronen op het
substraat ‘geschreven’ kunnen worden. Een elektrische potentiaal op de substraathouder remt de inkomende
ionen af en zorgt voor een zachte landing.

Dit proefschrift beschrijft de ontwikkeling van een machine die schone deposities
uitvoert: de Soft Molecular Landing machine (SML). Hoofdstuk 2 geeft een technische
beschrijving van de machine, alsmede theoretische beschrijvingen van de betrokken
processen. Organische moleculen worden uit een oplossing, via kleine druppels, naar
de gasfase gebracht in een proces dat elektrospray genoemd wordt. Deze geladen drup-
pels gaan een vacuümkamer binnen door een dun capillair en gedurende hun vlucht
verdampt het oplosmiddel om gasfase-ionen over te laten. Verschillende modellen wor-
den gepresenteerd om de transitie van geladen druppel naar gasfase-ion te beschrijven
welke elk geldig zijn voor andere type materialen. Ten einde deze ionen op een schoon
substraat neer te leggen zonder vervuilingen is het nodig dat het substraat zich in een
ultrahoog vacuüm (UHV) kamer bevindt. De SML-bundellijn bestaat uit meerdere ka-
mers onderling verbonden met kleine gaten om transport van kamerdruk naar UHV-
condities te bewerkstelligen. Elke kamer wordt apart gepompt waardoor een drukgra-
diënt ontstaat waarbij elke opvolgende kamer een één of twee ordes van grote lagere
druk heeft dan de voorgaande. De gasfase-ionen worden door de kamers getranspor-
teerd door middel van elektrodynamische elementen die veel gebruikt worden in mas-
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saspectrometrie, zoals octupole- en quadrupole ionengeleiders en einzel lenzen. In de
eerste kamer gebruiken we een ionentrechter (ion funnel – IF) om de uitdijende wolk
van ionen/druppels te focusseren tot een bundel van gasfase-ionen. Een elektrische po-
tentiaal kan worden toegepast op het substraat waarop de depositie plaatsvindt, welke
de inkomende ionen afremt en voor een zachte landing zorgt.

Om een nieuwe machine goed te kunnen gebruiken is het belangrijk om zijn karak-
teristieken te begrijpen. In Hoofdstuk 3 presenteren we metingen die een beter begrip
geven van de bundelvormingseigenschappen van de SML. Zowel de intensiteit als de ki-
netische energie van de ionen in de bundels zijn bestudeerd. Metingen zijn beschreven
van het effect van elektrische potentialen op de ionentrechter en de elektrospraynaald,
alsmede van de druk in de eerste kamer. De druk in de eerste kamer kan verhoogd wor-
den door een kraan open te draaien die lucht inlaat in de kamer. In het algemeen werkt
de ionentrechter beter bij een iets hogere druk, maar de verhoogde druk in de eerste
kamer lekt door naar de volgende kamer en heeft daar een negatief effect op de ionenge-
leiding. Er is een balans voor veel van de in te stellen parameters. Goed gecontroleerde
bundels zijn gemaakt van wateroplosbare niet-vluchtige (bio)moleculen en polymeren.
Bundels van fullereenderivaten zijn ook gemaakt en zijn beheersbaar op dezelfde ma-
nier als de bundels van wateroplosbare moleculen. De intensiteit van de bundels van
fullereenderivaten is echter een stuk instabieler. Deze instabiliteit van de bundelinten-
siteit dichten we toe aan het sprayproces, dat efficiënter werkt voor moleculen die in de
oplossing geïoniseerd kunnen worden voordat de spray plaatsvindt.

Om aan te tonen dat de ionenbundels die we maken in de SML daadwerkelijk de
gewenste moleculen bevatten, hebben we deposities bestudeerd met UV foto-elektron-
spectroscopie (UPS), scanning tunneling microscopie (STM), atomische kracht micro-
scopie (AFM) en massaspectrometrie (MS). Deze metingen zijn beschreven in Hoofd-
stuk 4. UPS- en STM-metingen tonen aan dat deposities van fullereenderivaten de ge-
wenste moleculen op het oppervlak brengen. De UPS-spectra tonen de moleculaire or-
bitalen van C60 en PCBM. Op de STM scans zijn de individuele balvormige moleculen
op het oppervlak te zien. Met behulp van time-of-flight massaspectrometer hebben we
laten zien dat zelfs extreem niet-vluchtige moleculen zoals polymeren in de gasfase ge-
bracht kunnen worden door middel van elektrospray. Metingen met een AFM laten zien
dat lagen zijn gedeponeerd van enkele nanometers dik, wat wijst op een goede controle
over de laagdikte. Jammer genoeg wijzen de UPS metingen er op dat de lagen niet he-
lemaal vrij zijn van vervuilingen en we maken een aantal suggesties om de kwaliteit van
de lagen in de toekomst te verbeteren.

De depositiemachine die in dit proefschrift gepresenteerd wordt legt de fundering
voor toekomstige metingen aan grensvlakken in (delen van) organische zonnecellen of
andere moleculaire elektronica-interfaces welke voorheen niet toegankelijk waren voor
grondige experimentatie vanwege vervuilingen. Gehele cellen kunnen laag-voor-laag
worden opgebouwd in een vacuümmachine zonder ooit het vacuüm te hoeven breken.
Op deze manier kan elke interface van een organische zonnecel op een schone manier
gemaakt en bestudeerd worden. Metingen van de eigenschappen van deze grensvlak-
ken kunnen ons begrip verhogen van ladingsscheiding en -transport in dit type cellen.
Hopelijk leidt dit op zijn beurt tot beter geïnformeerde keuzes met betrekking tot mate-
rialen en verhoogde prestatie van organische zonnecellen; ons een kleine stap dichterbij
brengend naar een toekomst met duurzame energie.
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