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Abstract

Organic semiconductors based on small conjugated molecules show a high potential for
applications in organic light emitting diodes, organic solar cells, and organic thin film
transistors. Here, growth morphologies of crystalline para-sexiphenyl (6P) thin films
on TiO9(110)-(1x1), mica(001), Au(111), and SiOy have been investigated by Atomic-
Force Microscopy (AFM). For TiO, a delicate balance between sticking anisotropy and
diffusion anisotropy is the reason for the formation of parallel needles at room temper-
ature as well as anisotropic stripes of upright standing molecules in the first monolayer
at higher temperatures. On the mica surface, deposition of a layer of carbon or ion
bombardment prior to 6P growth changes the orientation of the molecules from lying to
upright standing and isotropic islands are formed instead of anisotropic chains of crys-
tallites. The observed mound formation in the growth of upright standing molecules can
be explained by the Zeno-Effect that requires a high Ehrlich-Schwobel Barrier (ESB).
For the first time in organic thin film growth, this barrier has been experimentally
determined (0.67 eV) and verified for 6P films on SiO,. In addition, we could also
demonstrate that substrate induced changes in the molecular orientation in the first
few monolayers lead to a layer dependent ESB, a novel phenomenon characteristic for
the growth of anisotropic molecules.
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Zusammenfassung

Organische Halbleiter aus kleinen konjugierten Molekiilen zeigen grofes Potential im
Bereich der organischen Solarzellen, organischen Leuchtdioden und organischen Diinn-
filmtransistoren. Das Wachstum von kristallinem para-Sexiphenyl (6P) wurde mittels
Rasterkraftmikroskopie auf TiO5(110)-(1x1), Glimmer(001), SiO5 und Gold(111) unter-
sucht. Die parallelen Nadeln aus liegenden Molekiilen auf TiO, sind das Resultat eines
empfindlichen Gleichgewichts zwischen anisotroper Oberflichendiffusion und Haftani-
sotropie. Die Anderung dieses Gleichgewichtes mit steigender Temperatur fithrt zur
Bildung von anisotropen Streifen aus stehenden Molekiilen. Das Aufdampfen einer Koh-
lenstoffschicht oder das bombardieren mit Ionen von Glimmer vor der eigentlichen 6P
Deposition fiihrt zu isotropen Schichten aus stehenden Molekiilen im Gegensatz zu
den iblichen Strukturen aus liegenden Molekiilen. Die beobachtete Hiigelbildung in
Schichten aus stehenden Molekiilen kann mit dem Zeno-Effekt, der eine hohe Ehrlich-
Schwobel Barriere (ESB) voraussetzt, erklart werden. Diese Barriere wurde zum ersten
Mal fiir das Wachstum von organischen Halbleiterdiinnschichten aus experimentellen
Daten berechnet (0.67eV) und fiir 6P Filme auf SiO, bestitigt. Weiters konnte gezeigt
werden, dass es durch eine substratinduzierte Reorientierung der Molekiile in den er-
sten Molekiillagen zu einer lagenabhiingigen Hohe der ESB kommt. Dieses neuartige
Phanomen ist charakteristisch fiir das Wachstum anisotroper Molekiile.
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1 Motivation and Introduction

1.1 Organic Semiconductors

1.1.1 Introduction

Organic Semiconductors cover a wide field of different classes of chemical compounds.
The ones most promising for specific applications are charge transfer compounds, con-
ductive polymers, and small aromatic molecules.

A prominent member of the charge transfer compounds are so called Bechgaard
salts. They have shown superconducting properties already more than 25 years ago.
The first synthesized organic superconductor that could work at ambient pressures
was (TMTSF),ClO4 and had a critical temperature of 1.4 K [1]. The group of charge
transfer salts based on the donator Bisethylendithiolotetrathiofulvalen (BEDT-TTF or
ET) could reach values as high as 11.6 K [2].

The biggest market for organic semiconductors is the electronics. Products such
as displays, Radio Frequency Identification Tags (RFID), and solar cells based on or-
ganic semiconductors are already available on the market. They have either conductive
polymers or small organic molecules as active layer.

Organic electronics based on conductive polymers have the big advantage that they
are good candidates for solution processing. This can be done by screen printing [3],
soft lithographic stamping [4], inkjet printing [5,6| or other methods. The use of these
production techniques allows role to role fabrication of devices at extremely low costs.
However, the main issue with organic semiconductors but especially conductive poly-
mers is their low charge carrier mobility. So far electronic circuits based on polymers
have shown only charge carrier mobilities of up to 0.1 cm?V~!s71

Our interest will be focused on so called small molecule organic semiconductors. In
general, they have an extended delocalized 7 system that stretches across the whole
molecule. They are often formed by a number of phenyl rings (<10) that share a
common 7 system. Small molecules organic semiconductors will be described in more
details in the next section.

The common feature in all these materials is the existence of so called 7 electrons.
The main building block is carbon, which is sometimes replaced by very low quantities
of nitrogen, sulfur, or oxygen. The important physics results mostly from the carbon
atoms forming the backbone of these structures. The electron configuration of a free
carbon atom is 15?2s?2p?. However, in the bound state the configuration is changed
to 1s?2s2p®. A double bond between two carbon atoms is formed by a so called sp?-
hybridization. This hybridization is formed by one s and two p orbitals. There are three



1 Motivation and Introduction

degenerate sp? orbitals. These three orbitals all lie in one plane and are separated by
120°. The left over p, orbital is unchanged and sticks vertically out of this plane on
both sides. For a double bond two of the degenerate orbitals — one from each atom —
form a o bond. The second bond is formed between the p, orbitals of the two atoms.
This is is the so called © bond. Figure displays the situation.

While the two electrons forming the o bond are localized between the two carbon
atoms the electrons forming the much weaker m bond are delocalized above and be-
low the plane of the sp-hybridization. The electronic and optical properties of these
materials are defined by this m bond. The energy to excite the involved electrons is
only a few eV. As a result, these molecules luminesce and absorb in the near UV to
infrared. For a molecule, these delocalized states can stretch over several atoms. The
most common and representative is benzene. The p, orbitals of all six carbon atoms are
delocalized across the aromatic plane and form a ring of high electron density. However,
with increasing size of the delocalized electron system the electronic excitation energy
gets smaller.

The valence and conduction band in inorganic semiconductors correspond to the

a-banding r-bonding

o"-orbital l
Heg [ -<cH antibonding orbitals
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o / —T w-arnl
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Figure 1.1: Left: ¢ and 7 orbitals in a C=C bond. The scheme on the right displays
the lowest electronic excitation between the bonding and the antibonding 7 orbitals
(taken from |7])

(b)

Figure 1.2: HOMO and LUMO of para-sexiphenyl. The color scale denotes the
phase of the wavefunction. (courtesy of P.Puschnig).



1.1 Organic Semiconductors

highest occupied molecular orbital and the lowest unoccupied molecular or-
bital in organic semiconductors. Their position and orientation is defining
the properties of the resulting organic crystal. However, exact determination although
possible [8] is often difficult and mostly done by modeling. The intermolecular forces
forming such crystals are small compared to the intramolecular forces. The important
thing is that the strength and orientation of these intermolecular forces are also defined
by the outermost and weakly bound 7 electrons. Figure [1.2] shows the HOMO and
LUMO for para-sexiphenyl.

1.1.2 Small Molecule organic semiconductors

As already mentioned common building blocks in organic semiconductors are phenyl
rings. The building block is a ring of 6 carbon atoms also known as benzene. The
physical properties, of course, depend on the number of building blocks. A widely used
group is the acene series. For oligoacenes this is presented in table[I.T|for the correlation
between molecules length and maximum of absorption. With increasing chain length
and size of the delocalized 7 system the maximum absorption wavelength increases and
the energy difference between the HOMO and the LUMO gets smaller.

Other common molecules include but are not limited to metal free (H-Pc) and
metal substituted phthalocyanins (e.g. Cu-Pc), tris(8-hydroxyquinoline)aluminium
(Alqs), sexithiophene (6T). In this work we will use para-sexiphenyl (6P), a oligophenyl
molecule. In contrast to polymers these materials often require high vacuum conditions
for processing because they are not soluble.

Both polymers as well as small organic molecules are most commonly used in an
organic light emitting diode or an organic thin film transistor . When
growing such structures from small organic molecules the molecular orientation plays
an important role. Many of these molecules are one- or two-dimensional or anisotropic

Name Structure Absorption Maximum

Benzene O 255 nm
Naphthalene ::O 315 nm
Anthracene (/I\‘:jg 380 nm
Tetracene C(:(:O 480 nm
Pentacene m 580 nm

Table 1.1: Molecular structure and absorption maximum of the first 5 oligoacenes
(from [9]).
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in some other way. This leads to the fact that electronic transport in organic semicon-
ductors is highly anisotropic. Many 1D molecules like 5P, 6T and 6P form herringbone
layers of close packed molecules. The overlap between the orbitals of the molecules in
the layer is sufficient to allow a good electronic transport. However, vertical to the
layer plane, the overlap of the electron density is rather small and the mobility in this
direction is drastically reduced. When building optical devices one must also pay at-
tention to the fact that the emitted light is not only polarized but also oriented in a
direction perpendicular to the molecular plane. Considering these particularities one
can define an optimum orientation for the molecules in these devices. Figure de-
picts the two solutions. For an OLED the preferred orientation of the molecules is flat
lying. This allows good electronic transport from the back electrode towards the top
electrode. The light which is emitted from the molecules is also directed perpendicular
to the electrodes and can leave the device at the transparent top electrode. For an
OTFT electronic transport occurs parallel to the gate or the substrate. Therefore, the
molecules should be oriented as upright as possible. Recent investigations showed that
also within the a-b plane where the molecules have a high orbital overlap an anisotropy
exists. For Rubrene the mobility changes by a factor of four between the a and the b
axis [10].

1.1.3 para-Sexiphenyl

Oligophenyls (nPs) are prototype model systems for linear 7 conjugated organic semi-
conductors. Their band gap can be controlled by adding or removing phenyl units from
the chain [11] and ranges from 2.5 eV for poly-paraphenyl (PPP) to 3.1 eV for para-
sexiphenyl (6P)), to 5.1 eV for biphenyl [12,13]. With exception to the polymer species
PPP, they are evaporable under UHV conditions and are emissive depending on their
band gap in the blue or UV-vis spectral region. A variety of nPs can be bought from
stock their names reflect the number of phenyl rings in the backbone. Widely used are
biphenyl (2P), para-terphenyl (3P), para-quaterphenyl (4P), para-quinquephenyl (5P),
para-sexiphenyl (6P) and para-heptaphenyl (7P). All of them form ordered crystallites
and show a high degree of anisotropy (depending on the chain length of course) in
their optical and electrical properties [14-16]. Their electro- and photoluminescence

Light emission normal to molecule i ;‘3 I ‘1‘5 ;
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Figure 1.3: Desired molecular orientation in an OLED (left) and an OTFT (right)
(courtesy of M. Ramsey).
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yields are large enough to be used in applications. The electroluminescence light is
polarized [17] and they are candidates for wave guiding [15, 18] as well as lasing [19].
Para-sexiphenyl has shown an exceptional high mobility of up to 14 cm?/Vs [20].

1.2 Epitaxial Growth Mechanisms

The things discussed in the preceding sections are related to organic semiconductors.
Other important facts controlling the performance of electronic and optoelectronic de-
vices are already well known from inorganic semiconductor growth. However, not al-
ways methods and ideas established in inorganic semiconductor growth can be trans-
fered one to one to organic thin film growth. A few examples will be discussed below.

Smooth films are desirable because a rough interface between two different layers in
a device will scatter electrons and therefore reduce the device performance. In inorganic
thin film growth this gets even more important as the electronic transport is restricted
to the first few (even one or two) monolayers. Defects that occur in the first layer will
greatly hinder electronic transport as the electrons can not sidestep into higher layers
due to the restricted penetration depth of the electric field from the gate.

Diffusion in inorganic semiconductors usually deals with 0-dimensional particles that
might diffuse on an anisotropic substrate. However, in our case also the diffusing
particles are anisotropic. This has to be considered when growing on oriented surface,
because molecules will not only diffuse in one direction but also arrive with a specific
orientation.

Sticking can therefore be highly anisotropic. As already discussed many of the
anisotropic molecules also show very different terminations of their crystallographic
planes. In combination with a diffusion anisotropy this can lead to highly anisotropic
morphologies. These morphologies can be desired and for example used as waveg-
uides [18,21] but will be unwanted in the general case.

In the following sections the fundamentals of thin film growth will be discussed.
However, this will be far from complete and concentrate on the parts necessary for
the further discussion. For a general overview of thin film growth [22,23] are a good
starting point. A review on organic thin film growth covering many different materials
can be found in 7] or [24].

1.2.1 Thermodynamics

This section treats the formation of a nucleus and the subsequent epitaxial growth of the
film as a pure thermodynamic process. This classic approach can explain a number of
growth morphologies and process often found in crystal growth. It is however limited
by the fact that it can only describe processes that happen in or near the thermal
equilibrium. In other words temperature, and pressure (which corresponds to flux in
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Molecular Beam Epitaxy (MBE])) must be constant and close to the values necessary
for the phase transition.

Nucleation

In a homogeneous system near the phase equilibrium between two phases, small fluc-
tuations that are always present will lead to the formation of an aggregate of phase B
in phase A. If the chemical potential up is smaller than the initial one, the work of
formation of a cluster can be expressed in terms of Gibbs free energy as

4 3
AG(r) = — ;TT Ap + 4nrio (1.1)

U
where Ap = pua — pp is the supersaturation, v is the molecular volume of phase B
and o is the surface free energy of the formed cluster. The nucleus will be stable if its

size exceeds the critical radius

% 20'1)1
r* = A (1.2)

If r > r* the energy gain from creating a volume of phase B will be higher as the
energy loss due to the creation of an interface between phase A and B. As a consequence,
if the formed nucleus is smaller than r* it will disappear again while a nucleus that is
larger than r* will continue to grow.

This balance can be influenced by additional adsorbed species that are present during
growth but not incorporated into the film — so called surfactants. Their influence was
initially found by the fact that a bad vacuum sometimes leads to smoother films [25].
Depending on the efficiency of a surfactant the size of the critical nucleus can be in-
creased or — the more desirable case — decreased [23].

However, the more common and for epitaxy also more relevant situation is the het-
erogeneous nucleation. Here, phase B is formed out of phase A of material 1 (film)
in the presence of material 2 (substrate). On an unstructured surface (ignoring effects
like strain that would arise from a more realistic substrate) the work of formation will
always be smaller or equal to the one necessary in homogeneous nucleation.

Thin film growth

If a nucleus has already formed the film still has to grow. A classical purely thermo-
dynamic description for this is given in this section.
When ever particles are deposited onto a surface this changes the chemical potential

dG
= (1.3)
of that surface. p is defined by the change of the Gibbs free energy G when n
uniform layers are adsorbed. An other important thing to remember is the fact that
for a stable situation on a surface the surface free energies of the involved interfaces

must be minimum.
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The change of the surface free energy

Ao =0+ 0; — 04 (1.4)

will be Ao < 0 if du/dn > 0 [23]. In other words, if the sum of the surface free
energy o; between substrate and adsorbate, and o, between adsorbate and vapor, is
smaller than the surface free energy of the substrate o, wetting will occur.

Three principle situations can be thought of

1. Ao < 0 for all times. This means it is feasible for the substrate to cover itself
with the adsorbate and a film of uniform thickness will grow.

2. Ao < 0 for small n but Acg > 0 for large n. The adsorbate film will start to
cluster after a thin uniform film has grown.

3. Ao > 0 for all times and clustering will occur immediately.

This situations correspond to growth mechanisms well known in literature namely
Frank-van der Merwe also called layer by layer growth or two dimensional growth,
Stranski-Krastanov or layer plus island growth, and Vollmer-Weber growth
also called island growth or three dimensional growth. Figure [1.4] shows the resulting
morphologies for all three situations. In a real system the situation is more complex due
to the fact that the lattice parameters of the substrate and those of the film might differ.
This will change the value of o; and depending on the actual size of the lattice mismatch
it will lead to the formation of dislocations. Lattice mismatch is of special importance
for the SK growth mode. However, although mathematical accurate neither the surface
free energy o nor the chemical potential of uniform film of adsorbate is usually known or
if known accurate enough. A more practical way of making predictions on the expected
growth mode using the enthalpy of evaporation and the desorption energies is given
in [23] in chapter 4.3.4.4.

(a) g (b) g (c)g g
955/ /7 [/ /(P&
N |

Figure 1.4: Schematic morphology for (a) Volmer-Weber, (b) Frank-van der Merwe,
and (c) Stranski-Krastanov growth modes.(from [26])
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1.2.2 Kinetic considerations

The situation for nucleation and film formation gets more complex if kinetics of surface
diffusion is taken into account. Thermodynamics also includes diffusion. However, all
mechanisms are activated thus the resulting morphology wins that leads to the lowest
surface energy. This is independent of the actual pathway. Only the starting and the
end point are of importance. In a kinetic description the energy of an intermediate
step will also be considered. Diffusion is highly sensitive to changes in temperature and
will therefore dramatically change the situation described by only a thermodynamic
approach. An atomistic view of the processes involved in nucleation as well as thin film
growth is necessary to describe and understand the involved processes. Figure [1.58
depicts some of the possible processes. Of special importance for the further discussion
will be the incoming flux of atoms F' and the two displayed hopping processes on the
terrace h and onto the lower terrace h'.

Special attention has to be paid to the way particles are incorporated into already
existing features. Figure displays the most important lattice sites that can be
found in a growing thin film.

Adatoms are found on the surface and can diffuse freely. Their movement is controlled
by the intra layer hopping rate v and the diffusion constant D.

Two dimensional islands of atoms are formed whenever two or more atoms meet on a
terrace and create a bond. These clusters can be either mobile or immobile. These
clusters have a lifetime that will depend on their size. For our considerations we

Figure 1.5: Atomistic processes involved in nucleation and formation of layers in
thin film growth (from [27]). [(b)] Lattice sites on the surface of special interest including
kink sites (white circle), edge sites, cluster of i* = 1 and i* = 2 adatoms and a second
layer (white balls) island. Dark grey balls are used for the substrate (or any other
complete layer) and light gray balls for the first incomplete layer (from [28]).
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will only distinguish between stable and immobile clusters (formed by more than
i* particles) and those who are not stable (formed by * or less particles).

Edge sites are metastable. If an atom is attached to the edge of an terrace it can stay
there for a while. However, the chemical potential although lower than in the gas
phase will still be higher than that of the bulk. Most likely edge atoms will either
detach or move along the edge.

Kink positions or half crystal positions are the work horses of thin film growth. Bind-
ing an atom to a kink position will not remove the kink but advance the kink
one step along the edge. The chemical potential of the crystal phase is defined
by these sites and the actual thin film growth happens in this position. The
importance of the half crystal position was already found by Kossel in 1927.

Stable two dimensional clusters are formed from stable clusters. They grow by
adding atoms to their kink positions. At which time they form with respect
to the completion of the underlying layer is important for the final growth mor-
phology and controlled by the kinetics of the diffusion processes on the terrace
(related to cluster formation) and interlayer transport of atoms across the terrace
edge. With ongoing deposition they grow in size and start to coalesce, closing the
void between them. When all gaps are closed the layer is closed.

The related processes happen at very short time intervals (some ps), so a direct
experimental observation is difficult. However, Kinetic-Monte-Carlo simulations [29-31|
allow the calculation of the energies involved in detachment /attachment process as well
as diffusion on the terrace or over the terrace edge. For a detailed description one has to
pay attention to the delicate balance between different pathways for diffusion especially
over the terrace edge as the lowest energy path will be the one defining the resulting
growth morphology [32].

Again attention has to be paid to the absence or presence of surfactants as they also
will influence kinetic aspects of growth, and are not always added intentionally and are
then called contamination. Therefore, even if no surfactants are used it is critical to
specify and control the vacuum conditions in thin film growth.

Two-dimensional nucleation

Experimental result show that the critical nucleus size in thin film growth is so small
(less than 5 particles) that we cannot say if such a nucleus is solid or liquid as no long
range order can be observed. Therefore, the thermodynamic approach presented above
fails. An atomistic view of nucleation is necessary in order to understand the processes
involved. One of the practical results of an atomistic nucleation theory is the following
scaling law |33, 34]

i*

N = (—) (1.5)

14



1 Motivation and Introduction

that relates the nucleation density N to the ratio of the flux of incoming particles
F and the mobility v. d is 2 for a two-dimensional diffusion process. This approach is
correct under the hypothesis that the smallest stable cluster is formed by two particles
(* = 1) and the islands are not fractal. Furthermore, it is only valid in an initial low
coverage regime and completely neglects coalescence of islands [28].

If a barrier exists that controls hopping from a terrace down to a lower terrace this
will influence the nucleation probability for the second layer islands. We can use [34]

L )k‘+2

f=1-¢li (1.6)

to describe the number fraction of islands that have nucleated a second layer island
on top f with the island size L and a critical island size

1
% 7
e () "

For the considered case were an additional energy barrier exists that is larger than
kT, k = i* + 4 [35]. v/ is the rate at which an atom would jump over the edge.
a = A/L?* accounts for the fractal shape of the island and is given by the area A and
the perimeter length L. Here, parameters like N, A, and L (and all other parameters
that are related to a length) are measured in terms of the number of lattice sites. In the
following, a lattice site will be assumed to be roughly 0.6 nm for an upright standing
molecule.

Kinetic in thin film growth

As already mentioned in the previous section, a barrier might exist that controls adatom
diffusion from one terrace onto the lower lying terrace. Such a barrier is normally
referred to as Ehrlich-Schwobel-Barrier (ESB)) and was first found by Ehrlich and Hudda
in 1966 [36]. The situation is shown in figure [I.6] While for intra layer diffusion only
a small energy barrier Ey; must be overcome, the barrier for a jump over the edge Eg
can be much higher. The difference Fgg = Es — Eq gives the ESB. In contrast to this
situation, the presence of a small amount of a second species of adatoms that influence
the surface free energy (generally called surfactants) can turn the ESB negative and
can introduce an additional barrier for particles moving to the upper terrace. This will
result in a promotion of layer-by-layer growth although thermodynamics would suggest
a 3D island growth [23].

Assuming an infinitely high barrier, than, from the incoming flux of atoms, only the
atoms landing on the terrace h — 1 can be incorporated into the terrace h. The coverage
O, of the layer h therefore follows the linear equation

do
— " — F(O)_1— 6)) (1.8)
t
F' is the incoming flux of particles. Solving this equation with ©,_¢ = 1 and

On>0(0) = 0 gives

10
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Figure 1.6: Sketch of an ad atom on a step edge and energy landscape it encounters.
An additional energy barrier Epg exists for a jump to the lower lying terrace. (adopted
from [23])

_ h—1 7n
Op(t)=1—e" — (1.9)

n

Il
o

with i = F't. Because ©; = 1 — e~ will be smaller than 1 for all times the first layer
never closes. This is the reason for the deep trenches.
We can see that equation [I.9) has the form of a Poisson distribution

e

n!’

f(n,h)=¢e (1.10)

These Poisson shaped mounds were already found by Shea et al. using Auger electron
spectroscopy [37]. In the presence of a significant barrier growth hillocks will form by
repeated 2D nucleation since interlayer mass transport is hindered. This was observed
in real space by Meinel et al. using a gold decoration method in Ag on Ag(111)
homoepitaxy [38].

The final morphology will depend on the height of this barrier. This dependence
of the final morphology on such a barrier was described by Elkinani and Villain in
1993 [39,40]. They investigated the effect of an infinitely high step edge barrier on the
shape of a growth mound. The resulting shape for their one dimensional simulations is
shown in figure 1.7, The shape is characterized by deep trenches between the mounds
and a pointed top part of the individual mounds. Also note the changing slope of the
mound cross section. They used the Zeno Paradox to explain the theoretically found
shape.
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Figure 1.7: Theoretically found mound shape for growth without interlayer transport.
[(2)] (from bottom to top) 1, 5.6, 16, and 32 monolayers (ML), and [(b)] after 45.25, 90.5,
181, 256, and 362 ML. Note the different height scales for the two diagrams (from [41]).

The Zeno Paradox, found by Greek philosophers, says that the incredible fast Achilles
can never catch up with the tortoise, which is given a defined distance ahead. At the
shoot of the start gun both start to run as fast as they can. After a short period of
time Achilles reaches the point where the tortoise started. However, the tortoise has
also made some way while Achilles tried to catch up. So Achilles has to overcome this
additional distance just to find out that again the tortoise has moved a little further.
It turns out that Achilles when ever he reaches the last position of the tortoise has
to overcame an additional small piece of track. Although these pieces get shorter and
shorter the tortoise will always be ahead.

In terms of a surface science context, the Zeno Paradox can be interpreted in the
following way: The probability for an infinitely small particle to land in the narrow
trench is extremely low. However, from time to time a particle will land there but not
close the trench due to its infinitely small size. But it will reduce the chance for an other
particle to land in the remaining trench. Similar to the distance between Achilles and
the tortoise the trench will get smaller and smaller but it will never close completely.

A detailed look at the formation of such mounds reveals a number of interesting
characteristics.

Equation (|1.10)) allows to calculate the uncovered surface of each terrace n for a given
nominal film thickness h. However, to get the total area for each layer the cumulative
distribution function

12



1.2 Epitaxial Growth Mechanisms

I'([n+1,h])
|n|!

has to be used. Here I'(z,y) is the incomplete gamma function. However, for most
cases ([1.11) can be estimated with

F(n,h) = (1.11)

n h”
F(n,h) ~e™" § — (1.12)
n.:
1

This is the sum for n = 1 to the given layer n of (L.10). The lower limit for the sum
is set to 1 as the substrate gets the index 0.

The mean value of this distribution is k. For a Poisson distribution the standard
deviation is given by the square root of the mean value so that the roughness

o= (F - 52)1/2 (1.13)

follows the simple equation

o=n"" (1.14)

We ca follow the arguments given in [42] and [28] to actually calculate this barrier.
The rate for a molecule to jump down over the terrace edge is

Eg EsqtEES

V=Ce BT =Ce RT . (1.15)

We assume that the prefactor C is constant for all situations. However, it has to be
noted that this sometimes is not the case [43]. We can then write (1.15) as

' _EByg _Eps
Ve RTe Rl (1.16)

The first term is equivalent to v. Therefore we can rewrite (L.16) as

V' = P,. (1.17)
with
E
P, =¢ ot (1.18)

For a film of several monolayers thickness which has obtained the above described
mound shape the ratio between the average circumference of the top terrace (L) (that
is a terrace to small to nucleate a further terrace) and the average circumference of its
base terrace (A) is given by [34]

(A) = (L) % 2/3 (1.19)

The size of the base terrace

13
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v 5
A=11930"% [ = 1.20
o (F) (1.20)

then depends on the ratio between the jump rate over the edge and the flux of
incoming particles [34]. Combining equations (L.7), (L.20), (L.17), and finally
gives the desired value AFEgg. This has been successfully used by Kalff and coworkers
to explain the observed mound shape in Pt/Pt(111) homoepitaxy [44].

However, so far this model as well as most of all other growth models have not been
adopted to the thin film growth of organic molecules. As will be shown later, the models
can be used as they are to describe organic thin film growth in general but can not cover
the details involved. The reason is given by the fact that the classical growth models
simply ignore the more than zero dimensional nature of the building blocks in organic
thin film growth. A particle is usually identical with an atom in in inorganic growth,
while already the rather simple case of para-sexiphenyl would require at least a one-
dimensional particle to describe the obviously more complicated situation when this
molecule diffuses over a terrace edge. Other more complicated molecules will require
a two- (Phtalocyanins, Porphyrines, and other) or even three-dimensional particle. It
is the goal of this thesis to discuss some of the problems resulting from the higher
dimensional nature of the building blocks.
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2.1 Para-sexiphenyl

In this work, |6P] thin films are created on various substrates by means of different HV
and UHV deposition methods. 6P consists of six phenyl rings that are connected in
the para position with single bonds. Due to steric hindering between the hydrogen
atoms the molecule is twisted in the gas phase. However, when incorporated in a
crystal the energy gain is larger than the activation energy for turning all the rings in
the energetically unfavored planar configuration [45]. Figure shows a single 6P
molecule in the planar configuration. The VAW dimension of a single 6P molecule is
0.35x0.67x2.85 nm? [9].

At room temperature, 6P crystallizes monoclinic in the space group P2;/c. The
lattice constants of the unit cells are @ =26.241 A, b =5.568 A, and ¢ =8.091 A. The
monoclinic angle is § =98.17°. More properties are listed in table 2.1l From figure [2.1b]
one can see that in the unit cell the center molecules in each plane are turned with
respect to the molecules on the corner sites. This results in the so called herringbone
packing. Furthermore, one can see that the molecules are not parallel to the long axis
but tilted which results in the fact that the molecules have a different tilt angle with
respect to the substrate than the unit cell [46].

6P thin films have been investigated on various substrates including but not limited
to mica [18,47-50], Gold [51-54], TiO4 [55, 56|, aluminum [57-59], GaAs [60-62], KCl,
indium tin oxide (ITO) as well as polymers and heterostrcutures with other organic
semiconductors.

CAS Registry number 4499-83-6

Atomic mass 458.59 amu
Density 1.288 g/cm?
Melting point 702 K-748 K
Desorption energy 2.0eV-25eV

Table 2.1: Properties of 6P (taken from [9]).
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Figure 2.1: single 6P molecule in the planer conformation as found in crystals.
@ 6P unit cell filled with 10 molecules to show the herringbone arrangement of the
molecules in the unit cell. The center molecules are colored red to emphasize the
herringbone structure.

2.2 Substrates
2.2.1 TiO,(110)-(1x1)

Titanium dioxide in its rutile form is often used as substrate in surface science because
it is one of the best characterized oxide surfaces [63]. For the special case of 6P thin
film growth it is interesting for a number of reasons. While stoichiometric TiO, is an
insulator it can be transformed into a conductive material by heating in UHV. The
reason is a partial loss of oxygen from the crystal and the newly formed TiOs_x is
oxygen vacancy doped. However, during this process the once transparent TiO, gets
more and more opaque. By a precisely controlled sputtering and annealing cycle a
(1x1) reconstruction can be created on the TiO5(110) surface. The following procedure
was used to prepare the TiO9(110)-(1x1) surface for the LEEM experiments presented
in section [3.1] on page After an initial annealing step for 20 min at 700 °C:

e Sputtering with 1 keV for 5 min

e Annealing at 700 °C for 10 min (heating rate 5 K/s)

Usually, this cycle was repeated 4 times.

As can be seen from figure the reconstructed surface is characterized by parallel
running rows of oxygen atoms in the [001] direction. These rows are separated by
6.5 A, enough space to accommodate a 6P molecule. In addition, these rows make the
TiO4(110)-(1x1) surface an extremely anisotropic surface with only twofold symmetry.
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Figure 2.2: Ball model of the TiO5(110) — (1x1) surface [64].

2.2.2 Mica(001)

Mica is a rock forming mineral with the chemical formula KAl,(Si3Al)O10(OH, F),. It
has one perfect cleaving plane which is the (001) plane. The correct crystallographic
classification is muscovite-2M;. The lattice constants are a =5.20 A, b =9.03 A, and
¢ =20.11 A. The angles in the unit cell are o =90.00°, 3 =95.78°, and ~ =90.00°.
The unit cell and the stacking of the layers is shown in figure 2.3 The top layer is
build from a distorted hexagon of oxygen atoms. The oxygen atoms form tetrahedrons
around the silicon atoms. Two mirrored layers of these are separated by the layer
containing the aluminum and — in our case — the OH™ groups. One of these OH™
groups changes its position between adjunct layers. However, these anions only take
two different positions therefore the original threefold symmetry is reduced to a twofold
symmetry. The displacement of the anions is also visible from the top layer by looking
through the hexagonal opening in the T (formed by the teragonal arranged oxygen
atoms) layer. The two directions are separated by 120°. Ab initio calculations show
that these considerations are also correct for the relaxed surface layer [65].

When mica is cleaved along one of the marked I layers (holding the potassium) half
of the potassium ions stay on each side. The potassiums ions left on the surface after
cleavage where found to form large domains with a step height of roughly 1 A. However,
these initially formed domains disappear after 10 min. [67,68§]

Modification of the mica(001) surface

Two attempts have been made in this work to break the high anisotropy of the mica(001)
surface.
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. plane A (first layer)

(a) (b)

Figure 2.3: Crystal structure of mica. (a) side view, (b) top view. The displayed atoms
are potassium (large filled circle), silicon (medium filled circles), oxygen (small filled
circles), aluminum (large open circles), and (OH, F)~ anions (light gray circles) [66].

Surfactants can be used to modify the growth of thin films as has been briefly dis-
cussed in section[I.2)on pages[6land[I0] Here, two methods have been used to investigate
the influence of surfactants on the growth of organic thin films. The effect of sample
cleanness has been investigated by exposing the cleaved samples for several days to
ambient conditions. A short heat treatment in UHV followed. However, that heat
treatment is not efficient enough to remove all absorbed carbonaceous residues. In
addition an increased amount of water and gases like CO might be left on the surface.

To create controlled carbon pre deposits a relatively thick 6P film (10 nm) was grown
at low temperature (110 K). The film is then exposed to MgK,, radiation for up to 2 h
from an x-ray gun. After a final temperature flash to desorb cracking products and the
remaining 6P only carbon is left on the sample surface. The carbon coverage is given
in fractions of the saturation coverage (for details see |9,69]).

lon bombardment of crystalline surfaces is often used to clean the sample surface.
However, the use of ion beams changes also the structure of the sample surface. Several
examples of surface structures regular and irregular can be found in the literature |70
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72]. Bombarding mica with ions at low energies (=500 eV) for only short periods of
time will already lead to an unrepairable destruction of the top layer of the crystal.
This natural mineral is formed under high geological pressures and high temperatures
common in geological processes. Normal annealing under UHV conditions can not
recover the crystalline nature of the sample surface, and a amorphous surface layer is
the result of such a treatment.

Figure shows the morphology of a mica(001) surface after about 30 min of ion
bombardment with 500 eV Art. The surface is characterized by two typical features,
deep holes with a depth of roughly 5 nm and hills with a height between 10 nm and
20 nm. The hills might be the result of changes in the structure due to ion damage. A
possible scenario is the formation of HoO when the OH groups are broken out of the
crystal structure. The water can easily diffuse between the sheets and form bubbles
that press the surface layers upwards. This structural change leads to a change in
volume of the crystal lattice and results in the surface bumps. Furthermore, a ripple
structure extending over the whole sample surface can be seen.

A cross section (fig: through the two dimensional Fast Fourier Transform (not
shown) of the image reveals two satellite peaks. Taking half of the distance between
them in the frequency domain and transforming it back to a real space distance gives
a wave length of the ripple structure of 180 nm. The height of the ripples, obtained
from cross sections through various images, is measured between 3 A to 5 A. The rms
roughness of the surface has a value of 1.1 nm=+0.3 nm and neglecting the craters and
hills on the surface a value of 0.6 nm=+0.2 nm. Both values are significantly higher than
the rms roughness of a freshly cleaved mica(001) surface of 0.1 nm. As a consequence
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0.00 10.0 nm
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040
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0.5

20

(a)

Figure 2.4: AFM images of a sputtered mica(001) surface. m shows 2.5 pm image of
the surface after long time sputtering. A ripple structure and holes are characteristic
for this surface. The inset shows a cross section through the 2D-FFT. @ enlarged
view of two holes in the mica(001) surface.
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the following samples where sputtered only for times between 60 s and 250 s where no
morphological modification could be observed. These times were long enough so that
no LEED pattern could be observed from the bombarded surfaces, therefore at least
the top most layer is amorphous.

2.2.3 Gold(111)

Gold has a face centered cubic (fec) bulk structure with a lattice constant of 4.079 A.
The top most layer of the (111) surface is six fold symmetric. When also the second
layer is taken into account the symmetry is reduced to three fold. The Au(111) surface is
well investigated because of its (22xv/3) reconstruction at room temperature [73]. The
reconstruction is the result of the relaxation of the top most surface layer which then
accommodates 23 atoms along the <110> while the substrates holds only 22 atoms on
the same distance. This leads to a deformation of the atomic rows in <112> direction
and also in the z-direction. Due too the threefold symmetry of the surface also three
domains exist. However, on one surface terrace only two of these domains occur at the
same time and result in the well known herringbone reconstruction [74]. On a crystal
surface all domains can be found due to steps. Figure [2.5] shows the reconstruction
imaged by STM.

The influence of this reconstruction on the growth of organic thin films is not com-
pletely clear. Recent STM results show that the reconstruction is not lifted upon 6P
deposition [51]. This is also true for PTCDA on Au(111)-(22xv/3) deposition [76].
There it is important to consider the reconstruction to successfully explain the mono
layer structure of PTCDA [77|. For 6P it was shown that depending on growth tem-

[nm]

Figure 2.5: 80 nm by 80 nm large Laplace filtered STM image of the herringbone
reconstruction found on Au(111) (the inset shows the unfiltered image) [75].
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perature and film thickness the molecules are sometimes aligned along the valleys of
the reconstructed surface |78].

2.2.4 Amorphous SiO,

SiO, wafers are probably the most common substrate in surface science. They are easy
to get and well characterized. The semiconductor industry has put a lot of effort into
the optimization of the production process of SiO, as it is one of the key components in
all thin film transistors. There, it is used to separated different conducting parts from
each other but gains special attention when used as the gate oxide to separate the gate
electrode from the conductive channel between source and drain.

Here, a thermally grown SiO, was used because it is an isotrop surface of high rele-
vance for the semiconductor industry. The high control on the roughness of SiO, wafers
is crucial for good device performance. A smooth substrate surface is a prerequisite for
efficient organic devices [79].

2.3 Growth techniques

2.3.1 Hot Wall Epitaxy

The main part of a Hot Wall Epitaxy System [22,80] is an inert tube containing
the deposition material. This tube — made from quartz or some other inert material —
is placed inside a High Vacuum system. Figure depicts the principle outline
of the vacuum chamber used and the tube containing the source. This tube is closed
either by the substrate or a shutter on top. Different heating zones along the tube
wall allow to create nearly uniform and isotropic flux of material towards the substrate
surface. The HV chamber containing the HWE reactor also contains a preheating oven
and a computer controlled manipulator for sample transfer.

Choosing the wall temperature slightly higher than the source temperature but still
below the dissociation temperature of the source material and keeping the substrate
temperature below all other temperatures allows deposition of material only on to the
substrate. This is one of the advantages of compared to other techniques — there
is no source material loss, as all the material is either deposited onto the substrate or
stays inside the reactor tube for the next experiment. No Ultra High Vacuum (UHV)) is
needed because the tube is closed with the substrate. Therefore the environment inside
the tube is cleaner as compared to the rest of the HV system. Different heating zones
allow an individual control of the temperatures in different areas of the tube and the
formation of a high partial pressure of source material and a low super-saturation in the
vicinity of the substrate surface. As a result HWE allows the growth of epitaxial layers
close to the thermodynamic equilibrium [22,80|. Together with the fact that, in contrast
to conventional MBE, the very uniform near field distribution of the beam flux is used,
the large 6P molecules are allowed to find the best configuration on the surface [81].
This leads to an highly ordered structure in the deposited film. Furthermore, the
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Figure 2.6: Sketch showing the outline of a HWE similar to the one used in the presented
study. A detailed drawing of the tube containing the source material is shown on the
right side (taken from [22]).

sticking probability goes to one as each molecule has an unlimited number of retries to
attach to the surface.

One of the major drawbacks in HWE is the lack of possibility for in situ measurements
of film thickness and growth rate. However, if the used HWE system was operated with
it’s typical parameters (given in tab. a growth rate of 2 nm/s is a good estimate |82].

2.3.2 Organic Molecular Beam Epitaxy

[MBE] is a versatile technique for growing thin epitaxial structures made of semicon-
ductors, metals or insulators. In MBE, thin films crystallize via reactions between
thermal-energy molecular or atomic beams of the constituent elements and a substrate
surface which is maintained at an elevated temperature in [22].

Organic Molecular Beam Epitaxy is an MBE variant that uses small organic
molecules as source material. Although normal evaporation cells employed in conven-
tional MBE can also be used here this is not necessary as the sublimation temperature
for organic materials is between room temperature (or even below) and a few hundred
degree Celsius. However care has to be taken not to deposit large amounts of material
on hot filaments or other active components inside the chamber as the high tempera-
tures used in various devices can lead to crack products that make controlled studies

6P source temperature 240 °C

Wall temperature 260 °C
Substrate temperature 90 °C
Pressure during growth 6-107% mbar

Table 2.2: Typical HWE growth conditions used here.
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difficult. Figure shows the UHV system at the Institute of Physics, University of
Leoben, Leoben, Austria used for the preparation of some of the films in this work.

MBE allows a number of in situ monitoring and characterization techniques. To
measure film thickness Quartz Crystal Microbalance technique is used in most
OMBE systems. QCM devices use a gold covered piezoelectric quartz crystal which is
oscillating with its resonance frequency fy,. Correlation between mass uptake during
evaporation and the shift in resonance frequency can be achieved by means of the
Sauerbrey equation

2f3
Apqvg

Af=— Am (2.1)

where Af is the observed frequency shift, A is the active area of the crystal, p, is the
density of quartz and v, is the shear wave velocity in quartz. Am is the mass added
to the crystal. If the density of the film material is known this allows to calculate the
film thickness.

Figure 2.7: UHV system at the Institute of Physics, University of Leoben, Leoben,
Austria used in this work.

23



2 Experimental

2.4 Characterization

This section will describe the characterization methods used. In particular atomic-force
microscopy (section [2.4.1)), X-ray diffraction (section[2.4.3]on page and LEEM (sec-
tion on page [35)). For additional methods useful for the complete understanding
but not directly part of this investigation, the reader is referred to other publications
when ever necessary.

2.4.1 Atomic-Force Microscopy

Atomic Force Microscopy [83] is a Scanning Probe Microscopy method
that allows quantitative measurements of surface topography at resolutions down to
the atomic length scale [84]. It is using a small tip mounted on a cantilever which
is moved across the surface by a piezoelectric motor. The deflection of the cantilever
is then detected and converted into a z(x,y) information. The most common method
for detecting the cantilever movement utilizes a laser beam which is reflected by the
cantilever and detected by a position sensitive photo diode array. Due to the long path
of the laser beam a high amplification of the tip movement is achieved. Figure [2.§
shows the principle layout of an AFM.

The AFM which was used for this work is a Digital Instruments NanoScope Illa
Scanning Probe Microscope (see figure equipped with a AS-130 (J) piezo scanner.
It allows a maximum image size of 100 um? and a maximum vertical deflection of
4.7 pm.

Contact Mode

The most obvious way to scan a tip across a surface is called contact mode. In this
mode the tip touches the surface, while it is moved laterally. Pauli and Coulomb forces

Figure 2.8: Principle of AFM measurement. Including the path of the laser beam,
photo sensor, tip and sample. (from [85])
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Figure 2.9: Digital Instruments NanoScope Illa Scanning Probe Microscope used for
this work, including an optical microscope for positioning the sample underneath the

tip.
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lead to a repulsive force on the tip in the nN range. These forces lead to a bending of
the cantilever that can be detect by the above described detection system and give rise
to the name of the method. The feedback loop tries to keep the bending and therefore
the force between tip and sample constant. This is achieved by keeping a constant
cantilever deflection by adjusting the z-position of the sample with respect to the tip.
This mode is called constant force mode. The resulting image represents the sample
morphology. In principle also constant height mode is possible, the image can then be
interpreted as a map of the forces between tip and sample

Friction Force Microscopy

For Friction Force Microscopy or Lateral Force Microscopy [86,87] the
tip is scanned in constant force mode perpendicular to its long axis. Due to friction
forces between the substrate surface and the tip, the cantilever twists and the laser
beam is deflected horizontally. However, being a contact mode method one has to
carefully select the applied normal force. High normal forces will lead to a clearer LEM
image but at the same time more wear is generated. The measurement principle is
depicted in figure 2.10]

The method allows to distinguish materials with different friction constants. For the
investigated film/substrate combinations different friction constants can be assumed
due to the different chemical termination of the surface.

Tapping Mode

Most measurements where done using Tapping Mode —AFM also called intermit-
tant contact. In tapping mode, the cantilever oscillates at or close to it’s resonance
frequency (for topography imaging typical between 200 kHz and 400 kHz). The am-
plitude of this oscillation is typically between 20 nm and 40 nm. During scanning the
tip lightly taps the surface at the bottom of its swing. When the tip moves across the

direction of scanning

i ——

" area with
different friction

Figure 2.10: Measurement principle of LFM [8§]
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surface, the feedback loop maintains a constant oscillation amplitude obtained from the
rms signal of the cantilever oscillation at the split photo diode by varying the sample
tip position. The vertical position of the scanner — to maintain a preset rms signal (the
setpoint) — for each data point is recorded as the height image. Figure outlines
the principle.

Tapping mode allows to follow the surface morphology at a constant very low tip-
sample interaction. Lateral forces in contact mode can dull the tip or damage the
sample surface, are no problem here as the tip touches the surface only for very short
periods of time. The typical oscillation amplitude is also larger than the thickness of
the surface water film when imaging under ambient conditions.

Phase Imaging

Phase imaging allows to map the viscoelastic properties of the scanned surface par-
allel to the morphology [90]. Quantitative interpretation of the results is hard but
the qualitative information that can be obtained allows the identification of materi-
als with different mechanical properties (e.g. film and substrate) and even a relative
"hard" /"soft" characterization of the different materials.

The phase image is obtained by recording the phase shift between the excitation
oscillation and the resulting cantilever oscillation. This phase shift can be related to
the energy that is dissipated from the cantilever oscillation into the sample surface,
which in turn is related to the viscoelastic properties of the surface material. For
organic thin films the difference in mechanical properties between film and substrate
is high. So usually clear images can be obtained without great effort. However, the
technique is capable to distinguish between between much smaller difference in material
properties (e.g. between the crystals and the amorphous matrix of a semi-crystalline
polymer [91]). One problem in phase imaging of soft materials on hard substrates is tip
contamination due to pick up of parts of the soft layer. This changes the interaction of
the tip with the substrate and can lead to a change or even a complete loss of contrast
in the phase image.

"Frea" Amplitude

|

Fluid layer

!
/\A/ Amplitude reduced
}

Figure 2.11: Principle of tapping mode. (from [89])
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AFM-tips

Cantilever and tip selection has a large influence on the quality of the obtained images.
Different probes exist for the different modes. However, also certain sample properties
like morphology and conductivity can influence the choice.

Tapping mode tips used here were fabricated from Si. Generally, these cantilevers
are coated with Al on the detector side (e.g. Nanosensors PPP-NCHR type) to increase
reflectivity and therefore increase signal to noise ratio as well as the achievable scan
speed. However, especially for the films prepared by HWE on mica(001) Pt coated tips
were used (e.g. Nanosensors PPP-NCHPt). Having the same reflectivity as Al coated
cantilevers, the lower resistivity and inertness of the material allowed to achieve better
results with easily charged mica substrates.

For some measurements high density carbon (HDC) [92] (e.g. NanoTools Uls) tips
were used. These tips with guaranteed tip radii below 5 nm and half opening angles of
less then 4° allow to image steepest structures. Most of the high-detail images presented
have been obtained with these very sleek tips. The typical specifications for all these
tips are given in table [2.3]

Contact mode tips have a lower force constant compared to tapping mode tips. This
is necessary to protect sample and tip from damage. Again normally cantilevers with
an Al coating on the detector side have been used to increase reflectivity. For LFM
tips like Nanosensors PPP-LFMR, have been used. The relevant parameters are given
in table 2.4

2.4.2 Quantitative analysis of AFM images

Although three-dimensional real space images on the ym- or nm-scale are pretty and
informative by them self, quantitative methods are required to access all the information
hidden in such files. However, an important prerequisite are high quality images without

cantilever length 125 pm
force constant 42 N/m
resonance frequency 300 kHz

Table 2.3: Typical specifications of tapping mode tips

beam length 225 — 450 pm
force constant 0.2 N/m
resonance frequency 25 — 13 kHz

Table 2.4: Typical specifications of LFM and contact mode tips
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noise or any other tip or scanner generated artefacts. It is left to the operator to decide
if a structure is real or an artefact created for example by a dull tip or a to high scan
speed.

Roughness characterization

The first and most often calculated value that describes a random rough surface (like
the substrate) is the root mean square (rms) roughness o. For a area of size LI that
consists of M N points

()= |57 | [ etew = (o)l dody, (2.9
Lo N = ﬁ;;[z@,j)—umﬁ 23)

It can be used to describe the vertical fluctuations of a surface. For most situations
the obtained value will depend on the field of view that was used and the resolution
(the size of pixels). However, describing a surface only by its vertical roughness is not
sufficient. The shape of the mounds and the lateral arrangement of them will also
change the roughness but can not be expressed in terms of the rms-roughness.

To access the values describing these features one has to calculate second order
statistical functions which are explained in the following. They are usually calculated
along the fast scan axis of AFM images and then averaged over all scan lines. However,
doing so one can only extract information along the (usually) x-axis of the image. This
is of importance when the interesting structures are under an arbitrary angle in the
image.

The one dimensional Height height correlation function (HHCEF)) is given by

(G@))p =7 /(Z(xo) —(2))((x0 + 2) = {2 ))dwo (2.4)

with 0 <z < L, or

1 N—m

(Glmd) )y = o S (o= {2 Deem = (2)) (25)

i=1

In the later case m is the index of the current point and d the real space distance
between the individual points.

Closely related to G is the Height difference function (HDF]) H. As for G, the best
method to obtain this function is along the fast scan axis. H can than be estimated as
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(H(z) ), = % / [2(xo + ) — z(xo)}zdxo (2.6)
with 0 <z < L, or
(HOmd) )y = g S Lo — I (2.7

i=1

Comparing the integrals or sums of and with and makes clear
why the one is called height-height correlation function (G) while the other is called
height difference function (H). These values are usually computed for each line (nor-
mally horizontally along the fast scan direction) in the image and than averaged. The
obtained values are therefore only correct for features running perpendicular to that
direction.

For a self-affine surface with a cutoff these functions can be fitted with [93,94]

G(z) = 026_(%)2a (2.8)
and o
H(z) = 207 [1 — e (¥) ] . (2.9)

Three parameters describing the surface can be obtained this way. o the rms-
roughness already given by , ¢ the lateral correlation length and the roughness
exponent «. & is the average distance on the surface between the two points x and
x + & were they are still correlated to each other. « is a measure how wiggly the surface
is. Generally, small o values mean a more jagged surface morphology while higher
values correspond to a smoother surface profile.

However, for mounded surfaces different forms of H and G are proposed [95]. This
is necessary as and can not follow the oscillatory behaviour of H and G if
there are regular spaced mounds on the surface. To fit G

2mx

Gz) = 0% (8)" cos (—) (2.10)

can be used and )
H(z) = o? {1 — e ()" cos (%)} (2.11)

for the height difference function.

As a result, in addition to o and «, the average mound separation A and the system
correlation length ¢ can be obtained. ( determines how randomly the mounds are
distributed on the surface. A smaller value of ( means a more random distribution.
Figure gives an example for the HHCF of a mounded surface (for details see [3.2.3)).
The difference between the two fit functions and is obvious. Although the
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data is obtained from a 1 pum image only the first 200 nm of the resulting curves are
shown. The reason is that for larger m the data points used for an average in (2.5
are fewer. When m = N — 1, there is only one data point and the accuracy of the
estimation is bad. Therefore we always show about a fifth of the total data and also
only this fifth is used for the calculation of the fits.

Analysis of the feature size

Non random surfaces which include regular structures with distinct sizes require a
more detailed analysis. To get quantitative numbers from structured surfaces one can
of course use section analysis or similar tools. However, to get an statistical average
particle analysis or grain analysis routines have to be used. The most common approach
to identify a grain on a surface is thresholding. A certain height limit is defined and
surface points above this limit are used for further processing. Image pixel that build
a continuous region can than be identified as a grain. The prerequisite for this method
is a smooth background with a surface roughness much smaller than the feature size.
This is usually fulfilled for the samples in this investigation. But, also the long range
flatness of the surface has to be much smaller than the grain height to be able to
separate background from interesting features. This method also fails if the grains
touch each other and no reference background can be identified.

Water shedding algorithms can than be used to identify the individual grains on the
surface [96,97]. The process implemented in the used software [98] is as follows

1. The surface is inverted so that z(z,y) = —z(z,y).

40 T T T T T T T

*  mical60.006-act-hor.dat

2
— &t cos(2x/A)

20
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Figure 2.12: HHCF G for a 6P thin film grown mica(001) at —160 °C (for details see
section 3.2.3). Black dots show the data obtained from the AFM image. The green
curve is obtained from (2.8) while the red curve is obtained from ([2.10)).
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2. On each pixel on the inverted surface a virtual water drop is placed. If the droplet
sits in a local minimum the position is recorded, if not the droplet will follow the
steepest pathway to the next minimum. This way the droplets start to create a
system of small lakes of different size on the surface. After this step has been
repeated several times the smallest lakes were removed under the assumption that
they have been created in minima resulting from noise.

3. The position of the created lakes is recorded and more water is rained on the
surface. Now different situations can arise:

a) The drop falls into an already existing lake, then the droplet is merged with
the grain.

b) The droplet falls on the surface outside an existing lake, but there is a
particular lake in the nearest neighborhood. In this situation the position of
the droplet is added to the existing lake. As a result the grain gets bigger

¢) The droplet lands outside a lake and there is no lake nearby. In this case
the droplet is ignored.

d) The droplet lands outside a lake and there are two or more grains in the
nearest neighborhood. In this case the position of the droplet is marked as
a grain boundary.

e) The droplet falls on position marked as grain boundary. Than the droplet
is also marked as grain boundary.

If drop size, number of steps in the first part, the minimum grain size after the first
part as well as the size of the droplets in the second part and the number of steps is
chosen appropriately, the result are grains touching each other by grain boundaries and
filling the image area. The strength of this method is that no uniform background is
needed and also connected grains can be separated.

Independent of the algorithm used for identifying the grains, one can than calculate
properties like grain width and length, grain area and grain height.

Integral properties can also be gained from the roughness analysis presented above.
From and one can obtain A\. The mound separation gives the distance
between individual features or if the features touch each other it gives the feature size.
However, often the particles on the surface are not oriented horizontal or vertical and
the methods for obtaining 1D-HHCF and 1D-HDF presented above fail. In this case the
2D Fast Fourier Transformation of the image can help to access these properties.
Figure shows a typical result. Figure a 7 nm thick 6P film grown at 90 °C on
mica(001) (for details see sec. on page [60). The morphology is characterized by
parallel running features. This is also reflected in the 2D{FET} by a long small feature
perpendicular to the direction of the structures. A cross section (presented in fig.
along the main axis of the FFT feature reveals the internal structure in more detail.
The distance of the two peaks from the center of the plot is indirect proportional to the
feature-feature distance in real space. From a value of 7 um~! can be obtained.
This results in a average feature distance in real space of 140 nm.
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Figure 2.13: 5 um by 5 um AFM image of a 7 nm thick 6P film grown on mica(001)
at 90 °C. [(b)| Cross section through the 2D FFT (shown in the inset) along the main
feature, revealing two peaks. The peaks were fitted by a Gaussian to obtain the position
and FWHM given in the graph.

However, a FFT treats data as being infinite which is not the case for images obtained
by AFM. Therefore, some cyclic boundary conditions have to be implemented and the
data has to be windowed to allow a smooth transition across the boundaries. For the
FFTs presented in this work a Hamming function

WHamming () = 0.54 — 0.46 cos 27z (2.12)

has been used [98].

Often filters or presentation modes are used to display data to underline a certain
feature in the image and suppressing other unwanted structures. A huge number of
mathematical methods is available to render data in every possible way. Besides the
smoothing filters like median filtering for the production of nice 3D graphs, edge en-
hancement filters are used in this work. The routine visualizes the square root of the
difference between the 2/3 and 1/3 quantiles of the data values in a circular neighbour-
hood of radius 2.5 pixels centered around the sample. If applied to a morphology image
of a stepped surface, the resulting image will include the steps but nothing else. An
important feature of this filter is that it is relatively insensitive to noise that could be
misinterpreted as a step. An example is given in figure [3.53|

2.4.3 X-ray diffraction

X-ray diffraction is a powerful method to determine the crystal structure of organic
thin films. To get constructive interference of a diffracted beam the Laue-Equation
(2.13) has to be fulfilled for all three lattice vectors (a, b and c)
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a-q=2rh (2.13a)
b-q=2rk (2.13b)
c-q=2nl (2.13c)

q, the scattering vector is defined as the difference between the outgoing k and the
incoming kg wave vectors: ¢ = k — kg. h, k and [ are the Laue indices. Starting from
(2.13) one can deduce the Bragg equation

2dhkl sin (?) =nA (214)

Here 20 is the angle of beam deflection, n an integer, A is the used wavelength and
dpr is the distance of the scattering lattice planes defined by the Miller indices (hkl)
which are connected to the Laue indices by (hkl) = n(hkl). Furthermore, the scattering
vector g has to be parallel to the normal vector n of the scattering lattice plane.

n|q (2.15)

Two different methods have been used here to obtain information on the crystallo-
graphic structure and the orientation of the molecules.

Specular Scans

This method is also known as ©/20, L-scan, or g,-scan. The setup is chosen in such
a way that the incident angle and the detection angle are the same with respect to
the sample surface (see figure . In this symmetric setup the scattering vector q
is always perpendicular to the sample surface. Therefore, only net planes parallel to
the surface can fulfill equations and and give sharp Bragg reflections. The
resulting spectrum is than compared to calculated spectra from already well-established
crystal structure data.

Rocking curves

Rocking curves give information on the crystalline quality of the investigated sample.
If there are small deviations from the perfect alignment of different crystallites these
leads to a broadening of the lattice points in reciprocal space. This broadening is called
mosaicity. Smaller mosaicity means better alignment in the sample. To obtain rocking
curves for a specific reflection the x-ray source as well as the detector are fixed while the
sample is tilted (rocked) forth and back around the ideal position (see figure 2.15). If
the net planes probed is perfectly aligned through out the sample a sharp reflex while
be obtained. Rocking curves are usually characterized by their Full Width at Half
Maximum (FWHM). The smaller the FWHM, the narrower the peak the better the
crystalline quality. However, in addition to that also finitte size effects can be observed.
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Figure 2.14: Scheme of the ©/20 scan. Figure 2.15: Scheme of a rocking curve
O: angle between incoming beam and scan. The sample is tilted by a small
sample surface. 20 angle between in- angle, while k£ and kg are kept constant.

coming and outgoing beam.

X-ray setup

The crystallographic data presented in and have been obtained at the
G2 beamline at CHESS, Cornell University. This beamline is equipped with a k-
goniometer, 1D gas detector, and a Soller collimator [99]. This setup (see figure
allows to obtain specular scans and gracing incident diffraction data.

2.4.4 Low Energy Electron Microscopy

In a Low Energy Electron Microscope a high energy (typical 20 keV) electron
beam is decelerated by a cathode lens close to the sample surface. The electrons reach
the sample with a very low energy (typical 5 eV to 20 eV) where they can interact only
with the outermost layers of the surface. The electrons diffracted from the surface are
collected by the same lens and are then reaccelerated. The principle device of modern
LEEMs is the beam splitter which deflects the incoming electrons towards the sample
but the reflected ones into the imaging column. In the imaging columns the electrons
can either be observed in the back focal plane with the help of an intermediate lens (Low
Energy Electron Diffraction (LEED)) mode) or with the help of an aperture and leaving
out the intermediate lens to create an image on the fluorescence screen. Figure [2.17
shows the principle setup.

The achievable resolution can be as low as several nm (better than 8 nm on the used
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Figure 2.17: Principle LEEM setup. (1) Magnetic separator, (2) field emission gun, (3)
quadrupoles, (4) objective lens, (6) magnetic stigmator, (7) specimen, (8) screen, (9)
and (10) magnetic lenses, (11) electrostatic filter lens, (12) multichannel plates, (13)
camera, (14) Hg lamp, (15) auxiliary electron gun, (16) deflection coils. From [100].
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microscope), while aberration corrected microscopes have a theoretical resolution in
the sub-nm regime [101]. Most often, contrast is achieved by utilizing the fact that the
reflectivity for electrons is highly sensitive to difference in the crystal orientation, surface
reconstructions, material etc. A famous examples is the contrast of Si(111)-(7x7) vs.
Si(111)-(1x1) surface [100,102]. An other contrast mechanism relies on the fact that
there will be a phase shift between plane waves reflected by different terraces on a
stepped surface [103]. Among other contrast mechanisms there is of course topographic
contrast. It is related to the circumstance that any surface protrusion will distort the
electric field. However, the obtained image doesn’t reflect the geometry of the surface,
although in principle it should be possible to calculate the real morphology from the
obtained images. The distortion of the image can be reduced by using higher energies
for imaging.

The LEEM setup can aso be used to realize Photo Electron Emission Microscopy
(PEEM])), were instead of electrons photons are used to excite the sample [104-106]. If
the used photons have enough energy they will generate electrons that can overcome
the work function and are than imaged with the imaging column of the LEEM. This
method is sensitive to the workfunction and gives a chemical contrast.

Using electrons with organic thin films as in this work brings in the problem of beam
damage. Although the energy of the incident beam is very small it is in the same region
as the band gap of the organic semiconductor, and can therefore lead to desorption or
at least degradation of the film. In this study the energy of the beam was therefore
carefully selected to be lower than the band gap of 6P. This also explains why at least
so far our attempts to obtain PEEM images failed. However, other group have been
successful in obtaining PEEM images, by using a shutter in front of the UV lamp that
is synchronized with the imaging electronics [107].

Results presented in this work were done in cooperation with the Institute for Solid
State Physics, University of Twente, Enschede, The Netherlands. For this studies an
Elmitec LEEM III has been used (see figure [2.18).

2.4.5 Thermal desorption spectroscopy

Thermal Desorption Spectroscopy allows the investigation of the energetics and
kinetics of adsorbed materials on surfaces. For this purpose the adsorbed film is subject
to a well defined heating cycle. The desorption rate versus temperature is measured in
a UHv system with a Quadrupol Mass Spectrometer ((QMS)).

TDS was performed by desorbing the adsorbed 6P molecules into a line-of-sight
mass spectrometer (QMS 400 quadrupole mass spectrometer (Pfeiffer Inc.) equipped
with a magnetic field enhanced cross-beam ion source), which was tuned to the most
relevant masses, m = 458 amu (original mass) and m = 61 amu (mass of a cracking
product). The latter mass has a much better signal/noise ratio and was therefore used
for TDS at small coverages. It has been carefully checked that the m = 61 amu is
indeed proportional to the original mass [52]. All TD experiments were done at a
linear heating rate of 1 K/s.

The procedure described here is for mica samples. Obtaining TDS spectra from other
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Figure 2.18: Elmitec LEEM IIT in Enschede.

more conductive materials (like gold) follows the same principle, for details the appro-
priate literature will be pointed out in the relevant sections. The thin mica sample
(10 mm x 10 mm, < 100 pm thick) was attached to a steel plate (10 mm x 10 mm,
< 1 mm thick) with tantalum wires (0.25 mm in diameter). The steel plate could be
heated via the tantalum wires by resistive heating. The temperature was measured on
the backside of the steel plate by a Ni/NiCr thermocouple (see insert in figure [2.19).
Because of the poor thermal conductivity of mica, the measured temperature on the
backside of the steel plate did not represent the temperature on the mica surface prop-
erly and therefore the temperature scale had to be corrected. An uncorrected TD
spectrum for a 6P film with 30 nm thickness is shown in figure 2.19] There exist two
desorption peaks, one due to the desorption of 6P from the tantalum wires, which were
used to fix the sample to the steel plate (see again inset in figure , and one due to
the desorption of 6P from mica. As a first approximation, it is assumed that the mul-
tilayer desorption peak should be independent of the substrate and hence desorption
from tantalum should occur in the same temperature range as desorption from mica.
Therefore the temperature scale was corrected utilizing a linear regression between two
characteristic temperatures.

At the adsorption temperature of 300 K both materials will be at the same temper-
ature. When heating up, the mica sample temperature will increase more slowly than
that of the steel plate and this will result in a deviation which increases with time. The
second characteristic temperature is the starting point of the multilayer desorption of
6P from mica. Keeping in mind the assumption above, the measured 625 K (where
desorption from mica starts) can be assigned to 450 K (where desorption from the tan-
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Figure 2.19: Uncorrected TD spectra for a 30 nm thick 6P film on mica(001). The
insert shows the setup of the mica samples in the UHV system (from [69]).

talum wires starts). This fits quite well to 6P multilayer desorption from another metal
surface, namely Au(111) [52,78]. All TD spectra shown in the following are displayed
with the corrected temperature scale.

All TDS measurements were performed at the Inst. for Solid State Physics, TU Graz,
Austria by Stefan Miilleger, Paul Frank and Adolf Winkler.

2.4.6 Photoluminescence spectroscopy

Measurements have been done with a spectroscopic set-up for time-resolved photolu-
minescence . Excitation was performed with a nitrogen laser (Ae;e = 337 nm, 4 ns
pulse duration, and repetition rate of 10 Hz). The emission spectra were recorded using
a 300 mm triple-grating monochromator (SpectraPro 2356 from Acton Research Co.)
coupled to a highly-sensitive getable intensified CCD camera (PI-MAX (Gen II) from
Princeton Instruments) (also called Optical Multichannel Analyzer (OMA), which was
synchronized by the electrical trigger of the laser. To increase the signal-to-noise ratio,
spectra were accumulated by averaging typically over 300 pulses. Samples under inves-
tigation were placed in optical temperature-regulated nitrogen-bath cryostat allowing
temperature regulation from 80 K to 350 K. Figure shows the principle setup used
for these measurements.

All PL measurements were performed by A. Kadashchuk Academy of Science, Kiev,
Ukraine at IMEC, Belgium.
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Mo lorinalon

Figure 2.20: Setup used to for photoluminescence measurements (courtesy of A.
Kadashchuk).
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3 Results

3.1 Para-sexiphenyl on TiOy(110)-(1x1)

This section describes the results obtained for the growth of 6P on TiOy(110)-(1x1).
The morphology obtained for room temperature growth will be compared to the mor-
phology obtained at an elevated temperature of 145 °C. LEEM was used to follow in
situ the formation of both morphologies as well as the transition from one morphology
to the other. The samples for morphological characterization were grown at the Insti-
tute of Experimental Physics, University of Graz, Austria in the group of M. Ramsey.
The LEEM experiments were performed together with R. van Gastel at the Institute
of Solid State Physics, University of Twente, The Netherlands.

3.1.1 Room temperature growth of para-sexiphenyl on
TiO2(110)-(1x1)

Figure shows AFM results of a 3 nm thick 6P film grown on TiO(110)-(1x1)
at RT. The morphology is characterized by parallel running needles. A cross section
(fig.[3.1b)) along the main feature in the 2D-FFT reveals a strong peak at 4 pm~!. This
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Figure 3.1: 5 um by 5 um AFM image of a 3 nm thick 6P film grown on TiO5(110)-
(1x1). The inset shows the 2D-FFT.|[(b)|cross section along the main feature in the 2D-
FFT. The peak position reveals a distance from needle axis to needle axis of ~250 nm.

41



3 Results

can be interpreted as the mean distance between the needle centers of 250 nm.

The needles are parallel to each other and run along [110] which is perpendicular
to the orientation of the oxygen rows on the TiO5(110)-(1x1) surface. The molecules
inside the crystals are parallel to the oxygen rows (|001]) and perpendicular to the long
needle axis [56].

Figure [3.2| presents a detailed image of individual needles. The cross section in fig-
ure [3.2b| shows that the chains have a typical height of 14 nm=+0.5 nm and a width be-
tween 100 nm and 130 nm. The needles are broken into individual segments of 100 nm
to 1 pm in length. These segments are most likely of single crystalline nature as can be
seen from the section line parallel to the needle. Each segment shows a different but
uniform height.

[LEEM] was used to follow the process of needle formation. Figure [3.3] shows three
stages during needle formation. In figure the clean TiO5(110)-(1x1) surface can
be seen together with some small crystallites (marked green). After 90 s of deposition
several parallel needles can be found on the surface. Finally after132 s, a large number
of needles can be found on the surface. In figure the needle length as well as needle
width are plotted versus the deposition time. It is not surprising that the needle width
only increases slowly while the length increases rapidly with ongoing deposition. The
oscillations in the length but especially the width evolution can be attributed to minute
changes in the imaging conditions that will immediately influence the contrast. The
reason could be related to changes in the electron optics. But it is more likely related to
the fact that the 3D nature of the chains influences the path of the reflected electrons
(see also section for a short explanation of contrast mechanisms in LEEM).

In a different experiment, more material was deposited. The needles continue to
grow and start to tile the whole surface. Figure [3.5] shows the resulting AFM image
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Figure 3.2: (a)l 1 um by 1 pm AFM image. The individual single crystalline segments

forming the needle can be identified. @ cross section perpendicular (black) and parallel
(red) to the long needle axis.
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(b)

Figure 3.3: 6P needle formation on TiO2(110)-(1x1). first chains appear and are
marked with a green mask. [(b)] after 90 s (the mask is shown for the left half of the
image) and |(c) after 132 s. (FOV=10 um)
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Figure 3.4: Evolution of the lateral 6P needle size during deposition in the LEEM.
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after deposition of 35 nm of 6P. The surface is tiled with large interlocked needles.
Analysing the 2D-FFT with a cross section reveals a main feature distance in [001]
direction (equivalent to the feature size in this case) of 500 nm. A closer look at the
morphology shows that these 500 nm wide blocks are made up of two or three highly
interlocked needles. The near horizontal stripes in the image result from poor sample
handling during the preceding x-ray investigation.

The reason for this highly anisotropic growth lies in a delicate balance between
sticking and diffusion anisotropy [55,108]. Due to the near perfect match of the oxygen
row distance with the width of a single 6P molecule a high diffusion anisotropy will exist
on the surface. The oxygen rows will act as guides for the 6P molecules and allow them
to diffuse easily along [001] direction. However, to diffuse along any other direction,
especially along [110], the molecules will have to climb over the oxygen rows. This will
significantly reduce the diffusion coefficient for this direction. This circumstance alone
would promote growth parallel to the oxygen rows. The reason for growth along the
oxygen rows is related to a sticking anisotropy. Molecules diffusing along the channels
can only interact one with each other with their terminal hydrogen atoms. This will
result in a rather weak bond between two molecules. Two molecules diffusing in adjunct
oxygen rows can interact with their m-electron system allowing a very strong bond.
Figure [3.6| sketches the situation when a molecule will be integrated into an existing
chain. The molecule can diffuse quickly towards a chain but the sticking probability on
the hydrogen terminated side wall is low. The weakly bond molecules now has enough
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Figure 3.5: 35 nm thick 6P film grown on TiO5(110)-(1x1).
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time to diffuse perpendicular to the oxygen rows along the needle and finally reaches
the small end of the needle. There it can be easily incorporated into the needle due to
strong interaction of the m-electron system with that of the 6P molecules terminating
the needle [55,108].

The single crystalline nature of the building blocks can also be seen in a further
experiment. 6P has been deposited in situ on a clean TiO9(110)-(1x1) surface.
Subsequently, the sample was slowly heated while imaging with the LEEM. Figure
shows a 10 s long sequence taken at 115 °C (image size 2.3 um). One can see that the
marked chain, build from at least three segments, suddenly starts to breakup in two
pieces. While the right fragment stays unchanged, the left one gets shorter rapidly.
However, after 7 s the process comes to an halt. The middle segment has dissolved and
the remaining two parts belong to different crystallite segments of the needle.

Furthermore, it is interesting to observe that the molecules seem to be solely removed
from the small end of the chain. No direct information can be obtained if molecules are
also removed from the top of the chain as LEEM gives only 2D information. However,
as the chain width stays unchanged during the event one can assume that no molecules
are removed from the side walls. Looking at the orientation of the molecules inside
the chains this is obvious, as one would have to pull a single 6P molecule out of the
herringbone structure of the crystallite. On the small side and probably also on the
top of the crystallite the molecules have a weaker bond as one of their two m-systems
is exposed to the vacuum or is at least partially unsaturated if the molecule is not
coplanar with the surface.

3.1.2 High temperature growth of para-sexiphenyl on
TiO2(110)-(1x1)

Figure [3.§ shows the stripe pattern that appears after increasing the temperature to
160 °C. The orientation of the stripes is perpendicular to the orientation of the needles,
i.e. parallel to the oxygen rows on the substrate. Figure [3.9|shows an AFM image of a

S low sticking probability
= poor overlap between molecules

oo >
Figure 3.6: Sketch outlining the formation of 6P needles on TiO9(110)-(1x1).
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Figure 3.7: 10 s long sequence taken at 115 °C during the heating of 6P needles grown
on TiO2(110)-(1x1) at RT. The marked chain is formed by at least three individual
crystallites. The middle part disappears in 7 s while the reaming parts of the chain
stay unchanged during this event. The long axis of the needles is parallel to the [110]
direction. Image size 2.3 um by 2.3 um.

Figure 3.8: LEEM image (FOV 20 um) of the remaining stripe pattern after heat-
ing a film deposited at room temperature to 160 °C. Only a stripe pattern running
perpendicular to the direction of the needles is left on the surface.

46



[001]

3.1 Para-sexiphenyl on TiO,(110)-(1x1)

3 nm thick 6P film grown on TiO5(110)-(1x1) at 145 °C. The morphology shown in[3.9a]
is characterized by parallel running stripes comparable to the one observed with LEEM.
Stripes formed by a continuous layer of 6P with some second and third layer nucleation
on top are alternating with stripes of small crystallites. The cross section shown in [3.9b]
reveals that the continuous stripes are formed by upright standing molecules. The
height analysis of the image shows a very uniform height of 2.57 nm+0.02 nm for the
individual stripes which is in good agreement with the expected layer height of 2.63 nm
for upright standing 6P molecules. The length of the stripes could not be measured with
the AFM but together with the LEEM images and the fact that in all obtained AFM
images no dead end could be found they seem to extend over at least several 10 um
along the whole crystal surface. The width of the continuous stripes varies between
2 nm and 8 nm.

The continuous stripes are separated by areas covered by small crystallites. Analysing
only the height of these parts of the image, the height distribution shown in figure
can be obtained. The histogram is characterized by peaks at 2.7 nm, 5.4 nm, 8.1 nm,
and 10.8 nm. These heights correspond to islands of 1 ML, 2 ML, 3 ML, and 4 ML
height they are formed by upright standing molecules. In the lateral size of the
crystallites for two different data sets is plotted versus the height of the crystallites.
One can see that the crystals are always twice as long as they are wide. As can be seen
from figure m the elongation is along mainly the [110] direction.
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Figure 3.9: 3 nm thick 6P thin film grown on TiO5(110)-(1x1) at 145 °C. 20 pm
AFM image. The stripes are parallel to the [001] orientation of the surface. |(b)
cross section revealing up to three layers of 6P formed by upright standing molecules.
height distribution of @ showing the uniform height of the individual layers of
2.57 nm=0.02 nm.
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Figure 3.10: height distribution of the crystallites found in one set of the stripes.
@ lateral size of the crystallites plotted versus the height.

Figure shows a topographic and the corresponding phase image together with
cross sections. In the topographic image the stripes and the islands formed by second
layer nucleation are clearly visible. Also the crystallites in the trenches between the
continuous stripes are observable. In the corresponding cross section (fig. the
steps are clearly visible. The red arrow marks a step between substrate and film
whereas the blue arrow marks a step between the first and the second layer of 6P.
In the simultaneously recorded phase image only two shadings are visible. While the
substrate has a high phase shift, less phase shift is recorded in all areas covered by
6P. In the cross section shown in figure [3.11dl the red arrow marks the position of the
topographic step between substrate and the first layer of 6P. The viscoelastic properties
of the 6P thin film are different from the properties of the substrate and a strong change
in phase shift is the result. The blue arrow marks the position of the morphological
step between the first and the second layer of 6P. At this position only a small spike
due to the morphological step is visible. The amount of phase shift for the first and
the second layer of 6P is the same. This clearly shows that there is no wetting layer
between the crystallites [55].

One could argue that a wetting layer of for example lying down 6P molecules would
have different viscoelastic properties as the film formed by upright standing molecules
and would therefore lead to the same result. However, we never observed phase contrast
on samples that had a wetting layer (like the ones presented in section whereas we
observed a strong phase contrast for 6P on other substrates [109]. X-ray investigations
also showed no indications for a layer of lying molecules below the film of upright
standing 6P. The same study by R. Resel et al. [110] also revealed a number of other
interesting facts about the structure of the films. The grazing incidence investigation
indicated that the small crystallites are indeed formed by upright standing molecules,
and exist only for thin films but disappear for thicker films. In contrast to the large
stripes which are formed by four domains with the [203] direction azimuthally oriented
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(a) (b)

I

Figure 3.11: Topographic |(a)| and simultaneously obtained phase |(b)| image of the
stripes. In the corresponding cross section, positions with a topographic but no phase

step between two 6P layers (blue arrows) can be distinguished from topographic steps
between substrate and film (red arrows).

(<) (d)
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under 35°, 145°, 215°, and 325° with respect of the principal azimuth of the substrate,
the molecules in the crystallites are tilted in the direction of the principle azimuth.
The domains in the large stripes are about 300 nm along the [001] orientation and the
oxygen rows, whereas they measure only 30 nm perpendicular to the oxygen rows. The
long axis of the domains is thus parallel to the stripes.

The formation of this striped phase can be explained by the fact that diffusion along
the oxygen rows is much easier than parallel to them. However, in contrast to the RT
case presented in the preceding section sticking anisotropy plays practically no role as
the molecules are standing nearly upright on the substrate surface (tilted by 17°with
respect to the surface normal). This however, might not be true for the small crystallites
in the trenches. From the more detailed images shown in figure [3.12| one can see that
the crystallites are oriented preferentially along [110]. This can be the result of a slight
difference in sticking probability. With the molecules tilted in [001] direction it is easy
to see that incorporation is easier on the facets pointing in [110]. The fact that the
large islands are formed by four domains oriented diagonal to the principal azimuth
suggests that sticking anisotropy does not play a prominent role here.

One of the consequences of this diffusion anisotropy is the difference in shape between
the first layer and the subsequent layers. While the first layer shows the described
anisotropic shape, the islands nucleated in the second layer on the stripes are already
isotropic and do not show any preferred orientation. This can be understood if one
takes into account that these islands do not grow on an anisotropic substrate but on
layer of upright standing 6P molecules.

An other consequence of this anisotropic diffusion is the fact that the boundary be-
tween the two stripes is different along [001] and [110]. Figure shows enlargements
of the boundary between the stripes. Figure shows the boundary perpendicular
to the oxygen rows and therefore perpendicular to the fast diffusion direction. Com-
paring the shape of this boundary to the one shown in figure one easily comes
to the conclusion that the former is rougher. This can be quantified in terms of the
Minkowski boundary lengths given in table [98,111].

Although the left boundary in figure is quite rough the boundary along [110]
is still 10% longer and 26% longer than the right boundary in figure [3.12b] This can
not be explained by the fact that the boundary runs under an arbitrary angle through
the image. The elongation of a straight line parallel to the direction of the boundary in

Boundary S

figure |3.12a 3.59-1073
figure [3.12b|left ~ 3.27-1073
figure [3.12b| right 2.84-1073
vertical line 1.95-1073
diagonal line 2.76-1073

Table 3.1: Minkowski boundary length for the boundaries in the striped phase. The
values for straight lines are given for comparison.
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(a) (b)

Figure 3.12: Boundary between the continuous stripes and the crystallite covered
trenches: @ perpendicular to the oxygen rows ([110]), @ parallel to the oxygen rows
(Jo01]). (z-scale: 20 nm)

figure [3.12a] compared to a straight line parallel to the right boundary in figure [3.12b]
is only 2%.

The increased roughness of the boundary perpendicular to the oxygen rows can be
explained with the anisotrop diffusion. At edges that run parallel to the oxygen rows,
molecules can diffuse back and forth until they find an appropriate position. As soon
as the molecule is fixed all other molecules using the same channel on the TiO, surface
have to line up thus creating a smooth edge.

A further observation is made in figure In both images a small stripe is visible
where no crystallites can be found. The crystal free area parallel to the oxygen rows has
a width of 150 nm while the depleted zone running along the [110] direction is 300 nm
wide. This difference can again be explained by the anisotropic diffusion. As molecules
can more easily diffuse perpendicular to the terrace edge along [110] a larger capture
zone is emptied by the terrace compared to the situation for the boundary parallel to
the oxygen rows. Using a method known from Si/Si(001)-(1x2) homoepitaxy [112,113]
one can estimate the diffusion anisotropy. The diffusion along [001] is between 4 and
64 times faster than along the [110] direction [108].

ol



3 Results

3.2 Para-sexiphenyl on mica(001)

3.2.1 Anisotropic growth on mica(001)

This section gives a brief description of previous investigations of films grown by HWE
at the Institute of Solid State Physics in Linz. More details can be found in [114,115].
However, the results will be discussed here because of the availability of new additional
experiments that allow a more detailed description of the morphology evolution.

Figure gives an overview on the change in morphology during the deposition
of 6P on mica(001) in an [HWE] system. The initial stage up to 30 s is characterized
by the formation of small uniformly sized crystallites. The evolution of the crystallite
size is plotted in figure [3.14a] From the diagram it is clear that the crystallite size
increases quickly during the first few seconds and saturates after approximately 30
seconds. This behaviour of the size evolution is typical for a strain controlled growth
mechanism [72,116]. When more material is added instead of further increasing the size
of existing crystallites a new entity is formed. This results in a nearly linear increase
of the crystallite density by a factor of four from ~10 pm™! to ~35 um™! as shown in
figure

After roughly 35 s a critical density of crystallites is reached and suddenly the forma-
tion of chains starts. Figure [3.13b] and |3.13¢| shows two snapshots of this intermediate
growth stage after 45 s and 55 s respectively. The chains formed are all parallel to each
other. Due to the particularities of the mica unit cell only two orientations can be
found on the sample (see figure [2.3| on page |18/ and [66]).

The evolution of chain size is printed in The length distribution of the chains
found in the intermediate stage is analyzed in the histograms shown in figure
The increase in chain density is also presented in figure From this diagram one
can also see that the formation of chains stops the increase of crystallite density.

Formation of 1D chains

The formation of the 1D chains can be divided into three stages. Initially the surface
is covered with small randomly distributed crystallites. From the size evolution one
can conclude these crystallites are most likely strain controlled [72,116]. With ongoing
deposition the density of crystallites increases until a critical density is reached.

The roughness of a clean mica(001) surface is 0.1 nm. However, the roughness of the
surface that is not covered with chains or crystallites after 6P deposition is 0.5 nm. This
increase in surface roughness is the result of an additional closed layer of 6P on the sam-
ple surface. carried out by P. Frank, on samples grown under similar conditions
confirms this assumption. Figure|3.16|shows the obtained desorption spectra for differ-
ent nominal film thicknesses. For small coverages (curves a) and b)) a desorption peak
is found at 550 K. This peak saturates at mean coverage of about 0.2 nm to 0.3 nm.
Taking into account the Van der Waals dimension of 6P of 0.35x0.67x2.85 nm? [9], this
coverage corresponds to 1 ML of rather strongly bound flat lying molecules. For higher
coverages (curves ¢) and d)) a second peak arises. This peak at 480 K does not sat-
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(a)

0.0 pm

G0

35.0 nm

0.0 nm

(b)

50 nm

(d)

Figure 3.13: Growth stages of 6P on mica(001). Morphology after 30 s, m 45 s,
55 s, and final growth stage @ after 6 min of 6P deposition. Note different z-scales
for the images and the larger scan size in @
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Figure 3.14: Evolution of feature size and density for HWE grown 6P on mica(001).
[(a)] change of crystallite size with ongoing deposition. [(b)] change of feature density
with ongoing deposition.
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Figure 3.15: Evolution of chain size and density |[(a)| and histograms for chain length
distribution in the intermediate growth stage @
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urate. The common initial slope and the sharp drop at the trailing edge of the peak
is a clear indication for zeroth order desorption. This desorption can be attributed
to molecules coming from the crystallites and chains sitting on top of the 1 ML thick
wetting layer of lying molecules. These molecules are also lying but are weaker bound.
This combination of wetting layer plus 3D islands is known as[SK]growth mode. [69,115]

Careful analysis of the images from the intermediate growth stage shows that the
chains are surrounded by a denuded zone. In figure such a denuded zone is
drawn around one chain. In the lower left of the image a rectangle of the same size is
drawn in an undisturbed region of the sample. The number of crystallites found in the
lower left rectangle is sufficient to form a chain with the — for this film thickness typical
— length of 1 um. The 3D representation of an individual chain shown in figure
shows the internal structure of the chain.

The formation of the chains is the result of a spontaneous rearrangement process of
the crystallites. The process is triggered when the strain fields of the individual crys-
tallites start to overlap at the critical density. The release of the strain in the wetting
layer leads to the formation of different domains. The created domain boundaries are
straight lines in the direction of the chains in the ordered wetting layer. These can
now act as nucleation centers where the crystallites do not repel any more but attach
and from chains. The uniform length distribution for low coverages is a result of the
reduction of crystallite density through the formation of a sufficient long chain. When
more 6P is deposited new crystallites form until the critical density is reached again
and either a new chain forms or an existing chain grows in length. Coalescence of

p-6P / mica(001)

a) 0.1 nm
b) 0.2 nm

¢) 0.5nm

TDS-Signal / a. u.

400 450 500 550 600

Temperature / K

Figure 3.16: Thermal desorption spectra for 6P on mica(001). The adsorption temper-
ature was 360 K, and the heating rate during desorption 1 K/s. The mean thickness of
the individual films as measured by QCM technique is indicated. From [115]
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existing chains with other chains at higher coverages leads to a broadening of the chain
length distribution. The uniform width and height of the chains is a result of the strain
controlled growth of the crystallites. An annealing experiment described in [114,115]
gives further evidence for this scenario.

It is obvious to look for an explanation for the chain direction that lies in the nature
of the substrate. Campbell et al. [67,68] show that immediately after cleavage one
can find 1 A high steps most likely coming from K* ion domains on the surface. This
domains exhibit straight edges and could therefore in principle act as guides for the
chain formation. However, no preferred orientation is given and the stability of such a
domain is less than ~10 min, which is shorter than the typical transfer time. A more
obvious explanation is given by structural investigations of 6P on mica(001). Plank et
al. [48,66] show that 6P grown on mica(001) has a strong epitaxial relationship to the
substrate. The same three epitaxial relationships are identified for both the freestanding
crystallites and the crystallites forming the chains. However, regarding the orientation
of the molecules on the surface they differ only slightly. All the molecules are oriented
more or less parallel to each other and parallel to the substrate. Together with the
strong sticking anisotropy this leads to the fact that the easy growth directions of a 6P
crystallite are in a plane perpendicular to the surface. The molecules prefer to attach
with their m-orbital overlapping as much as possible. Therefore, the crystallites growth
predominantly in the plane of the herringbone layer but much slower perpendicular
to it. The final direction of the chain is determined by the direction of the domain
boundaries in the wetting layer, which is perpendicular to the molecular orientation.

(a) (b)

Figure 3.17: The chains are formed by a rearrangement process of individual crystallites
into chains. @ The amount of material in the lower left rectangle is sufficient to form
a chain similar to the one in the upper right rectangle. @ 3D representation of a single
6P chain revealing the internal structure of the chain.
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3.2.2 Influence of the growth method

Figure presents an overview of the morphology of 6P grown on mica(001) by
[117]. AFM images for four different film thicknesses all grown at 90 °C are
presented, namely 1 nm (3.18a), 2 nm (3.18D)), 4 nm (3.18¢), and 6 nm (3.18d)). The
substrates where cleaved under ambient conditions and than transfered immediately
into the UHV chamber to reduce contamination. It has been tried to stay close to the
procedure used for the HWE prepared films, however due to the more complex setup
in a UHV OMBE system longer transition times are unavoidable. Before deposition,
the samples where heated to 200 °C for 60 min at a base pressure of the chamber of
5-1071% mbar. This cleaning step is expected to remove airborne contaminations from
the sample surface. However, traces of carbon, carbon oxides, and hydrocarbons are
left on the sample surface after this treatment [69,118].

The films are characterized by a coexistence of small crystallites and kinked needles.
With increasing film thickness their length and density on the surface increases while
their width and height stay nearly constant.

Figure [3.19|shows the evolution of chain size with increasing film thickness. In figure
the average chain length, width, and height are plotted versus the film thickness.
While the first increases dramatically from 160 nm to nearly 2 pm the height stays at
it’s initial value of roughly 30 nm. Also, the chain width only increases slightly from
55 nm, for the 1 nm thick film, to 150 nm for the 6 nm film. Figure presents
the evolution of the chain length distribution with increasing coverage. With ongoing
deposition and therefore longer chains, a significant broadening of the chain length
distribution can be observed. The characteristic parameters of the Gaussians used to
create the lines to guide the eye are given in table 3.2] Its clear that OMBE can
reproduce the main characteristic of the chain formation observed in HWE growth
presented in the preceding section.

One of the obvious difference is the fact that the OMBE grown chains are formed
by long and straight segments. Very small pieces of these segments are also forming
the chains found in HWE growth, however the segments in OMBE grown films are
much longer. Figure shows a 2 um AFM image of a 4 nm thick film (from the
same sample as figure and three cross sections along segments of one chain. The
chains are not straight but consist of a number of long straight and smooth segments

film K
nm nm

1 nm 35 3
2nm 740 60
4nm 400 120
6 nm 1900 330

Table 3.2: Parameters for the Gaussians to fit the chain length distributions presented
in fig. [3.19bl The raw data was obtained from the films presented in fig.
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(a)

(<) ()
Figure 3.18: 6P films on mica(001) grown by OMBE at 90 °C after a preheating step
at 200 °C for 60 min The film thicknesses are: 1 nm for @ 2 nm for @ 4 nm for
and 6 nm for [(d)]

that are tilted with respect to each other. This can lead to either zig-zag chains or
chains that slowly turn in one direction. By carefully analyzing the direction of the
individual segments three dominant directions separated by about 18°could be identi-
fied. Furthermore, from the cross sections it is clear that the individual segments show
no internal structure. Very long straight OMBE grown 6P needles without an internal
grain structure observable by AFM have also been reported from other groups [119].

This is different from the films grown by HWE (see section [3.2.1]), where straighter
chains with a pronounced internal structure are found. However, figure [3.21| shows a
2.5 um AFM image of a 1 nm thick 6P thin film grown on mica(001) at room tem-
perature in a different UHV system. Here, the well know coexistence of chains and
crystallites is clearly visible. The detailed processes leading to chains formed by small
crystallites as presented in this work or uniform more single crystalline needles (espe-
cially those shown by Balzer and coworkers) is not clear. Nevertheless the following
tendencies can be observed:
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Figure 3.19: Evolution of chain length, width and height with film thickness in
OMBE grown 6P films presented in figure [3.18] The chain length increases while chain

height and width change only slightly. [@] the corresponding chain length histograms
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Figure 3.20: Section analysis of a 4 nm thick 6P film grown at 90 °C by OMBE.
1 pm by 1 pm AFM image. [(b)] cross sections along the lines marked in [(a)]
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e cleaner growth conditions (as in OMBE) promote the growth of single crystalline
needles or needles formed by only a few segments.

e HV growth conditions (as in HWE) lead to more segmented needles and ultimately
to the observed crystallites chains.

The AFM images suggest that the kinked chains are composed of larger crystallites
than the straight HWE grown ones. This is confirmed by time resolved investi-
gations carried out by A. Kadashchuk. Figure [3.22] shows steady state PL obtained
at 80 K and 293 K. Both spectra are characterized by a main band at 399 nm and
vibronic progressions at 420 nm and 445 nm. The broad structureless band at around
480 nm observed earlier [120] is missing. Together with time resolved data presented
there, this band can be interpreted as a result of structural defects. The absence of this
band here, confirms the high quality of the OMBE grown chains.

3.2.3 Influence of the growth temperature

To investigate the influence of growth temperature on the film morphology a number
of samples has been grown. The films were prepared at different growth temperatures
and thicknesses in different UHV systems.

Figure shows a 2 nm thick 6P film grown at 200 °C. The mica sample was
cleaved under ambient conditions and than subject to a 60 min preheating step at
200 °C to remove airborne contaminations. The inset shows a 2 nm film grown at 90 °C
discussed earlier (see section on page 57 and figure [3.18)). Figure shows the
distribution of chain length, height, and width. Comparing these results with the films
presented in sec. [3.2.2| on page [57| the consequence of an increased growth temperature
is obvious. The chain width changes only within the error bars from 70 nm to 60 nm.

(a) (b)

Figure 3.21: Chains and crystallites in OMBE 6P films. 1 nm thick 6P film grown at
room temperature under UHV conditions. I@] overview of the morphology. @ 1 pm
by 1 um 3D representation of the same film showing the individual crystallites as well
as an internal structure similar to the one observed in HWE grown films. (z-scale:
25 nm)
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Figure 3.22: Steady state PL spectra obtained from an OMBE grown 6P film at 80 K
and 293 K. The 10 nm thick film was grown at 130 °C. The inset displays the corre-
sponding morphology. Measurement performed by A. Kadashchuk.

However, the change in height and length of the chains is dramatic. While the length of
the chains is reduced from 740 nm to 220 nm the height increases from 18 nm to 45 nm.
Surprisingly, the film grown at 200 °C exhibits a higher crystallite density (125 pm™2
at 200 °C versus 90 pum~2 at 90 °C).

The UHV system in Leoben does not allow cooling of the samples. To access this
interesting part of the growth a series of 6P thin films was grown in an UHV system
of the Institute of Solid State Physics at the Graz University of Technology. Details
on the used vacuum system can be found in [9]. Figure [3.24] shows the obtained film

10 20 30 40 50
height [nm]
T T T 1

feature count

100 200 300 20 40 60 80
length [nm] width [nm]

(b)
Figure 3.23: 2 nm thick 6P film grown at 200 °C. The inset shows a 2 nm thick 6P
film grown at 90 °C. [(b)] chain size distribution for the film presented in [(a)]
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morphologies. The films were grown at —160 °C, 90 °C and 200 °C. The film thickness
is 7 nm in all cases.

The film grown at the lowest temperature (—160 °C see fig. shows a fine
grained structure. The grains are elongated along the vertical direction of the image.
A grain analysis a described in section [2.4.2] gives an average grain dimension of 100 nm
x 200 nm. The rms-roughness of the film is 5.9 nm. The elongation is the result of the
usually observed anisotropy in 6P growth. Even at such low temperatures the driving
force to align the molecules with their m-systems parallel is strong enough to allow the
formation of crystallites with an aspect ratio of 2. Increasing the temperature to 90 °C,
a morphology comparable to the one presented earlier is achieved (see figure .
Figure shows the resulting morphology. The width of the chains is around 80 nm,
the height is 35 nm and the length between 1 pm to 1.5 um. From the FFT presented
in fig. a typical chain to chain distance of 140 nm can be calculated. Increasing
the growth temperature up to 200 °C results in a morphology as presented in fig.
The 6P chains are 100 nm wide, 70 nm high, and several um long. A reliable value for
the length can not be given because some of the chains already start to coalesce. For
the same reason the value given below for the chain density is only a rough estimate. In
general the increased mobility at higher temperatures allows the molecules two avoid
the unfavorable substrate. The result is an increase in chain height and a reduction
of the feature density from 200 um~2 for the low temperature film to 10 pm~2 for the
room temperature film and 2.5 um~2 for the high temperature film. This temperature
induced change of morphology is quantitatively resembles the one observed for HWE
grown 6P thin films for temperatures between 90 °C and 240 °C [121].

The results obtained for films grown by the Graz group and the results measured for
films grown in the UHV system at the Institute of Physics, University of Leoben are
comparable. Typical growth system depended influences like residual gases that act
as contaminations or effects due to geometric peculiarities can therefore be excluded
as the reason for the observed behaviour. In fact, the formation of chains composed
of individual crystallites seems to be the typical morphology for this film substrate
combination.

3.2.4 Influence of surface modification

The growth of 6P on mica(001) is to a great extend controlled by the strong surface
dipole field that interacts with the large w-electron system of the 6P molecule. Two
different approaches have been chosen to reduce this interaction between the substrate
and the film. Two attempts have been made to control the growth. First, via addition
of a surfactant and later on also ion bombardment has been used to change the surface
of the substrate in a way that allows the growth of 6P without a strong film substrate
interaction. This part of the investigation was motivated by the fact that for high
quality mica surfaces the sample has to be cleaved under ambient conditions. UHV
cleaving is not reliable enough to achieve a reproducible surface with large terraces.
However, during the ex situ cleaving contamination is unavoidable and the influence of
different transfer strategies is unclear.
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Figure 3.24: 7 nm thick 6P films grown at —160 °C, 90 °C, and 200 °C.
The series demonstrates the change in morphology with increasing growth temperature
from a granular morphology@into the typical morphology characterized by needles
and From to the chain density is reduced by a factor of 5 while the chain
height is increased due to the higher mobility.
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Modification by surfactants

The samples in the previous sections and the following sections were all cleaved under
ambient conditions and then transfered quickly into the HV /UHYV chambers for growth.
Quickly in this context means that the time between cleaving and start of the pumping
system was between 10 min and 20 min. Figure [3.25] presents a series of AFM images
obtained from contaminated samples. After cleavage the samples were stored under
clean ambient conditions for times between 48 h and 60 h [117].

After insertion into the UHV system the samples were subject to a preheating step
for 5 min at 300 °C. 6P films were then grown at room temperature with a growth
rate of 1 nm/min to the desired thickness of 2 nm (figf3.25a)), 10 nm (fig. [3.25D)), and
15 nm (fig. [3.25c|). The result of the long exposure to ambient conditions is obvious.
In addition to the well known parallel running chains, laterally extended islands are
formed. A cross sectional analysis reveals a height of these islands of 2.6 nm. This
corresponds well to the length of an individual 6P molecule of 2.7 nm. The behaviour
of the crystallite chains with increasing film thickness is similar to the results obtained
earlier (see sections [3.2.1] and |3.2.2).

To confirm the observations regarding the molecular orientation the samples were
investigated with x-ray diffraction. Figure [3.26] shows the result of a specular scan
obtained at the G2 beam line at the CHESS, Cornell University, Ithaca, USA. The
measurement taken from the sample shown in figure shows the 6P(111) peak
originating from molecules with their long axis parallel to the surface. Using the Scherer
equation

D A

(B cos©

one can calculate the minimum crystallite size in the growth direction D, using

the FWHM of the peak [, the cosine of the half of the diffraction angle ©, and the

wavelength A. The resulting minimum size in vertical direction of 10 nm is in excellent

agreement with the chain height measured by AFM. Figure shows two cross sections

obtained from the same sample. While the average chain height is 16 nm the minimum

chain size is only 12 nm. Figure clearly shows the internal structure described in
detail in section

Figure shows the specular scan of a 10 nm thick film (see figure for the
morphology). The shoulder at © = 17.512° corresponds to the 6P(006) peak of sexi-
phenyl indicating upright standing molecules. The large peak to the left corresponds
to mica.

For further understanding of the process, two samples were cleaved under ambient
conditions and stored for 2 weeks. Figures [3.29a] and [3.29¢| show the film morphology
after a 5 min cleaning step at 300 °C and 500 °C respectively and evaporation of a
1.3 nm thick 6P film at room temperature. Two features can be observed immediately

(3.1)

1. large flat terraces of uniform height

2. small circular features of different size
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Figure 3.25: Morphology of 6P films grown on mica after extended exposure to ambient
conditions. @ 2 nm thick 6P film grown after 48 h of exposure. @ 10 nm thick 6P
film after 48 h of exposure. 15 nm thick 6P film grown after 60 h of exposure to
ambient conditions.
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Figure 3.26: Specular scan of a 15 nm 6P film grown on contaminated mica. The large
peak on the left comes from the mica(004) reflex. The peak labeled 6P(111) shows
that the chains are formed from lying down molecules. The data was obtained with
synchrotron radiation.

By careful examination of the topography image one can see that the 6P island
actually grows over the circular bumps. A cross section through the large terraces in

fig. (presented in figure [3.30) reveals that

1. The step height is 2.6 nm.
e The island is therefore formed by upright standing molecules.
2. Only the islands give a phase contrast while the circular structures don’t.

e The islands are formed by 6P.

e The circular structures have the same viscoelastic properties as the rest of
the surface and are therefore mica.

Figure presents the simultaneously recorded friction force image or
mode) to the topography image presented in fig. Just as in the phase image,
contrast is only achieved between the 6P island and the rest of the surface. The circular
bumps have the same friction properties as their surrounding. The circular bumps are
the result of the high temperature preheating step. Natural muscovite like the one
used in this investigation can contain up to 4.5% of water [122-124]. When the sample
is heated to high temperatures the water segregates between the layers and by its
hydrostatic pressure forms the typical bubble shape by pressing up the topmost layers.
This process is temperature dependent as the sample heated up to 300 °C (fig.
exhibits smaller circular features than the one heated up to 500 °C (fig. [3.29¢)).
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Figure 3.27: Cross sectional analysis of the chain morphology in 6P films grown on
contaminated mica. @ shows a larger scale image of the morphology and the position
of the cross sections shown in [(b)] (perpendicular to the chains) and [(c)] (parallel to the
chains).

From the phase image and the independent results obtained by FFM one can state
that the 6P islands grow directly on the mica(001) surface without a wetting layer.
However, AFM is a surface sensitive method and one can not completely exclude the
existence of a wetting layer.

Therefore, TDS was used to proof this scenario. The group of A. Winkler carried
out a number of experiments on samples with different C-coverage. Figure
shows 4 different TDS spectra obtained from 6P films grown on mica samples with
different carbon pre coverage. For morphological characterisation a 0.35 nm thick 6P
is grown at room temperature. This film thickness is equivalent to one monolayer of
flat lying molecules.

Curve (a) in fig. is obtained from a freshly cleaved mica sample without addi-
tional carbon. However, there is about half of the saturation concentration of carbon
present on the surface. Exposure to water and the carbonaceous atmosphere during
the cleavage step are responsible for this carbon layer [118]. The spectrum has two
peaks § and « for the wettinglayer and the beginning multilayer. This sample corre-
sponds to samples prepared in a way used for the rest of the investigations. As shown
in section this wetting layer is present when the typical chain formation takes
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Figure 3.28: Specular scan of a 10 nm thick 6P film grown on contaminated mica. The
shoulder at © = 17.512° corresponds to the 6P(006) peak. The large peak to the left
is assigned to mica.

place. However, increasing the carbon concentration on the surface (curves (b)-(d))
suppresses the formation of the monolayer. In TDS, this shows up by the vanishing 3
peak. Finally, only the multilayer peak remains (d). This drastic change in desorption
kinetics must be the result of a change in growth mode from to a different mode.
Figure shows the corresponding topography in a 3D representation. After depo-
sition of a saturation layer of carbon, a 1 nm thick 6P film has been deposited at room
temperature. The morphology is characterized by 2 ML high islands with an average
diameter of 480 nm 4+ 80 nm for the first layer and 150 nm £ 60 nm for the second
layer. The height of the first layer is 2.65 nm. From the cross section presented in
figure one can see that the second layer shows two different heights. The height
distribution for an individual grain shown in fig. reveals that indeed there are two
different heights for the second layer of 2.2 nm and 2.6 nm. While the second value fits
to the expected height for a layer formed by upright standing molecules, two possible
configurations could explain the reduced height of the inner part of the top layer:

1. This part of the second layer is formed by degraded molecules consisting of only
5 rings. Assuming the same crystallographic structure this would result in a layer
height of roughly 2.2 nm.

2. The molecules in the inner part of the top layer have a different tilt angle. The
resulting tilt angle would be 33° instead of 17°.

From the existing data no conclusion can be given yet which scenario is the correct
one, although the second one seems more likely.

68



3.2 Para-sexiphenyl on mica(001)

0.0 pm 0.5 10 1.5 20

8.0nm 0200V

20 nm 0.000V

(b)

; L =
0.0 pm 08 10 1.8 20 0.0 pm 05 10 15 20

10.0 nm 5.0 deg

0.0 nm 10.0 deg

(d)

Figure 3.29: 1.3 nm thick 6P film formed by upright molecules on mica(001) grown at
RT. and @ contact mode height image and friction image. This film was cleaned
at 300 °C for 5 min. and tapping mode height and corresponding phase contrast
image of he film cleaned at 500 min for 5 min.
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Figure 3.30: Cross sections through the large terrace in fig. (top) and [3.29d| (bot-
tom). Phase contrast is only achieved from the terrace not from the circular structures.

Modification by pre ion bombardment of the mica substrate

Figure |3.33| shows the morphology of a 1 nm thick 6P film grown on ion bombarded
mica at room temperature. The sample was bombarded with 500 eV Ar™ ions for 300 s.
About 1 um large islands with an irregular shape are formed on the surface. The rms-
roughness of the sample surface is 1 nm=+0.1 nm. In contrast to the film grown on a
carbon contaminated sample surface one can notice two main differences.

Also the nominal film thickness is the same as for the film presented in figure
there is nearly no second layer nucleation visible. All islands seem to be formed by one
monolayer of upright standing 6P molecules. The coverage of the first layer is 50%.
The second layer only covers 0.1% of the surface.

Figure gives an overview about the morphology when the film thickness is in-
creased. The samples were prepared under the same conditions as the one presented in
figure [3.33

Figure shows a 4 nm thick 6P film. Up to 6 layers can be counted but in
general there is one nearly closed layer (99.5% coverage) covered by a second layer
(84.2% coverage) followed by isolated mounds of one or two layers in height (26.5%
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Figure 3.31: TDS spectra from partially C-covered mica samples. The 0.35 nm
thick 6P film was grown at room temperature. The wettinglayer peak () disappears
with increasing carbon pre coverage and only the multilayer peak («) is left. [69] [(b)| 3D
representation of a 1 nm thick 6P film grown on mica after deposition of © = 1.0 carbon
(curve (d)). The image size is 2.5 um by 2.5 pm and the z-scale 6 nm. Individual layers
with a height of 2.6 nm are visible.

10 o N 0.8 4
= = Profile 1 3 == Height distribution
2 0.6—5
= 3 T3
£ 67 Eo4]
™ 7 = J
B o E
4 0.2
2 0.0 3
IIIIIIIII|IIHIIIII|IIIIIIIII|IIIIIIIII|HIIIIIII|IIIIIIIII|II||||||||||||||||| ||||||||||||||||||||||IIIIIH|IIIIIIIII'IIIIIIIII|IIIIIIIII|IIIIIIHI|IIIII||||
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 2 3 4 5 5] 7 a8 el 10
® [Hm] z [nm]

(a) (b)

Figure 3.32: Height analysis of a single island from fig. . Cross section through
an individual island. The height of the first layer and the two different heights of the
second layer are visible. @ Height distribution for the same island. Four peaks can
be identified from left to right. First a small contribution from the substrate (3.4 nm,
not representative due to the lack of sufficient statistics), the first layer (6.4 nm) and
two peaks at 8.1 nm and 9.0 nm from the second layer.
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Figure 3.33: 5 um by 5 um AFM image of a 1 nm thick 6P film grown on sputtered
mica.

and 9.3% coverage respectively). The first layer is not closed completely, but has some
small holes in between the different mounds revealing the underlying substrate. (In
figure the substrate is colored in green.)

The described mounds are accompanied by small elongated crystallites that show
no terrace structure. They have an average length of 200 nm+90 nm, a width of
120 nm=+40nm and a height of 50 nm+20nm. These crystallites cover about 5% of
the surface. From their shape we conclude that they are formed from lying molecules.

Figure[3.34b| showsa 10 nm thick 6P film. Several layers (up to 7) can be counted and
a clear tendency to a polygonal shape with a preferred angle of ~120° between adjacent
sides is observable. The orientation of the individual polygonal shaped mounds relative
to each other seems random. In addition to the mounds formed by upright standing
molecules, an increasing fraction (~7.5%) of the surface is covered by small 6P needles.
Although they occasionally connect two mounds usually every mound seems to have its
own needles. Needles on different mounds lack a common orientation as no direction
is given by the substrate. The needles have a length between 100 nm and 1 pum with
an average value of 300 nm=+230 nm. Their average width is 80 nm440 nm and their
height is 70 nm=4-30 nm.

Figure shows the morphology of a 30 nm thick 6P film. The polygonal shape
of the mounds becomes more pronounced but also the surface fraction covered by 6P
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Figure 3.34: Series of AFM images showing the evolution of the film morphology with
increasing film thickness. All films were grown at RT on ion bombarded mica(001). [(a)]
4 nm, @ 10 nm, 30 nm, and @ 100 nm film thickness.
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needles increases. Again neither of these two structures exhibits a preferred orientation.
The needles have roughly the same length distribution as in the previous sample with
an average of 330 nm=+250 nm. The width changed slightly to 100 nm=+50 nm and also
the height increased to 110 nm=+20 nm. However, their number increased significantly
as they now cover 15% of the surface.

Figure finally shows the thickest film in this growth series with a film thickness
of 100 nm. About half of the surface is now covered by a network of 6P needles.
Their width is about 100 nm4-50 nm and the height obtained from cross sections is
130 nm=£30nm. As the chains start to coalesce the length is hard to estimate but it
is in the range between 100 nm and 1 um. Although the needle fraction has increased
dramatically the mounds continued to grow in height and a high number (more than
20) of terraces can be counted.

The needles are most likely formed from lying down molecules as they show the same
morphology and features already known for needles or chains on other samples. This
speculation is supported by the fact the needles only occur on the thicker films. On the
first sample (see figure no needles can be found. The formation of these needles
requires an ordered substrate. However, the mica surface is disordered due to the
preceding ion bombardment. When the film thickness increases and ordered mounds
of upright standing 6P form they in turn act as the ordered substrate necessary for the
formation of 6P needles. The needles are branched but show only a limited number of
angles between the individual branches located on one mound. The most commonly
observed angles are 18°, 90°, and 120°. Also combinations of the three are typical for
6P (see the structural and real space information in [53,109,125] and many others).

To investigate the morphology of the mounds the needles had to be removed from
the images using the following method:

1. Mark all needles with a height thresholding algorithm.

2. Remove the selected parts of the surface with a Laplace filter using the unmasked
area as a virtual source.

3. Calculate all further data for both the corrected and the uncorrected.

The last step allows to judge how strong the procedure disturbed the data.

Figure shows the result of such a data manipulation. Although some fragments
of the chains remain, the surface is now dominated by the mounds. One can also see
that this process does not disturb the morphology of the mounds.

Figure |3.36| shows the characteristic shape of the mounds. The polygonal shape is
clearly visible. The cross section shows a very unique shape. It is a sequence of steps,
each the height of one monolayer, but the overall shape of the line is characterized by
a large slope at the beginning that gradually decreases towards the top of the mound.
This leads to the deep trenches between the different mounds, also visible in figure [3.36
and figures [3.34b| to [3.34d] To obtain an average shape of the mounds the following
procedure is used [28,42,126]:
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Figure 3.35: Tllustration of the procedure to remove the needles. 5 um by 5 um AFM
image of a 30 nm thick 6P film before @ and after @ removal of the needles using
the procedure described on on the preceding page.

000 pm 020 040 050 0.80
&0 nm
0.08 3 -
E — Profile 1
0.07 3
0,063
E =
=3 =
~0.053
0.04 3
0.03 3
||||||||||||||||||||||||||I\Il|||||||||||||||||||||||\|||||
30 nm 0.0 0.1 0.2 0.3 0.4 0.5 0.6

% [um]
(a) (b)

Figure 3.36: A typical mound in a 30 nm thick 6P film. A small needle is sitting
on top of the mound. @ shows the cross section marked in @ One can see the
characteristic lateral shape of the mound, characterized by a deep trench separating it
from the neighboring mounds.
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1. If necessary the needles are removed following the procedure introduced above.

2. The total area of each terrace is calculated. This includes the visible part but
also the part covered by the next layer.

3. The square root of the area is defined as the equivalent radius of the layer.
4. The radius of several grains is normalized.

5. The arbitrary layer number is plotted versus the normalized grain radii.

Figure |3.37| shows the result obtained from 5 different grains in a 30 nm thick 6P
film. The shape is characterized by the following features.

1. 2.6 nm=0.3 nm step height between the individual layers
2. A non-uniform slope
3. Deep trenches at the bottom

4. A flat top
Figure shows the result of the same analysis for the 10 nm and 100 nm thick
films. The shape found in these films is similar to the one described above. From the

shape one can draw the following conclusions

1. The uncovered areas of the terraces become smaller towards the bottom.

20 T T I T I T T T

—— cumulative poisson fit
< average from 5 mounds

number of layers

0 0.2 0.4 0.6 0.8 1
normalized mound radius

Figure 3.37: Shape analysis for mounds in a 30 nm thick 6P film.
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Figure 3.38: Mound shape analysis for a 10 nm and a 100 nm thick 6P film.
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2. The probability for a molecule to land on a lower terrace is smaller compared to
landing on a higher terrace.

This points towards the Zeno-effect described in section[1.2.2] Indeed the data points
can be fitted (solid line in fig. and by a cumulative Poisson Distribution.

We can calculate the relevant roughness parameters for the films from the HHCF
and by fitting with equation [2.10] This allows to check the predictions made by the
Zeno model for the following roughness parameters: o root mean square roughness, ¢
system correlation length, a Hurst parameter, and A Mound separation.

We will first discuss the two most important parameters o and A because they will
allow us to judge if we indeed have have a morphology that can be explained by the
Zeno Model.

Figure[3.39a]shows the evolution of the rms-roughness with ongoing deposition. Here,
o is plotted versus the film thickness in ML. If we fit the data (ignoring the data for the
film with a thickness below 1 ML) we obtain a value for the growth exponent /3 of 0.48
which is in perfect agreement with the predictions of the Zeno Model. As shown earlier,
the Zeno Model predicts an evolution of ¢ following a power law with an exponent of
1/2. In the graph, the fit (solid line) and the prediction of the Zeno Model (dashed
line) are drawn. The first data point is not included in this and the following fits as no
mounds have formed so far. A further reason is given on B5pp.

Figure shows the evolution of the mound separation A with ongoing deposition.
Again we can use a power law to fit this data and obtain an dynamic growth exponent
1/z of -0.01. Within the error of the estimation this means that the mound separation
does not change and 1/z = 0. This is one of the predictions made by the Zeno model.
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Figure 3.39: Vertical and lateral roughness evolution of 6P on sputtered mica.
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A consequence of the Zeno Model is that there is practically no mass transport between
individual mounds. Therefore the distance between the mounds is fixed after the initial
nucleation on the substrate.

The two remaining parameters « and ( are plotted in figure [3.40] Figure shows
that the Hurst parameter « has values very close to 0.5 for all film thicknesses. This is
a consequence of the cumulative Poisson distribution like lateral shape of the mounds.
The theoretical form of the mounds is characterized by very pronounced peaks at the
top and deep trenches at the bottom. Such a surface profile leads to an exponential
surface height distribution where the majority of all height values in concentrated in a
center region of the surface height distribution. Such a surface is described by a Hurst
paramter of 1/2. However, in a real film the top is truncated, but the deep trenches
will still lead to an exponential height distribution. The system correlation length ( is
a measure for the randomness of the mound separation A\. With ongoing deposition,
the footprint of the mounds does not change as mass transport between the mounds
seems to be suppressed. However, when more layers are grown the mound shape gets
more regular and the mound tip seems to center above the mound base. This leads to
an slight increase in the order parameter ¢ shown in figure [3.40b

As a consequence of the constant mound separation is that the bottom point of the
mounds do not move with ongoing deposition. The top edge of the mound moves only
vertically but not horizontally, because the top terrace diameter is constant for a given
value of the step edge barrier. This leads to the fact that with ongoing deposition the
mound slope is increasing continuously. The local mound slope is given by
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Figure 3.40: Evolution of additional surface parameters. evolution of the Hurst
parameter o which is a measure for the jaggedness of the surface. [(b)] evolution of
the system correlation length (, a measure for the randomness of the lateral mound

separation A (fig. |3.39b))
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1 272
m? = 20 (F + A—Z) (3.2)
which reduces to
m = % (3.3)

for (/A < 1193,95]. The result is plotted in figure [3.41]

Figure [3.41]shows the result of equation[3.3] A power law fit (m = d") to the obtained
data points reveals that the slope is increasing with an exponent n = 0.55.

The statistical analysis carried out above clearly shows that the growth is following
the predictions made by the Zeno Model, we can therefore use the equations ,
, , and given in section to calculate the Ehrlich-Schwobel Barrier
necessary to obtain the observed mound shape.

The top terrace size used in can be obtained by measuring the top terrace
diameter ¢ from cross sections which is between 20 nm and 60 nm. A =1 pum is an
estimate for the diffusion length used in (L.5). On could argue that the obtained X value
is not obtained from a homoepitaxy experiment but from a heteroepitaxy experiment.
In deed the nucleation happens on the ion bombarded mica surface and not on a 6P
film. The rest of the growth is then similar to homoepitaxy as 6P grows on already
existing terraces of 6P. However, our estimate for A\ will result in a minimum diffusion
coefficient. If the diffusion coefficient for 6P on 6P would be significantly smaller than
the one observed two nuclei would form on top of the first single layer islands. This is
not the case as can be seen from two observations:
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Figure 3.41: Local slope m plotted versus the film thickness in ML.
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1. A\ is constant throughout the whole experiment so no new mounds are nucleated
after the initial nucleation on the mica surface.

2. A significant deviation towards higher coverages for the second and higher layers
is not observed for the first 1 nm thick film.

Using the values the for para-Sexiphenyl can then be estimated to be 0.67 eV.
The error of ~0.1 eV in this estimation comes mainly from the uncertainty in ¢ which
is hard to measure.

This is a very high value for the additional energy barrier an molecules encounters
when trying to jump over the terrace edge. However, several arguments can be made
to support this finding.

Incorporation from above like downward funneling [127] or a push out mechanism
where an edge particle is pushed out so that a second on top of the terrace can take
its position [23,128,129], plays no role in the formation of these mounds. As has been
shown by Schinzer et al., these processes that would effectively circumvent the stage
of hopping across the edge, would lead to a growth exponent # ~ 0.3, which is not
observed here. Furthermore, it would lead to slope selection instead of the observed
continuously increasing local slope m [130].

A low number of kink sites at least for the thicker films can be assumed. At a
kink site, the barrier might be expected to be lower than on a flat step. However,
if one looks at the sequence of images with increasing film thickness (fig. one
can see that the terrace edges are getting very smooth already at very low coverage
(4 ML see figure which results in high values for the ESB. Two effects lead to
the straightening of the step edges.

1. With ongoing deposition the lower lying terraces become smaller.
2. This in turn will reduce the number of molecules landing on a terrace.

3. This will give edge molecules more time to diffuse around the step edge to find
an existing kink position instead of forming a new kink dimer.

The smoothing effect on the step edges gets stronger with increasing film thickness
and should lead to an increase of step edge barrier with ongoing growth. During the
deposition of the first few monolayers a higher kink density will exist and reduce the
height of the barrier. This effect has been described already by Kalff and coworkers for
Pt homoepitaxy.

However, Pt atoms are zero dimensional particles. For quasi one dimensional molecules
the situation is more complicated.

81



3 Results

The anisotropy of the building blocks and the possible consequences will be dis-
cussed in the following. It will lead to a much more complicated situation than in the
classical inorganic picture of the ESB, where just single atoms are the diffusing species.

Different situations can be imagined when a molecule tries to diffuse across the step.

1. The diffusion direction and the long molecular axis are the same.

e As the molecule will most likely diffuse in a direction parallel to its long
molecular axis, it is approaching the step in the correct orientation.

e When the molecule manages to diffuse over the edge it will be in the correct
orientation for incorporation into the layer.

e In an intermediate stage the molecule is either sticking out over the terrace
(assuming it is rigid) or heavily bent.

2. The diffusion direction and the long molecular axis are perpendicular to each
other.

e Assuming that diffusion on the terrace is primarily along the long molecular
axis, the molecule has to turn to reach a position where it can move over
the edge.

e After the molecule has overcome the barrier it has to rotate a second time
to be incorporated into the terrace.

e A flexible molecule can sneak over the edge without to much bending.

However, in both situations for a rigid molecule approximately half of the bonds
between the diffusing molecule and the terrace have to be broken at some point. From
experiments it is known that the molecules are very flexible [131], and can therefore
partly saturate the broken bonds by bending over the edge and exposing their unsatu-
rated m-electrons to the m-systems of the molecules at the terrace edge.

Preliminary MD calculations performed by P. Puschnig from the Chair for Atom-
istic Modelling and Design of Materials, University of Leoben, using Brenner‘'s REBO
potential [132]| for the short-range interactions while the long-range nonbonding van
der Waals interactions are characterized by the Lennard-Jones (12,6) potential [133],
support these ideas. The binding energy for a single lying 6P molecule on the (001)
6P surface is about 1.27 eV. This is in good agreement with the above statement that
half of the bonds have to be broken to diffuse across the terrace edge, and the ESB
should therefore be about half of the binding energy. The calculations also revealed
a minimum diffusion barrier of 0.11 eV for a molecule diffusing in the direction of its
long axis in on a (001) terrace of 6P. It seems most likely that most of the molecules
will therefore, arrive in the first of the two above described configurations at the step
edge. If a molecule is placed perpendicular to the step edge with approximately half of
it sticking out, it will diffuse downwards. When in the starting positions more phenyl
rings are still on the top terrace it will lead to a movement back onto the terrace.
The energy necessary to put a single 6P molecule in this position is roughly 0.76 eV.
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Taking into account the diffusion barrier this results in an ESB of 0.65 eV. However,
performing the same optimization for a molecule placed parallel to the step edge results
in a lower step edge of only 0.55 eV. Figure [3.42] shows three snapshots taken from the
corresponding 10 ps long MD simulation. The problem with this particular pathway
across the step edge is that the molecules seem to diffuse mainly in a direction paral-
lel to their long axis. To get into the assumed starting position the molecule has to
rotate. Although the barrier is smaller, this process might not be observed because it
is unlikely that a molecule can reach the starting position. Currently MD simulations
are performed by P. Pusching to investigate this necessary step.

The situation gets more complicated when one also looks at the tilt angle of the
molecules in the underlying terrace. As one can see in figure [3.43] it makes a huge dif-
ference for the molecule which side of the terrace it encounters when trying to overcome
the edge. In figure the diffusing molecules are drawn perpendicular to the step
edge for better visibility. From the results presented above it is more likely that the
molecule is diffusing over the step edge parallel it. When the molecule starts to stick
out over the edge (fig. there will be a different energetic situation between the
left and the right molecule (fig. [3.43g) this will change the way the molecule moves
over the terrace edge (fig. 3.43¢)). It has to be stressed that the energy landscape
shown in is only a sketch and does not not show the real dimensions neither in
length nor in energy. The energy gain for incorporating a molecule into the existing
terrace will most likely be equal or similar for left and right edges. However, finally
both of the molecules will be incorporated into the top terrace (fig [3.43).

In a real crystal the situation has to be refined. The 6P mounds have a polygonal
shape with 6 sides in average, as a result there will be a number of different steps on
a mound. These steps will not only differ in tilt angle but also in the way they are
terminated by the herringbone structure of the molecules. The ESB for most of the

(a) (b) (e)

Figure 3.42: 6P molecules diffusing over the step with a starting position parallel to
the step edge. molecule in its starting position for the simulation parallel to the
step edge. @ sneaking over the edge, and the molecule has overcome the edge and
is finding its final position. (Courtesy of P. Pusching)
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(a) (b) (<)

(d) (e) (f)

()

Figure 3.43: |(a)q(f)| sequence of sketches showing two individual 6P molecules moving
over forward and backward tilted edges onto a lower terrace. Principle energy
landscape for molecules diffusing from the shown top terrace to the lower one. Due to
the different orientation of the slab molecules with respect to the edge different energy
barriers are encountered by the molecules.
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steps will be between the two drawn extremes from figure |3.43|

The initial step in mound formation needs further attention. A cross section
through one of the islands in the 1 nm thick film (shown in figure reveals a
different height (2.0 nm=+0.15 nm) as expected one for a tilt of 17°(2.7 nm). Fig-
ure [3.44b| shows the height histogram which yields the same average film thickness
of 1.98 nm=+0.27 nm for the islands. As a collective degradation of 6P to 4P (with a
length of approximately 18 nm) is a very unlikely scenario, a different tilt angle for the
molecules is a much more realistic reason for the difference. A tilt of the long molecular
axis with respect to the surface normal of 46° would explain the reduced island height.

A similar situation is found for the 4 nm thick film. In figure the height distri-
bution for image is shown. Fitting the individual peaks with Gauss shapes shows
that the layer separation increases with increasing mound height. While the first mono-
layer has a height of 2.33 nm this value increases and reaches the value expected for
17° tilted molecules of 2.7 nm in the bulk 6P configuration. Table summarizes the
measured height and the resulting tilt angle of the molecules. The difference between
the two values given for the first monolayer is most likely related to the fact that they
are obtained from two different samples with different coverages. This in addition to
the uncertainty of the growth process can explain the difference.

Figure displays the situation. The orientation of the molecules in the first layers
are influenced by the substrate while layers further away from the mica surface feel
less influence. As a result the molecules close to the interface have to find a position
between satisfying the constrains given by the molecule substrate interaction and the
molecule molecule interaction also present in the bulk phase. However, molecules in a
layer separated further from the substrate can find their optimum position similar to
the bulk phase. A similar phenomenon has been observed for the growth of copper-

phthalocyanine (Cu-Pc)) on highly oriented pyrolytic graphite (HOPGJ). There the tilt
angle of the molecules gradually decreases from 90°(flat lying) in the first monolayer

43 “profile1 ]| 17 — Height distribution
3 — Fit 7 — Fit
33 ] — Fit
= 1.04
- 3 = 7
€27 E 7
> 3 a7
3 0.5
1+ ]
03 0.0 7
|||\IIII|||||||||||||||||||||1||||||||| IIIIII!IIII||||||||||||||||||||||III|IIIIIIIII|I||\|||||
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Figure 3.44: Section and height histogramof a 1 nm thick 6P film (see fig.|3.33)).
The histogram includes the whole picture (32 islands).
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Figure 3.45: Height distribution obtained from a 4 nm thick 6P film on modified

mica(001) (see figure The first peak at 1.3 nm originates from the substrate.
The following peaks are from the individual 6P layers.

Layer thickness [nm| angle comment

1 2.00£0.1 43°  isolated monolayer islands (fig. @

1 2.334+0.9 32°  measured at the small holes in the first monolayer
2 2.39+0.4 30°  averaged from three different images

3 2.55£0.5 22°  averaged from three different images

4 2.69+0.6 19°  averaged from three different images

- 2.73 17 bulk value

Table 3.3: Increase of layer thickness for the first 4 layers as found in the 4 nm thick
film and calculated thickness of a layer having the bulk structure. The first value is
obtained from a 1 nm thick film where only isolated islands are found.

86



3.2 Para-sexiphenyl on mica(001)

to smaller values for thicker films [134]. An analogous observation is also reported for
on MoS,, where the molecules lie flat in the monolayer but are tilted in thicker
films by 10°with respect to the substrate surface [135]. A closely related behavior is
known from pentacene thin film growth. However, there it is an abrupt transition from
an orthorhombic polymorph (the so called thin film phase [136]) to a triclinic one [137].
The transition observed here is a smooth reorientation from a tilt angle of over 40° to
17° for the bulk phase.

A different consequence of the increased tilt angle can be seen by carefully analysing
the 1 nm thick film shown in figure [3.33] Assuming the absence of interlayer mass
transport due to the existence of the high ESB as has been determined above, a nominal
1 nm thick film would lead to a coverage of 37% for the first monolayer. A part of the
molecules should form a second and maybe third layer because of the calculated ESB
of 0.67 eV. Surprisingly no third layer was found in this sample and the second layer
covers only 0.11% percent of the sample surface. We can use to calculate the
expected coverage for a 1 nm and 4 nm thick film. h has to be expressed in terms
of monolayers and is 0.37 ML and 1.48 ML respectively. The expected coverage in the
different layers and the measured values are summarized in table It is clear that the
lower coverage in the higher layers must be the result of significant interlayer diffusion
due to a lower step edge barrier. In addition to the effect of an increased kink density
for the first layers, this fact can be explained by the increased tilt angle of the molecules
in the first layers.

Due to the higher tilt angle in the first layers, molecules diffusing on them will feel a
stronger influence from the m — 7 interaction with the molecules terminating the edge.
This will lead to a decrease of the ESB and result in the observed more layer by layer
growth for the thin films. Figure[3.47]illustrates the situation. Due to the increased tilt
of the molecules forming the first layer, a larger force (orange arrows) is acting on the
molecule trying to diffuse down compared to a molecule trying to do the same thing in
the top most layer with the bulk structure.

We can use ([1.6) and (1.7) to get an estimate for the reduced barrier in the first

Figure 3.46: Sketch illustrating the gradual increase of the molecular tilt angle in the
first few layers.
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layer 1 nm thick film 4 nm thick film
expected value measured value expected value measured value
1 30.9% 50.0%+2% 75.5% 94.5% +4%
2 5.3% 0.1%+0.01% 41.8% 84.2%+3%
3 0.6% 0% 16.9% 26.5%+1%
4 0.005% 0% 4.6% 9.3%+0.5%

Table 3.4: Expected and measured coverage for the 1 nm and 4 nm thick 6P film.

Figure 3.47: 6P island with different tilt angles for the individual layers and molecules
trying to diffuse to a lower layer. The energy landscape at the bottom is indicating the
level depended ESB. The size of the orange arrows indicates the size of the additional
force acting on the molecule due to the m — 7 interaction.

monolayer. About 2% of the islands have nucleated a second layer island. The size of
the islands measured in terms of their perimeter is 2.566 pum=4-60 nm or 4276 given in
units of edge sites. The area of the islands necessary to determine o = 0.055 is 0.36 pm?.
Using these values, an [ESB| of 0.26 eV can be estimated for the first monolayer. This
is significantly lower than the final value of 0.67 eV and well outside the error of 0.1 eV
for the above estimation.

The trend of a lower ESB with increasing tilt angle of the molecules is also verified
by MD simulations performed by P. Puschnig. Figure [3.48] shows the calculated ESB
for 6P layers with different tilt angles. Although the value are different the trend is
reproduced by the simulations.

In section we assumed that the size of the stable nucleus is in fact 2 (i* = 1).
From the presented data no assumptions can be made on the real size of the nucleus.
However, for ¢* > 1 nucleation on the top terrace would be more difficult and the
terrace would get bigger before the next layer is nucleated. Therefore, to get the same
resulting shape an even higher ESB would be required. Our result can therefore be
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Figure 3.48: MD simulation results for level depended ESB. With increasing tilt angle
the step edge barrier decreases. (Courtesy of P. Puschnig)

interpreted as the minimum ESB necessary to obtain the described cross sectional shape
of the mounds. New results obtained by M. Campione [138] for sexithiophene on
67T(100) homoepitaxy reveal a critical nucleus size of 1 (i* = 1) at room temperature.
Only for elevated temperatures they find i* > 3. Other results obtained for 6T are also
in good agreement with the results reported here. Taking into account the similarity of
the two molecules the calculated diffusion barrier for 6T on 6T(100) of 0.063 eV [138|
is on good agreement with the one obtained in this work for 6P.

Such a level depended Ehrlich-Schwobel-Barrier, as it is observed here, requires a
strong substrate film interaction that is gradually attenuated by the film. Therefore,
organic thin films are good candidates for the observation of such a mechanism. For
6P the level depended Ehrlich-Schwobel-Barrier leads to a transition from a more layer
by layer like growth mode to mound growth that can be explained by the Zeno-effect.

3.3 Para-sexiphenyl on amorphous SiO,
The samples used in this section were grown under supervision of Roland Resel by

Ondrej Langyel, David Gundlach and Kurt Matoy, Inst. of Semiconductor Physics,
TU-Graz and kindly given to us for AFM investigations.

3.3.1 Influence of different growth rates

Figure shows the morphology of a 6P thin film grown on SiOy by physical vapor
deposition. The growth temperature was 150 °C and the film thickness is 50 nm. The
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growth rate used was 24 nm/min.

Figure shows a detailed image. Deep trenches are clearly visible. From fig-
ure the cross sectional shape and the terraces can be seen. Figure |3.49b| shows
the evaluation of the relevant roughness parameters using both the well known form of
and the modified form to fit the HHCF. The modified HHCF fits the data
perfectly and gives a average mound separation of 875 nm. The shape of these mounds
is similar to the ones found on the ion bombarded mica surface, and are the result of
the same growth mechanism.

A second film was grown with the same film thickness but a lower evaporation rate.
Figure displays the resulting morphology when the growth rate is reduced to
2.4 nm/min while all other parameters are held constant. From figure as well as
from the results obtained by from the HHCF (shown in figure one can easily see
that the reduced growth rate leads to a reduction of the mound density as expected
from kinetic nucleation theory (see (L.5). The mound separation is increased from
875 nm to 1150 nm, and the rms-roughness is decreased from ~10 nm to ~8 nm for
the film with the slower evaporation rate. Figure [3.51]shows a 3D representation of the
mound morphology. The typical Poisson shaped mounds formed by terraces of upright
standing molecules can be seen.

Using the fundamental relation for the nucleation density we can calculate
the critical nucleus size for this temperature. In figure the nucleation density
N = 1/)\? is plotted versus the flux of incoming molecules. The slope of this line gives
the exponent i*/d(i* +2) = 0.25. d = 2 and therefore i* = 2.

Two things have to be kept in mind when considering this result. Unfortunately, only
two data points are available for the fit. Nevertheless, the result fits surprisingly good
to ¢* = 2. This is higher than the value that has been assumed for the determination
of the second layer nucleation in section [3.2.4] on mica. However, the films there where
grown at RT. Increasing the growth temperature by 120 °C requires more bonds to
form a stable nucleus. This well known behaviour, has been seen in inorganic epitaxy
as well as organic homoepitaxy [138§].

We can use this value for i* in and calculate the ESB for 6P thin films grown on
SiO,. The values for the top terrace diameter can be extracted from the obtained AFM
images. To unambiguously find the top terrace, an edge enhancement filter is used.
The size of the top terrace is then easily measured from images like the one shown in
figure [3.53

The diameter of the top terrace is 60 nm+14 nm for the sample with the high evapora-
tion rate and 81 nm=15 nm for the sample with the lower evaporation speed. Together
with the measured mound separation we can estimate the to be 0.71 eV£0.07 V.
These result is well inside the error given for the previous analysis for 6P thin films
grown on ion bombarded mica(001) surfaces at RT.
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Figure 3.49: morphology of a 50 nm thick 6P film grown at 150 °C on SiOs with
a deposition rate of 24 nm/min. @ HHCEF including fits for a random rough surface
and a mounded surface. detailed AFM image of the mounded surface, and@cross
section showing the cross sectional mound shape.
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Figure 3.50: morphology of a 50 nm thick 6P film grown at 150 °C on SiOs with
a deposition rate of 2.4 nm/min. HHCF including fits for a random rough surface
and a mounded surface.

Figure 3.51: 3D representation of the mounded morphology
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Figure 3.52: Nucleation density N versus flux F' of incoming particles in units of
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Figure 3.53: Terraces in a 50 nm 6P thin film grown on SiO, at 150 °C with a evapo-
ration rate of 2.4 nm/min. @ morphology and only the edges of the terraces.
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3.4 Para-sexiphenyl on Gold(111)

This section will discuss results obtained by AFM for the growth of 6P on the Au(111)
surface. The results have been published in [53]. For the effect of carbon pre coverage
on the morphology of phenyl thin films grown on gold the reader is referred to the
following publication by the auther on quaterphenyl growth [139] as well as additional
publications concerning the structure of the grown films [140, 141].

3.4.1 Influence of growth temperature

To understand the changes in morphology when changing the substrate temperature a
number of samples were grown at different deposition temperatures. Figure [3.54] gives
an overview.

Figure shows the morphology of a 100 nm thick 6P film grown at 93 K and
measured at RT. The film is characterized by round crystallites. Figure [3.55| shows
the result of a watershed grain size analysis. The majority of the crystallites has a
mean radius of 24 nm+10 nm. The crystallites show no preferential orientation. This
is in full accordance with x-ray investigations that showed that the ©/20 scan can
be fitted well by a powder pattern. Several distinct peaks corresponding to several
different crystallites formed by molecules lying on the surface as well as crystallites
with their molecules standing upright can be observed. However, they seem to have
no preferential orientation on the surface. All these investigations were carried out
at room temperature. A combined and X-ray photoelectron spectroscopy
investigation, carried out by S. Miillegger, showed that the heating to room temperature
will not substantially influence the film morphology. By monitoring the Au 4; signal
during warm up it could be shown that no substantial reordering takes place up to
350 K [53]. The onset of desorption is at roughly 450 K.

Figure [3.56| shows the watershed analysis done for a 30 nm thick film grown at 300 K.
The grain radius distribution is fitted by two Gaussian fits. Comparing the result with
figure the former small second peak at larger grain radii (42 nm for 93 K) shifts
and becomes the dominant feature at 53 nm=+24 nm, indicating a profound shift to
larger grains for the higher temperature film.

Figure |3.57 shows the result of a 2D FFT of a 10 pm large AFM image obtained
from the film grown at 300 K. In contrast to the FFT of the film grown at 93 K (not
shown) it is not only characterized by a ring but also by two peaks, indicating a higher
order in this direction. Figure shows cross sections through the 2D-FFT. While
the cross section in the peak direction (black) shows a clear peak the ones obtained for
30°and 90°off this direction do not show any pronounced features. The directions were
chosen in such a way that it becomes clear to off the peak direction only a small ring
remains. This difference in the morphological order is not surprising as the film grown
at the higher temperature also shows a clear orientation relation to the substrate in
x-ray investigations. ©/20 scan revealed the preferred (213) plane to the substrate and
aligned with the sixfold symmetric Au(111) surface [78|. However, only one clear pair
of peaks is observed in the FFT. The overall shape of the FF'T nevertheless is hexagonal
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Figure 3.54: Morphology at RT for different 6P films grown at various temperatures

on a Au(111) surface. [(a)] 100 nm grown at 93 K, 30 nm grown at 300 K, [(c)[30 nm
grown at 330 K, and [(d)] 30 nm grown at 430 K (20 times larger lateral scale).
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Figure 3.595: watershed mask for showing the individual grains and |(b)
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Figure 3.56: watershed mask for |3.54b| showing the individual grains and |(b)
average grain radius. Two Gaussian fits are included at 20 nm=+15 nm (green) and
53 nm=+24 nm (red).
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indicating that the morphology indeed is correlated to the underlying surface structure.

Increasing the temperature further by only 30 K to 330 K results in dramatic changes
to the morphology. The morphology shown in figure is characterized by organic
looking patches of weakly oriented 6P crystallites separated by large holes probably
reaching down to the substrate. The width of the holes varies but lies between 100 nm
and 500 nm. Their length can vary from only a few hundred nm up to several pum.
Figure |3.58| gives a larger overview over the morphology observed. The average size
of the patches formed by randomly oriented crystallites is about 2 um. These patches
are separated by the holes mentioned above. AFM doesn’t give a clear answer to the
question what can be found at the bottom of the holes. However, cross sections (not
shown) done at the bottom of the holes indicate that they might contain some 6P. A
cross section on the Au(111) surface should give a flat structureless line which was not
the case. A small part of the surface is covered by a third structure, as can be seen
cross section presented in figure It shows two cross sections one through one
of the organic looking patches already discussed, and one along one of the randomly
placed straight needles. The are formed by larger building blocks and therefore show
a smoother cross section. The more important fact however is, that they are strongly
oriented in one direction. However, they do not show any packing and can be found in
random positions all over the sample. Several of them, oriented from bottom right to
top left, can be found in figure [3.58a] The needles are obviously the result of the higher
crystallinity also observed by x-ray investigations. ©/20 scans show a much clearer
(213) peak and also the pole figure taken for this plane is clearer compared to the one
obtained from the film grown at 300 K [78].

Increasing the temperature further to 430 K results in the expected increase of crys-
tallinity observable by x-ray but also by AFM. As a consequence the size of figure |3.54d
had to be chosen 20 times larger than the other images in figure Large patches of
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Figure 3.57: m 2D FFT of a 10 um large AFM obtained from a 30 nm thick 6P film
grown at 300 K (see figure 3.54D)). [(b)] cross sections through the 2D FFT at the peak
position (black), 30°(red), and 90°(green) off.
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Figure 3.58: 10 wm large AFM image of a 30 nm 6P thin film grown at 330 K on
Au(111). 2 pm large patches of small randomly oriented crystallites separated by holes
probably filled with 6P. Further more some straight 6P needles formed by larger crys-
tallites can be seen. [(b)] cross section along a needle (black) and through one of the
organic looking patches (red).

parallel oriented 6P needles characterize the surface morphology. The length of the 6P
needles is between 1 um-2 wm up to 15 um. However, as can be seen from the detailed
AFM image in figure [3.59] the needles are neither uniform nor completely straight.
They are built from smaller subneedles which are slightly misoriented with respect to
each other and are sometimes curved. The angle between the individual parts of a long
needle changes. Angles of about 20° and multiples of this value seem to be common.
However, the orientation of the subneedles oscillates around a main direction. Although
the needles are not straight the 2D FFT presented in figure [3.600] clearly shows the
primary sixfold symmetric orientation of the needles induced by the sixfold symmetry
of the underlying Gold (111) surface. The height of the needles (between 200 nm and
500 nm) is correlated to the distance between them. Comparing the patch of needles
in the center of figure with the ones on the rim of the image one can see that in
general higher needles are separated further. This is also obvious from the cross section
shown in figure

The area between the needles is covered by mounds of upright standing molecules
up to 50 nm high. Figure [3.61] shows an enlarged part of the area between the needles
and two cross sections. A number of growth mounds can be found on the surface. The
cross section shown in figure is taken on the upper part of such a mound and
shows the 2.7 nm large step height, typical for upright standing molecules. One can
clearly see that the shape of these mounds is characterized by steep trenches visible in
the cross section shown in figure [3.61d These steep trenches were already discussed in
an sections [1.2.2] and [3.2.4] and are a hint towards a high step edge barrier, inhibiting
or at least reducing interlayer transport.

The observed coexistence of mounds formed from upright standing molecules and
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Figure 3.59: 10 um by 10 um large AFM image showing the kinked nature of the long
6P needles found at 430 K.
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Figure 3.60: cross section through figure |3.54d|. 2D FFT of figure|3.54d| A clear

six fold symmetric structure can be observed.

needles of lying down molecules is often observed. As the amount of upright standing
molecules increases with temperature this can be related to an increased nucleation
property of such mounds on an increasing number of defects found on the hotter sample
surface.
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Figure 3.61: AFM image of 30 nm thick 6P film grown at 430 K on Au(111). The
area between the needles is covered by mounds formed by upright standing molecules.
@ and show the marked cross sections
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Growth of 6P can be roughly divided into two sections.

e Lying molecules generally lead to the formation of crystallites and large anisotropic
needles or chains of crystallites. In many cases these structures grow on a wetting
layer also formed by lying molecules.

e Repeated 2D nucleation is the dominant mechanism when upright standing molecules
are found on the surface. Depending on the properties of the substrate and
film thickness isotropic mound formation or diffusion controlled formation of
anisotropic layers occurs.

The reasons and implications of these two growth modes will be discussed separately.
Finally some remarks will be given on the transition from the one to the other and how
this might be controlled.

4.1 Structures formed by lying molecules

The morphology of 6P thin films formed from lying molecules is characterized by a high
degree of anisotropy. On all crystalline substrates investigated formation of anisotropic
nanofibers happens. In the following, a number of common properties of the structures
are listed:

Anisotropy

Formation of highly anisotropic structures is observed on all three substrates (mica(001),
TiO2(110)-(1x1), and Au(111)). The reason for the pronounced needle or chain shape
lies in the anisotropy of the building block. The 6P molecule has its highly reactive 7
system stretched along the long molecular axis, parallel to the molecular plane. Espe-
cially the small end of the molecule — terminated by a single hydrogen — has a very low
binding probability. The preferred binding site for a molecule approaching a crystal-
lite is therefore the 7 terminated crystal facet. A seed formed by lying molecules will
therefore grow faster perpendicular to the molecular axis than parallel to it. This will
finally lead to the observed anisotropic morphology.
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Substrate order

An ordered substrate is necessary for the formation of structures built from lying
molecules. However, it is important to remember that also crystalline or polycrys-
talline films of upright standing molecules can act themselve as the necessary ordered
substrate. The exposed (001) plane of the upright standing molecules can act as a
highly ordered substrate for the formation of 6P needles. This can be seen in case of
6P on ion bombarded mica. During the initial growth, no needles or chains can be found
(see figure.[3.33). However, the pm large islands formed in a later growth stage can now
act as a well ordered substrate for the formation of 6P needles (see figure [3.34). An in-
teresting experiment demonstrating the importance of an ordered substrate was carried
out with para-quaterphenyl (4P). This molecule — similar to 6P but only made from
4 phenyl rings — has been grown on clean and carbon contaminated Au(111) surfaces.
With increasing carbon deposition a loss of the strict alignment of the molecules on the
gold substrate is observed. This results in curved instead of straight needles. At the
saturation carbon coverage, films of upright standing molecules are formed [139, 141].

Wetting layer

The presence of a wetting layer can change the morphology from a needle like to chain
like. In the absence of a wetting layer long crystalline needles are preferred. This
can be seen for the growth of 6P on TiO, at RT (section on page or 6P
on KCI(001) [109]. Whenever there is a wetting layer present the needles start to
segment, like in the case of Au(111) (see section on page [94) where a wetting layer
is formed [52] or completely turn into the observed chains of crystallites found on freshly
cleaved mica(001) (see section on page [52).

A prototype experiment for the chain formation is the growth of 6P on freshly cleaved
mica(001). Two peculiarities lead to formation of the crystallite chains observed for this
case:

1. Formation of strain controlled crystallites due to lattice mismatch between the
mica substrate and the 6P. This leads to uniform crystallites which all have a
similar epitaxial but slightly different alignment with respect to each other [48].

2. The formation of a wetting layer that allows the easy propagation of the strain
fields induced by the crystallites [69].

With ongoing deposition the increasing strain in the wetting layer is released by the
formation of a defect network and subsequent rearrangement of the crystallites [115].
Substrate induced orientation

Substrate induced orientation of one-dimensional structures is observed for all three
cases investigated where a crystalline substrate was used (mica(001), TiO2(110)-(1x1),
and Gold(111)). The 6 fold symmetric Gold(111) surface allows a large number (12 is
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4.2 Structures formed by standing molecules

common, but the exact number depends on the growth temperature [78]) of different
orientations. Using substrates with reduced symmetry like mica(001) and TiO4(110)-
(1x1) leads to the formation of exclusively parallel aligned nanofibers. In the case
of mica(001) two orientation of needles are observed. Each single step will turn the
orientation forth and back by 120°between the two possible directions. A particularity
of the mica unit cell leads to the fact that only two orientations can exist. The third
one, that one would expect between them, again rotated by 120°, is missing. For
TiO2(110)-(1x1) the number of needle directions is reduced further to only one single
orientation. The bridging oxygen rows on the substrate allow only one alignment for
lying molecules.

Aspect ratio of the nanostructures

The aspect ratio can be influenced by changing the deposition conditions. An increase
in substrate temperature usually leads to higher but shorter structures. However,
by controlling substrate temperature, and deposition rate as well as the presence or
absence of a wetting layer, the length of the nanofibers can be changed from sub-pum
to millimeter [142].

Substrate temperature

Low temperatures promote the lying orientation and subsequent formation of one-
dimensional nanofibers. Although the growth of 6P on mica(001) seems to lead to
nanofibers independent of the substrate temperature this is not the case for the more
metallic substrates like TiOy and Gold. On Gold an increasing number of molecules
adopts an upright standing orientation at 160 °C and on TiO, all the molecules form
upright standing structures at 145 °C. At higher temperatures the molecules can over-
come the substrate interaction and present their low energy plane (the [001] plane,
terminated by hydrogen atoms) towards the substrate. The temperature must be high
enough to allow the reorientation of the molecules. For clean mica(001) the investigated
temperature range is to small to overcome the strong dipole-quadrupole interaction, and
structures formed by lying molecules are found independent of the growth temperature.

4.2 Structures formed by standing molecules

Two cases should be distinguished for the formation of films formed by upright standing
molecules.

1. Standing molecules on ordered substrates

2. Standing molecules on disordered substrates
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Symmetry of the substrate

On substrates with reduced symmetry like the TiO9(110)-(1x1) surface, a delicate bal-
ance between sticking anisotropy and diffusion anisotropy leads to the formation of
large anisotropic structures. Both of these effects are also present at RT were crystal-
lites of lying molecules are formed. When increasing the temperature the molecules can
overcome the attraction of the substrate and form stable islands of upright standing
molecules. For the incorporation of an additional molecule into an island of upright
standing 6P molecules the sticking anisotropy is reduced to almost zero. The shape
of the islands is controlled by the diffusion anisotropy, and the observed long oriented
stripes of 6P are formed [55,108|.

It is important to note that also for an island of upright standing molecules a small
but observable sticking anisotropy exists, as can be seen from the elongated shape of
the small crystallites between the stripes. However, this is finally overcome by the
diffusion anisotropy and these crystallites disappear [110]. The shape anisotropy is lost
for subsequent layers as the second layer of 6P grows on 6P(001) which is of higher
symmetry than the underlying TiO5(110)-(1x1) surface.

Recent Reflectance Difference Spectroscopy studies showed that for extremely
low coverages (up to 1 ML of lying molecules) flat lying molecules are found on the
surface [143]. Phase images obtained in this work indicate (figure on page no
hint for the existence of such a wetting layer in thicker films. Although, phase imaging
might not be able to distinguish between a strongly bound layer of lying molecules
and the substrate, its capability of detecting the existence of a wetting layer in other
systems was demonstrated. For example, no phase contrast was obtained for HWE
grown 6P chains on mica(001), were a wetting layer mediates the chain formation. On
the other hand a strong phase shift is observed for 6P on KCI(001) were no wetting
layer exists [109, 144].

Disordered substrates

On disordered substrates the 6P molecules tend to stand upright. It has been shown
that by destroying the structure of the top most surface layer on mica an upright
molecular orientation can be adopted.

Mound formation

Mound formation is observed in this investigation for all thick films (>1 ML of up-
right molecules) of upright standing 6P molecules. This includes ion bombarded mica,
Gold(111), and SiO5 at elevated temperatures. For TiO,, no thick films were investi-
gated. However, even so large terraces of standing 6P are formed for the first ML. The
second, third and fourth layer form long before the first layer has closed. This repeated
2D nucleation is a strong hint for the existence of a step edge barrier.

For the thicker films on ion bombarded mica, the Zeno model was used to calculate the
step edge barrier or Ehrlich Schwobel Barrier of 6P. To the best of our knowledge this is
the first time that such an important parameter has been calculated from experimental
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4.3 Transition from lying to standing molecules

data in organic semiconductor thin film growth. The result of 0.67 eV for the additional
barrier that a molecule has to overcome is very high compared to the 0.11 eV for the
diffusion barrier as calculated by molecular dynamics simulations. However, a high
step edge barrier is necessary to obtain mounds with a cross section that can be fitted
by a cumulative Poisson distribution. For example the mounds found on Au(111)
are separated by 50 nm deep trenches. This requires a very effective suppression of
interlayer mass transport.

The strongest argument against the proposed scenario is the formation of 6P needles
on the 6P(001) surface. It is important to note that no needles are found directly on
the ion bombarded mica surface. Needle formation can only happen on the 6P islands.
Furthermore, each needle is confined to one island. Growing onto the neighbouring
island is virtually impossible as the neighboring island has a different orientation and
would require the needle to curve. Although related events have been observed else-
where [139] it is a very unlikely and unfavorable event. The lateral size of the needles is
therefore limited. Nevertheless, with ongoing deposition a large quantity of molecules
does not take part in the mound formation and is incorporated into the needles. This
is equivalent to a reduction of the flux of incoming molecules. Reducing the flux F
in by a factor of 2 has no influence on the result. With other words, to reduce
the rate v/ at which a molecule will jump down by a factor of two, the flux must be
reduced by six orders of magnitude. However, the flux enters the final calculation twice
in a linear fashion. The result is therefore independent of the actual flux as long as
the time between two deposition events is larger than the residence time of a particle
(lonely adatom model (LAM)) [34].

In principle one could think of a scenario were the chains act as promoters for upward
diffusion. Depending on the efficency of this process it would lead to differently shaped
islands. The consequence of a strong upward diffusion is a low growth rate for the
bottom terraces as the molecules will be transported away from there and to the top.
As a result instead of a Poisson shaped cross section a more linear cross section would
form. However, for the calculation of the shape only islands without needles on top
were used.

Mound formation following the Zeno model was also observed for 6P on SiO,. In
the later system it was also possible to calculate the critical nucleus size. The obtained
value of i* = 2 is not contradicting the assumed case of i* = 1 at RT since the growth
was performed at elevated temperature (150 °C). Also recent results obtained on the
very similar 6T show that the critical nucleus size at RT can be assumed to be one [138].

4.3 Transition from lying to standing molecules

With the exception of SiOs it could be shown that upright as well as standing molecules
can be grown on the same substrate. To change the orientation of the molecules three
different routes can be followed

1. Increasing the temperature turns the molecules into the upright position on the
investigated Au and TiO, surfaces.
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2. The effect of surfactants has been demonstrated on mica(001) surfaces.

3. Destroying the anisotropy of the substrates also leads to upright standing molecules
on mica.

The formation of organic semiconductor nanostructures is governed by the reduction
of the number of exposed 7 systems. This can effectively be done by forming a layer
of upright standing molecules. However, at low temperatures or when ever there is a
strong interaction with the substrate this is impossible. For the investigated cases the
following mechanisms are involved in the reorientation of the molecules:

Increasing the growth temperature allows the molecules to overcome the binding
with the highly reactive substrate as observed for Au [53,78| and TiO, [55,108].

Reduced dipole quadrupole interaction can be observed when a surfactant is used
on mica(001) [69,117].

Reduced alignment between the molecules — usually enforced by the substrate anisotropy
— also leads to the formation of structures formed by upright molecules [69].

This transition can be abrupt, but is continuous in most cases and leads to the
coexistence of both orientations [52,139,141|.

It is important to realize that the situation during the formation of both types of
structures — formed by lying or standing — is the very similar. Diffusion and incorpo-
ration of the molecules happens preferentially on the edges of a (001) terrace.

This is obvious in the case of upright standing molecules. In this case the high
Ehrlich Schwobel Barrier hinders interlayer mass transport and growth mounds are
formed by repeated nucleation as discussed in the preceding section. This leads to the
situation that diffusion along the rim of the island is easy while other diffusion paths
are unfavorable (see figure . As a result the molecules are mainly incorporated
into the 7 terminated side walls of the island. It is important to understand that — at
least up to a certain consideration — the situation for lying down molecules is the same.
Again, diffusion and incorporation are preferred at the 7 terminated facets of the needle
(see figure [£.1D)). However, one could look at the needle as an upright standing island,
with the molecules turned parallel to the substrate. The same fast growth directions
will occur and the needle will start to grow vertically and laterally in only one direction.
For the needles, the width (the direction parallel to long molecular axis) is the slow
growth direction. The same is true for the islands were the molecular axis is vertical
to the substrate.
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4.3 Transition from lying to standing molecules

(a)

Figure 4.1: Low and high probability diffusion path’s for mounds formed by stand-
ing molecules and @ needles formed by lying molecules. Green arrows indicate easy
diffusion paths (including diffusion paths without interaction with islands or needles
like in the case of the large green path for lying molecules) while red arrows indicate
unfavorable paths. The light blue arrows show the resulting fast growth directions.
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5 Summary

Analysing the growth of para-sexiphenyl on a variety of ordered and disordered sub-
strates it has been demonstrated in this work that one can follow the general procedures
already known from inorganic growth, to describe the growth processes in organic semi-
conductor thin film growth. However, especially the anisotropy of the building blocks
is not, covered in classical epitaxial growth theory. In the case of organic molecules this
is the most important parameter and in all three investigated cases the anisotropy of
the molecule plays an important role for the resulting growth morphologies.

For the case of 6P on TiO4(110)-(1x1) the anisotropy of the building blocks in com-
bination with the substrate anisotropy leads to the formation of oriented 6P needles.
Increasing the temperature, diffusion anisotropy induced by the substrate is dominating
the growth. However, even at elevated temperatures a sticking anisotropy originating
in the crystal structure of the formed 6P film can be observed for the small islands of
upright molecules.

In the case of mica(001) the quadrupol moment that is induced by the one dimen-
sional stretched 7 system orients the molecules on the surface. In the presence of a
wetting layer, strain controlled crystallites move as complete entities on the surface and
form the one-dimensional crystallite chains.

On anisotropic surfaces the molecules are standing nearly upright and mounds are
formed. This circumstance can be explained with the help of a formalism taken from
inorganic homoepitaxy. This so called Zeno model allowed for the first time in organic
semiconductor thin film growth the calculation of an Ehrlich Schwébel Barrier. The
consequences of the high value for the step edge barrier for the application of organic
semiconductors were already discussed. However, although this example shows that
one can apply theories established in inorganic epitaxy for the description of organic
epitaxy, it has to be emphasized that the underlying details are certainly much more
complex in the case of organic thin films. This is clear if one just thinks of the fact
that an anisotropic particle like 6P has at least one additional degree of freedom. The
step edge barrier is different for molecules approaching the surface with their long axis
parallel to the edge than for molecules with their long axis perpendicular to the step
edge.

Another consequence of the not zero dimensional nature of the molecules is the
possibility for the existence of a level depended step edge barrier. It has been shown
in this work, that changes in the molecular tilt angle in the first few layers lead to
different values for the Ehrlich Schwobel Barrier. The change in interaction is related
to the different angle between the w-system of the diffusing molecule and the exposed
m-system of the molecules forming the step edge. From the results presented in [134]
it is furthermore clear that also the electronic properties of the resulting film will be
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influenced by such a behaviour.

We have shown that in most cases by carefully selecting the growth conditions one
can grow sexi-phenyl thin films formed by upright as well lying down molecules. This
is important for future devices since it has been shown that the molecular orientation
of the active layer in organic electronics is crucial for optimum device performance.

The formation of highly anisotropic structures, typical for the growth of 6P, might be
unfavorable at first glance but opens a wide field of new applications. These nanofibers
might act as waveguides that could interconnect different parts of optical relays. As the
fibers can also emit light and even show lasing they could be used as highly anisotropic
lasers or optical elements in general.

The results obtained on films formed by upright standing molecules show, however,
that growing perfect layer by layer films required for high performance electronic devices
is at least difficult. Several routes to overcome the mound formation can be thought of.
The use of surfactants (which in principle could also act as dopant’s at the same time)
might be a promising route to control the height of the step edge barrier and allow a
net diffusion to the lower terrace and subsequently layer-by-layer growth. A combined
self organization and nanostructuring approach could also reduce the problems inherit
to mound formation. If one succeeds to grow grains of the size or larger than the typical
channel length in a controlled way the film would be single crystalline on the transistor
length scale. Hyperthermal beams also show a good potential for the preparation of
smooth films of organic semiconductors [145].

Figure presents an attempt to compile the results in a condensed form. Them
main morphological features and molecular orientation are shown for each investigated
surface. The most important growth mechanisms are also assigned. However, only a
very crude assignment can be made in such a table, the reader is therefore, refereed to
the corresponding sections for details.
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Au(111) HT NM v X 341

Table 5.1: Summary of the results.  Morphology: C...crystals, N...needles,
Ch...crystallite chains, 2D...2D nucleation, M...mounds ()...morphology in addi-
tion to the major feature. 6P orientation: —...lying, |...upright. ¢...main mecha-
nism, v...also relevant, X...plays no role, ?...role unclear.
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List of Acronyms

6P

67T

AFM

Cu-Pc

ESB

FFM

FE'T

FM

FWHM

HDF

HHCF

HOMO

HOPG

para-sexiphenyl: Organic semiconductor consist-
ing out of six phenyl rings connected by single bonds,

B L9
sexithiophene:,

Atomic Force Microscopy: a very high-resolution
type of scanning probe microscope. The main part of
the AFM is a micronscale cantilever with a sharp tip
(probe) at its end that is used to scan the specimen

surface,

copper-phthalocyanine: is a copper substituted
phthalocyanine. The copper is located in the center
of the molecular plane.,

Ehrlich-Schwébel-Barrier: An additional diffu-
sion energy barrier that a particle has to overcome
when it tries to jump to a lower lying terrace, |10}

BT E7 P9

Friction Force Microscopy: Contact mode AFM
method that allows to identify areas with different
friction,

Fast Fourier Transformation:,

Frank-van der Merwe: or layer by layer growth.
Named after Frank and van der Merwe,

Full Width at Half Maximum:,

Height difference function: some times also
height-height correlation function,

Height height correlation function: sometimes
also auto-covariance function,

highest occupied molecular orbital: corre-
sponds to the valence band in inorganic semicon-
ductors (see also LUMO),

highly oriented pyrolytic graphite:,

113



List of Acronyms

114

HV

HWE

LEED

LEEM
LFM
LUMO

MBE

OLED
OMBE

OTFEFT

PEEM
PL

QCM

QMS

RDS

High Vacuum: High Vacuum systems operate in
the range between 1073 mbar and 10~ mbar,
Hot Wall Epitaxy: High Vacuum epitaxy method
that utilizes a heated tube — the actual hot wall —
that is closed with the substrate, ,

Low Emnergy Electron Diffraction: Low energy
electrons that are diffracted on the surface allow

Low Energy Electron Microscope:,
Lateral Force Microscopy: see FFM, ,
lowest unoccupied molecular orbital: corre-
sponds to the conduction band in inorganic semi-
conductors (see also HOMO),

Molecular Beam Epitaxy: In MBE, thin films
crystallize via reactions between thermal,

organic light emitting diode:,
Organic Molecular Beam Epitaxy: Variant of
molecular beam epitaxy using organic molecules,

organic thin film transistor:,

Photo Electron Emission Microscopy:,

photoluminescence: a process in which a photon
is absorbed by e.g. a molecule, thus transitioning to
a higher electronic energy state, and then radiates a
photon back out, returning to a lower energy state,

B% 69

Quartz Crystal Microbalance: A quartz crystal
microbalance measures mass by detecting the change
in frequency of a piezoelectric quartz crystal when it
is disturbed by the addition of a small mass,
Quadrupol Mass Spectrometer:,

Reflectance Difference Spectroscopy: measures
the difference in the normal-incidence reflectivity of
two mutually perpendicular orientations of the po-
larization vector as a function of photon energy, [104]
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SK Stranski-Krastanov: 3D Island growth on a thin
wetting layer. Named after Stranski and Krastanov
[1938], [

SPM Scanning Probe Microscopy: Collective term de-
scribing microscopes that form images of surfaces
and surface properties using a physical probe that
scans the specimen,

TDS Thermal Desorption Spectroscopy: allows the
investigation of binding energies and desorption ki-
netics of adsorbates, , ,

™ Tapping Mode: In Tapping Mode or intermittant
contact the cantilever oscillates above the surface
with a frequency close to it’s resonance frequency.
The reduced amplitude of the oscillation when the
cantilever gets into contact with the surface is then
used as the input signal for the AFM controller,

UHV Ultra High Vacuum: Ultra high vacuum sys-
tems operate in the range between 10~° mbar and

1072 mbar, ,

VW Vollmer-Weber: 3D island growth. Named after
Volmer and Weber [1926],

XPS X-ray photoelectron spectroscopy:,
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