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Chapter 1

Introduction

In most electronic devices, as in computers, mobile phones and solar cells, silicon
is still the base material. However, new classes of materials exhibit great poten-
tial, on the one hand, for higher performance and lower power consumption in
conventional semiconductor technology and, on the other hand, for opening new
markets, as for flexible, light weight and transparent nanotechnology: organic
molecules and 2D materials [2, 45, 49]. Both classes of materials are subject of
the studies reported in this thesis.

Organic Molecules
Organic molecules have gained considerable attention for both fundamental re-
search and device application over the last three decades. They have shown high
potential for thin film applications like organic solar cells (OSC) [77, 194], light
emitting diodes (OLED) [64, 81, 162] and field-effect transistors (OTFT) [89].
Today, such devices are entering our daily life in smart phone displays and TV
screens [49, 133]. In order to access the full potential of organic molecules, a deep
understanding of the fundamental mechanisms, which govern the properties of
the active layers in such devices, is necessary. The initial growth and the forma-
tion of the first molecular layer on a substrate are of particular interest as this
layer acts as a template for the further growth of the organic film and determines
the electronic properties of the interface [171, 195, 200].
In this context, the adsorption of large π-conjugated molecules on different metal
substrates is of great interest since these systems represent prototype systems for
which the intermolecular interactions and the interactions between molecule and
metal surface can be studied in detail. These two kinds of interactions determine
the molecular orientation, the ordering and growth of the first layer, and therefore
the properties of the interface [67, 154, 160, 164].
The investigation of this decisive interplay between different interaction mecha-
nisms for molecules on metal substrates and, in particular, its influence on the
growth mode, is the subject of the first part of this thesis. For this purpose, two
model systems are investigated (mainly) by Low-Energy Electron Microscopy
(LEEM) and Diffraction (LEED). These techniques have proven to be excellent
tools to investigate the lateral growth of molecular (mono)layers in-situ and in
real time [3, 34, 67, 71–73, 82, 107, 109, 140, 141, 158].
The initial growth of the perylene derivative 3,4,9,10-perylene tetracarboxylic di-
anhydride (PTCDA) on Cu(001) is investigated quantitatively. While it is well
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known that the attractive intermolecular interaction of the PTCDA molecules
leads to the growth of compact islands at already very low coverage [54, 66], this
process is quantified in this work by determining two important parameters which
influence the island formation: the cohesion energy of two PTCDA molecules and
the diffusion barrier of the adsorbed molecules. While the first depends mainly
on the molecule-molecule interaction, the second is strongly influenced by the
interaction between molecule and substrate.
In contrast to PTCDA, the closely related molecule 1,4,5,8-naphthalene tetracar-
boxylic dianhydride (NTCDA) exhibits a completely different growth mode on
the same substrate. It does not form compact islands but a dendrite-like net-
work. This interesting growth mode, which was not found for NTCDA on other
substrates, e.g., on Ag(111) [62], can be explained by the interplay of molecule-
molecule and molecule-substrate interactions favouring growth of long and thin
molecular chains.

2D materials
Another group of materials which has great potential for applications in modern
electronics are 2D materials [2, 26, 45, 64]. Since a single layer of graphene was
successfully exfoliated for the first time in 2004 [116], the field of 2D materials
increased rapidly. Besides graphene, hexagonal boron nitride (hBN) is a promi-
nent and frequently studied member of this family. It has a honeycomb structure,
similar to graphene, but is formed of nitrogen and boron atoms. Because of its
structural and electronic properties, in particular, its insulating nature [184], it
is of highest interest in hetero-epitaxial systems in conjunction with other 2D
materials or molecules [2, 31, 55, 193].
Single hBN layers are typically produced either by mechanical ex-foliation of
single crystals [31] or in-situ by chemical vapour deposition utilizing a catalytic
process when a metal surface is annealed in an atmosphere of borazine or other
precursors [30, 86, 98, 120, 151, 152, 161]. Especially the latter process has a high
potential as scalable method and guarantees the lowest level of contamination.
The growth of hBN via chemical vapour deposition was studied on several metal
substrates. Generally, the degree of reactivity of the substrate has strong influ-
ence on the growth rate and on the morphology of the hBN layer [7, 21, 30, 112,
122, 137, 161]. For highly reactive metals, strongly corrugated and buckled films
were found while with decreasing reactivity the films become flatter and more
weakly bonded to the substrate. The Cu(111) surface has been recently shown to
exhibit a rather weak hBN/metal interaction [21, 80]. This weak bonding could
be very important for processes where the substrate has to be etched away for
further device production.
Therefore, the growth of hBN on this surface is investigated in detail in the second
part of this thesis with the aim to draw conclusions about the atomic processes
on the surface and the interplay between the different interaction mechanisms. In
contrast to aromatic organic molecules on metal surfaces where the intermolecular
interactions are mostly based on van-der Waals interaction, electrostatic forces
and hydrogen bonds, the borazine molecules have to dissociate or at least dehy-
drogenate to form covalent bonds between each other in order to form a layer of
hBN. This explains the particular importance of the molecule-substrate interac-
tion in this case.
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In the case of hBN on Cu(111), fractal structures with three strongly preferred
growth branches are found, which are mostly well aligned with the Cu(111) sub-
strate and exhibit a three-fold symmetric shape. Both, the fractal island shapes as
well as the preferred growth directions can be explained by rather simple assump-
tions and growth models involving DLA and different dehydrogenation states.

Combining organic molecules and 2D materials
Beside its application in van der Waals heterostructures, hBN is of highest in-
terest as template for the formation of epitaxial layers of organic molecules be-
cause it could lead to the decoupling of these adsorbates from the metal surface
[32, 96, 138]. Recently, Brülke et al. [22] have shown that a monolayer of hBN
on Cu(111) is able to decouple the first PTCDA layer from the copper substrate
chemically and electronically. In this thesis, the growth and lateral structure of
PTCDA on hBN/Cu(111) are discussed which also indicate the weak interaction
between molecules and 2D substrate.

Outline
The structure of this thesis is as follows:
After this short introduction, the LEEM setup and the complementary techniques
are introduced in chapter 2. Additionally, the image processing, sample prepara-
tion and temperature determination are discussed. A brief introduction into the
theoretical background of growth theory is given in chapter 3.
In chapter 4, the growth of compact PTCDA islands on Cu(001) is reported. By
applying methods developed for atomic nucleation on surfaces, the critical clus-
ter size for the formation of stable clusters, the diffusion barrier for individual
molecules and, in combination with pair-potential calculations, the cohesion en-
ergy of a cluster of two molecules are determined for this system.
The growth of NTCDA on Cu(001) is the topic of chapter 5. In contrast to sim-
ilar organic/metal systems [54, 57, 62, 76, 102, 106, 107], NTCDA does not form
compact islands on Cu(001). Instead, a static domain shape is observed during
growth of the first layer which is explained with a substrate-induced dendrite-like
growth mode. Additionally, this system is used as prototype system for a proof
of principle experiment: momentum microscopy of a single molecular domain
performed with the LEEM/PEEM instrument. This is important since the k-
space maps of systems with many symmetry-equivalent domains often cannot be
analysed unambiguously. Furthermore, a second phase found at higher substrate
temperatures is discussed briefly.
In chapter 6, the self-terminated growth of the first hBN layer on Cu(111) is de-
scribed. For this system, fractal structures with three strongly preferred growth
branches are found that are mostly well aligned with the Cu(111) substrate and
exhibit a three-fold symmetric shape. Additionally, the growth at various sub-
strate temperatures is discussed.
The growth and lateral structure of PTCDA on hBN/Cu(111) is investigated in
chapter 7. It is found that PTCDA on hBN/Cu(111) forms a herringbone struc-
ture very similar to that on Au(111) indicating a weak interaction between the
molecules and the 2D substrate.
Finally, this work concludes with a summary of the most important results and
an outlook.
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Chapter 2

Experimental setup

In this chapter, an overview of the experimental setup is given. First, the central
tool, the Low-Energy Electron Microscope (LEEM), and its contrast mechanisms
are discussed. Then, Low-Energy Electron Diffraction (LEED), Photoemission
Electron Microscopy (PEEM) and Angular-Resolved Photoemission Spectroscopy
(ARPES) are described. Additionally, the influence of beam damage on the mea-
surements and the image processing are discussed. The complementary methods,
Scanning Tunneling Microscopy (STM), Normal Incidence X-ray Standing Wave
(NIXSW) measurements and pair potential calculations, are introduced briefly
in the following. Finally, sample preparation and temperature determination are
described.

2.1 LEEM and related techniques
All LEEM experiments are performed in an Aberration Corrected Low-Energy
Electron Microscope (Elmitec AC-LEEM 3) with a lateral resolution down to
2.0 nm [58]. The electron beam path is indicated in Fig. 2.1 and an overview of
the most important optical components is given in Fig. 2.2.
The electrons are emitted from a Schottky field emitter which produces a highly
coherent electron beam with low energy dispersion. Then, the electrons are ac-
celerated to 20 keV, travel through the illumination column and are deflected by
the first sector field. Before they hit the sample at normal incidence (or under a
small angle for dark-field LEEM as diescribed in Section 2.1.3), they are deceler-
ated to only a few eV. This rather low interaction energy allows surface-sensitive
measurements [13] and provides the opportunity to prevent considerable electron
beam damage in sensitive materials like organic molecules as discussed in section
2.1.4. The interaction energy can be set by the start voltage Ustart which differs
only by a small offset from the actual electron energy. This energy strongly influ-
ences the contrast of the image as discussed in the next section. A large portion
of the electrons is reflected by or diffracted from the sample. The electrons are
re-accelerated to the objective lens, are deflected into the intermediate optics by
the first sector field and reach through the second sector field the mirror column
where they are reflected. The tetrode mirror can improve the lateral resolution to
2.0 nm by reducing the chromatic and spherical aberrations of the objective lens
[58]. Then, the electrons pass the imaging column and the hemispherical energy
analyser with its energy slit (ES). The latter has an energy resolution of less than
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aberration
corrector

He-lamp

electron
gun

energy
analyzer

detector

Figure 2.1: Photo of the LEEM instrument: The electron beam path is indicated
with yellow arrows. The electrons are emitted from the electron gun, interact
with the sample, travel through some optics including aberration corrector and
energy analyser and reach the detector. Additionally, the instrument is equipped
with a focused He-lamp to illuminate the sample (orange arrow) and emit photo-
electrons for PEEM and ARPES measurements.

150 meV. This enables spectroscopic PEEM, ARPES and LEED measurements
free from inelastic scattered electrons as discussed below. Finally, the electrons
reach the microchannel plate (MCP) detector through the projector column.
During the whole electron beam path, the spatial and momentum information of
the electrons are maintained which allows to measure a spatially resolved image
of the surface in a single shot without the need to scan over the surface like in
STM or SEM. Image and back-focal planes are present at different points in the
electron beam path. The image at the detector is affected differently when aper-
tures are inserted in an image or a back-focal plane. The illumination aperture
(IA) located in an image plane within the incident beam path of the first sector
field enables to illuminate only a small part of the sample with electrons which is
very useful for LEED measurements. In a similar way, the selected-area aperture
(SA), which is also located in the first sector field but in the excident beam path,
is used to choose only electrons which are reflected, diffracted or, in the case of
PEEM and ARPES, emitted from a selected area. The contrast aperture (CA)
located in the back-focal plane within the field lens (FL) can be applied to cut off
off-axis electrons which might be generated by spherical aberration or to obtain
an image only of electrons emitted from the sample under a specific angle which
is important for dark-field LEEM (see section 2.1.3).
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Figure 2.2: Scheme of the most important optical components of the LEEM in-
strument. (i) Illumination column: electron gun, condensor lens 1-3 (CL 1-3).
(ii) First sector field (Sec 1). (iii) Objective lens and sample. (iv) Intermediate
column: mirror field lenses and mirror transfer lenses 1 and 2 (MTL1, MFL1,
MFL2, MTL2). (v) Second sector field (Sec 2). (vi) Mirror column: mirror
transfer lens (MTL), focus, extractor and mirror. (vii) Image column: transfer
lens (TL), field lens (FL), illumination lens (IL), projective lens (P1) and retar-
dation lens (RL) (viii) Energy analyser. (ix) Projector column: acceleration lens
(ACL), projective lens 2 and 3 (P2 and P3), microchannel plates (MCP) and
screen (x) Apertures (green): illumination aperture (IA), selected-area aperture
(SA), contrast aperture (CA) and energy slit (ES).
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1 µm

(a) (b)

Figure 2.3: Phase contrast in BF-LEEM: (a) Clean Cu(001) surface in the slight
underfocus at Ustart = 2 V. The dark, slightly curved lines correspond to step
edges. (b) Simplified explanation of the phase contrast at step edges. The elec-
trons reflected from the upper and lower terraces interfere destructively with each
other leading to a dark contrast close to the step edge as shown in (a).

2.1.1 Bright-field microscopy

In LEEM, electrons of rather low energies (less than 100 eV) are used for image
formation. The interaction mechanisms of low-energy electrons with matter differ
strongly from electrons with higher energies. Especially, the dominance of forward
scattering decreases with decreasing electron energy while elastic backscattering
becomes more important. This elastic backscattering is used in LEEM and de-
pends strongly but not monotonically on the electron energy and the atomic
number Z of the scatterer. In the case of solids with periodic structures, the
geometric and electronic structure influences this reflectivity additionally. For
example, if the electron energy corresponds to a band gap of the material, the
electrons are (nearly) totally reflected since no allowed states are present in the
bulk. Nevertheless, the reflected intensity is always lower than the incoming in-
tensity because of energy loss mechanisms, surface states or scattering at defects
or phonons. A more detailed description of the interactions of slow electrons with
matter is given in [13] and [4].
In Bright-Field LEEM (BF-LEEM), the specularly reflected electrons are used
for image formation and contrast is produced by local differences in the intensity
of the (00)-spot on the sample surface for example caused by different materials.
In other cases, local differences in the diffraction conditions can generate a suf-
ficient contrast at certain electron energies [13]. These local differences can be
generated by different surface structures [11, 12, 143, 166] or by surface strain as
in the case of graphene on Ir(111) [115, 140].
The phase contrast generates a dark contrast at atomic step edges as in the

case of the Cu(001) surface depicted in Fig. 2.3 (a). The dark, slightly curved
lines correspond to step edges. A simplified explanation is given in Fig. 2.3 (b).
The phase shift between the electron waves reflected from the upper and lower
terrace leads to destructive interference between these electron waves close to the
position of the step edge. A more accurate explanation is given in [4, 27]. There,
an analytic wave optical model based on the Fresnel equations is applied which
is able to explain the energy- and focus-dependent appearance of step edges and
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Figure 2.4: Contrast in BF-LEEM of PTCDA on Ag(111): (a) PTCDA islands
(bright contrast) on Ag(111) (dark contrast) in the focus at Ustart = 2 V. (b)
LEEM-IV curves of the clean Ag(111) substrate and a PTCDA island on Ag(111).

to identify the lower and upper terrace of a step edge (step sense).
Additionally, the topographic and the quantum size contrast should be men-
tioned. The topographic contrast occurs at hillocks, three-dimensional crystals
and depressions on an otherwise flat surface where local field distortions influ-
ences the electron trajectory [13]. The quantum size contrast is important in
layered systems where (depending on energy and layer thickness) destructive or
constructive interference of electron waves reflected at the different layers effects
the measured BF-intensity [11, 28, 79, 103, 114].
To find the electron energy with the best contrast experimentally, LEEM-IV

curves are taken as depicted in Fig. 2.4 (b) for PTCDA islands on a Ag(111) sur-
face. Here, the normalized intensities of the silver surface and a PTCDA island
on Ag(111) are plotted depending on start voltage. For negative start voltages,
the electrons are reflected before they even reach the sample and are not able
to interact with it. Consequently, the intensity is constant and maximal. With
increasing start voltage, i.e., increasing electron energy, the electrons are able to
overcome the work function of the sample and interact with it. At this point, the
intensity decreases significantly. Since the work function of PTCDA on Ag(111)
is slightly larger than the one of the clean Ag(111) surface, this abrupt decrease in
intensity occurs for PTCDA at higher start voltages than for Ag(111). For start
voltages between 0 V and 5 V, the PTCDA islands exhibit a higher reflectivity
than the silver substrate. Thus, bright PTCDA islands on a dark silver crystal
can be seen in Fig. 2.4 (a) for a start voltage of 2 V. An even better contrast is
achievable at higher start voltages like 5 V; however, beam damage might be a
problem in these cases as discussed in section 2.1.4.
A much more sophisticated analysis of LEEM-IV curves has been developed by
Flege et al. [46, 47].

2.1.2 Low-energy electron diffraction
LEEM can be easily combined with Low-Energy Electron Diffraction (LEED)
since the diffraction pattern appears in the back-focal plane of the objective lens.
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The LEED pattern is visible when the lenses of the image column are tuned to
image a diffraction plane onto the detector instead of an image plane.
Electron diffraction can be explained by the Ewald’s construction in reciprocal
space (Fig. 2.5 (a)). The Ewald’s sphere radius is given by the length of the wave
vector of the incident electrons k0 which, in turn, depends on the electron energy.
Due to the short probing depth of the low-energy electrons, the diffraction can
be treated as a quasi two-dimensional problem and the reciprocal lattice can be
described with diffraction rods which are oriented perpendicularly to the surface
(dashed lines). Since the problem is only approximately two-dimensional, the in-
tensity along the rods is modulated. The arrangement of the intersection points
of the rods with the surface plane depends on the lateral lattice of the sample.
Constructive interference occurs at all points where the Ewald’s sphere intersects
with a diffraction rod since there the in-plane component of the momentum trans-
fer q‖ equals a translation vector g of the two-dimensional reciprocal lattice. For
the case in Fig. 2.5 (a), the corresponding vectors are indicated in red and green.
As an example, a LEED measurement of NTCDA on Cu(001) is depicted in Fig.
2.5 (b). [75, 87, 101, 174]
In contrast to conventional LEED measurements, the LEED spots do not move
significantly in a LEEM instrument when the electron energy is changed. Due to
the high acceleration the electrons undergo between sample and objective lens,
the change in kinetic energy of a few eV is neglectable. This simplifies the evalua-
tion of LEED-IV curves significantly and gives the opportunity to average LEED
measurements over a larger energy range to enhance the visibility of all LEED
spots. The number of diffraction spots is only limited by the size of the Ewald’s
sphere, and not by the angular transmission of the objective lens (indicated in
blue) since the microscope potential (20 keV) is very high in comparison to the
applied start voltages (few eV) resulting in an acceptance-angle of almost 180◦.
Additionally, the image is not partly shadowed by the electron gun and by using
the energy analyser inelastically scattered electrons can be cut off by an energy
slit. [13]
Another difference to conventional LEED is the possibility to illuminate only a
small area of the sample with electrons and to investigate its reciprocal structure.

(20)(10)
_

(20) (00)

2π/aǁ

_
(10)

k0

k00 k10
k20

_k20

_k10

(a) (30)
_

(30) (b) (c)

q=k-k0

Plane of sample surface

Figure 2.5: Low-Energy Electron Diffraction (LEED): (a) Ewald’s sphere con-
struction for a 2D problem (see text for more details). (b) LEED pattern of a
monolayer film of NTCDA on Cu(001) at Ustart = 20 V. (c) The same pattern as
in (b) after distortion correction by the software LEEDcal.
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For this purpose, an aperture (IA) is positioned in the illuminating beam at the
position of an image plane within the first sector field (Fig. 2.2). These LEED
measurements from areas of only a few µm2 are called µLEED. They allow for
example the determination of the geometric structure of individual islands or to
disentangle several different crystalline structures which would overlap in a con-
ventional LEED as in the case of various mixed structures of PTCDA and CuPc
on Ag(111) [66]. For all LEED measurements in this thesis, areas of 18 µm2 and
less were chosen.
Additionally, all LEED images (and ARPES measurements) are corrected using
the software LEEDcal [59] to compensate for distortions due to lens aberrations
and misalignment. This software calculates the image distortions from a refer-
ence measurement of a known LEED structure and undistorts the actual LEED
measurement with this information. This has been done in Fig. 2.5 (c) for the
measurement in Fig. 2.5 (b). The known structures of Cu(111), PTCDA on
Ag(111) or NTCDA on Cu(001) are used for calibrating the distortion correction
in this thesis.

2.1.3 Dark-field microscopy
In Dark-Field LEEM (DF-LEEM), the non-specular diffracted beams are used to
generate contrast in a real space image for example between various rotational
and mirror domains of the same molecular structure. For this purpose, the con-
trast aperture (CA) is introduced into a focal plane (Fig. 2.2) so that only the
electrons emitted under a specific angle can pass the aperture and contribute to
the image projected onto the detector. This angle can be changed either by ad-
justing the position of the contrast aperture or by changing the incidence angle
of the electron beam on the sample. The second procedure is chosen to avoid
additional aberrations due to a beam which is not travelling on the optical axis.
Additionally, it is much more reproducible than the first procedure and enables
to assign a certain LEED spot to the corresponding DF-LEEM image. [4, 11, 13]
As an example, the DF-LEEM measurements of a closed monolayer PTCDA
on Ag(111) are depicted in Fig. 2.6. On this substrate, six rotational and mirror
domains of the same PTCDA structure occur which are not distinguishable in BF-
LEEM. The six LEED spots, which were chosen for DF-LEEM and correspond
to the six different domains, are marked in (a). The corresponding DF-LEEM
measurements are shown in (c) and are summarised in the false-colour image in
(b).

2.1.4 Beam damage
In electron microscopy, electron beam damage of the sample is always an im-
portant concern. The extremely low electron energies of only a few eV used in
LEEM let assume that the induced damage is minimal. However, the influence of
the beam is still observed in some cases, it depends strongly on the chosen start
voltage and the beam can effect the measurement in different ways.
In most cases, beam damage occurs at higher electron energies (Ustart > 10 V)
which are necessary for LEED and DF-LEEM measurements. Here, a decreasing
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(a) (b)

(c)

Figure 2.6: DF-LEEM measurements of a closed monolayer PTCDA on Ag(111):
(a) Simulated LEED pattern; the (00)-spot (yellow) and the six LEED spots
which are chosen for DF-LEEM measurements are marked. (b) False colour
image of the six PTCDA domains in real space. (c) Dark-field LEEM images of
the six PTCDA domains which contribute to the false colour image in (b) (FOV
10 µm, Ustart = 10 V).

intensity of the LEED spots or the DF-LEEM images with illumination time can
be observed for some samples. In Fig. 2.7 (a), a BF-LEEM image of a monolayer
NTCDA on Cu(001) is depicted which is taken after a LEED measurement where
start voltages of Ustart ≤ 15 V were applied. The area illuminated with electrons
during this LEED measurement was limited by an illumination aperture and can
be recognized in the BF-LEEM image because of the significantly reduced inten-
sity (highlighted in red). Since the influence of the electrons on different surface
structures or parts of an island can be different, the contrast can be influenced
as well [139].
Additionally, dynamical processes such as nucleation of islands or Ostwald ripen-
ing can be influenced. An influence on the nucleation process has been observed
in the case of CuPc on Cu(001) where the island density in the regime of electron
illumination was significantly increased in comparison to the rest of the sample
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[66]. In the case of PTCDA on Cu(001), Ostwald ripening, i.e. the transition
from many small islands to a few larger islands, is usually observed when the
sample is heated slightly after the deposition process at room temperature. For
Ustart ≤ 2 V, no influence of any electron beam illumination was observed on this
ripening. However, a LEEM-IV measurement (Ustart ≤ 5 V) after the deposition
and before the heating changed the result. On the area which was illuminated
with electrons, no change could be observed despite the increased temperature.
Therefore, the observed sample area was changed. As depicted in Fig. 2.7 (b),
above the edge of the former electron beam (indicated in red) significantly larger
islands are observed. Here, Ostwald ripening has taken place.
In this thesis, several precautions were taken to prevent an influence of beam
damage on the results. For all LEEM measurements, start voltages below 2 V
were used which proved not to damage the organic films or hBN layers prepared
in this thesis significantly. After LEED, LEEM-IV and DF-LEEM measurements
for which higher start voltages are necessary, it was always checked if any indi-
cations of beam damage could be observed. When changes could be recognized,
the sample position was changed or the experiment was repeated.

(a) (b)

1.5 µm 1.5 µm

Figure 2.7: Beam damage: (a) Monolayer NTCDA on Cu(001) in slight underfo-
cus at Ustart = 2.4 V after a LEED measurement at Ustart = 7.5 V. The area used
for the LEED measurements was limited by the illumination aperture, is indi-
cated in red and appears much darker than the rest of the sample. (b) PTCDA
islands (dark contrast) on Cu(001) in underfocus at Ustart = 2 V. After deposi-
tion, a LEEM-IV measurement (Ustart ≤ 10 V) was performed on the area below
the red line. Then, the sample was slightly heated to observe Ostwald ripening.
It can clearly be seen that Ostwald ripening took place only at the upper part of
the sample which was not illuminated by the beam in the LEEM-IV experiment.

2.1.5 Photoemission electron and momentum microscopy
In Photoemission Electron Microscopy (PEEM) and momentum microscopy, the
sample is illuminated with photons instead of electrons. When the photon en-
ergy is high enough, photo-electrons are emitted from the sample which travel
through the rest of the microscope as in the case of an electron source. They
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Figure 2.8: Calculation of the angular-resolved photoemission signal of the LUMO
of PTCDA: (a) Wave function of the LUMO of a free PTCDA molecule. (b)
Fourier transform of (a). (c) The angular intensity distribution results from the
evaluation of the absolute square of (b) on a hemispherical sphere with the radius
k =

√
(2m/~2)Ekin. (Calculations done by Daniel Lüftner, University Graz)

are accelerated between sample and objective lens by 20 keV (reduced by the
start voltage), pass the two sector fields, the aberration corrector and the en-
ergy analyser before they reach the MCP detector. In the PEEM mode, the
same lens settings are used as in the LEEM mode and the photo-electrons are
used to produce a real-space image of the sample. For momentum microscopy,
the settings for LEED are applied to measure the angular distribution of the
emitted photo-electrons. In contrast to conventional Angular-Resolved Photo-
Electron Spectroscopy (ARPES) measurements, the electron distribution in the
kxky-plane is measured in one shot without the need to rotate the sample or to
scan in k-space. In PEEM and momentum microscopy mode, energy resolved
measurements can be achieved in combination with the hemispherical electron
analyser and an appropriate energy slit (ES). When the energy slit is introduced
into the electron beam, only electrons with a certain kinetic energy can pass it.
The adjustment of the start voltage Ustart gives the opportunity to scan in kinetic
energy. The absolute binding energies are calibrated with the position of the
Fermi edge.
In this thesis, two illumination sources in the UV range are used. The Hg-lamp
manufactured by LOT-Oriel group Europe is mainly applied for the alignment
procedure in the PEEM mode. The FOCUS HIS 14 High Density VUV Source
with a spot size of 300 µm and a photon energy of 21.2 eV (HeI radiation) is
mainly used for momentum microscopy which is explained in the following in
more detail.
The kinetic energy of the electrons Ekin emitted from the sample depends on the
photon energy ~ω, the work function φA of the sample and the binding energy
EB of the state from which the electron is emitted.

Ekin = ~ω − φA − EB (2.1)

The intensity of the photo-electrons is determined by Fermi’s Golden rule.
The approximation of a plane wave as simplest approximation for the final state
of the photoemission process simplifies the calculation of the angular intensity
distribution I(θ, ϕ, Ekin) significantly. Then, it is mainly given by the absolute
squared Fourier transform of the initial wave-function Ψi. [123]
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Figure 2.9: Calculation (done by Daniel Lüftner, University Graz) of the CBE
maps of the HOMO and LUMO of the free PTCDA molecule ((a)+(b)) and
PTCDA on Ag(111) ((c)+(d)).

I(θ, ϕ, Ekin) ∼ |A · k|2 · |Ψ̂i(k, Ekin)|2 (2.2)
The factor |A·k|2 scales the intensity of the pure orbital emission pattern accord-
ing to the angle between the direction of the photo-electrons k and the incoming
radiation given by the vector potential of the exciting electromagnetic wave A.
[123]
Although the plane wave approximation is a very crude approximation that can-
not generally be used for analysing ARPES data, it has been applied very success-
fully in specific cases. Examples are the successful assignment [123], the orbital
tomography deconvolution [124, 156, 160] and the reconstruction of the wave-
function of molecular orbitals [100, 185].
For molecular adsorbates, the initial state Ψi corresponds to the wave function
of the molecular orbital. The angular-resolved photoemission signal can be cal-
culated in three steps as illustrated in Fig. 2.8 for the LUMO of PTCDA. The
wave function of the molecular orbital is calculated with DFT for a free molecule
in the gas phase (a). Subsequently, the wave function is Fourier transformed (b).
The absolute square of this result has to be evaluated on a hemispherical sphere
with the radius k =

√
(2m/�2)Ekin. This leads to the two-dimensional intensity

distribution as a function of the parallel momentum components kx and ky and
is called constant binding energy (CBE) map (c). The result is characteristic for
each molecular orbital thus it enables the identification of the emitting molecular
orbital. [123]
However for many molecular adsorbates on metal substrates, different orienta-
tions of molecules on the surface contribute to the angular-resolved photoemission
signal as depicted in Fig. 2.9 (c) and (d) for PTCDA on Ag(111) where twelve
molecules with different orientations contribute to the maps. For comparison, the
CBE maps for the HOMO and LUMO of a free PTCDA molecule are depicted



16 CHAPTER 2. EXPERIMENTAL SETUP

in (a) and (b), respectively. [123, 156]
For a more quantitative analysis, the contributions of specific molecular orbitals
to the measured photo-electron yield can be separated from each other by orbital
tomography which was introduced by Puschnig et al. [124]. In this procedure at
every measured binding energy EB, a two-dimensional fit of all contributing CBE
maps Φi(kx, ky) to the measured intensity distribution is performed. Additionally,
the signal of the substrate Isub(kx, ky, EB) and a constant background c(EB) is
considered.

F (kx, ky, EB) =
∑

ai(EB)Φi(kx, ky) + b(EB)Isub(kx, ky, EB) + c(EB) (2.3)

The fitting parameters ai are interpreted as density of states projected on the
corresponding molecular orbital (PDOS).
This method allows to determine the PDOS for all orbitals which are relevant
in the (binding) energy range of interest. Two examples that are related to the
work presented here are the distinction between the two LUMO positions of the
two PTCDA molecules in the unit cell on Ag(111) [156] and the determination of
the different charge transfers into the two molecules PTCDA and CuPc forming
mixed ordered structures on Ag(111) [160].

2.1.6 Image processing
In this thesis, the open source program Image J [135] and the related software
Fiji [130] is applied for image processing. It is used for example to average LEEM
or PEEM images, read out intensity values of certain areas or adjust the contrast
settings. Three important processing steps are described in more detail in the
following.

Flat field correction

The sensitivity of the micro-channel plate (MCP) detector, i.e., the amplification
of the electron signal, is not homogeneous in the complete detector area. However,
the area dependency is constant over several month, as long as the system is not
vented and the MCP is not illuminated with too high electron intensities, but it
changes with the applied settings on the detector strongly. This inhomogeneity
can be corrected by using a so called mirror image for calibration [66, 139]. At
a start voltage of −5 V, the electrons are not able to interact with the sample
so that all electrons are reflected from the surface leading to an image which
is independent from the surface morphology and exhibits a constant intensity
distribution except for the inhomogeneity caused by the MCP. Calibration of the
image plate is performed by dividing the images of interest by the mirror mode
image.

Threshold method

The threshold method is used to determine island sizes. After a flat field correc-
tion is applied, the intensity on the islands is nearly constant and differs signifi-
cantly from the also nearly constant intensity on the substrate if an appropriate
start voltage was chosen. Then, a threshold can be set in Fiji which creates a
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binary image so that all pixels with a value higher than the chosen threshold
appear dark and the once with a lower value white. Artefacts from step edges
and other defects can be corrected manually. Afterwards, this new image can be
analysed further to determine for example the island size distributions.

False colour images

In the DF-LEEM measurements discussed in this thesis, up to six different do-
mains can be distinguished in the case of organic monolayers and even more in
the case of hBN on Cu(111). Often, they are depicted as false colour images
which are produced by two different methods.
In Fiji [130], the different DF-LEEM images can be merged in a false colour "com-
posite" image by replacing the gray values of each images with the corresponding
colour value. An example is depicted in Fig. 5.14 (f) where each colour repre-
sents one DF-LEEM image. The advantage of this method is that the intensity
information of the single measurements is still encoded in the intensity of the
corresponding colour.
For the second method, the domains are identified using the threshold method.
Then, the binary images are overlapped manually. An example is depicted in
Fig. 2.6 (b). This method is applied when hints of a second domain occur in one
DF-LEEM image (as observed for the image in Fig. 2.6 (c) marked in purple).
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2.2 Complementary techniques

2.2.1 Scanning tunnelling microscopy
Scanning Tunneling Microscopy (STM) is applied as complementary technique
to determine the molecular structure and orientation of the NTCDA molecules
on Cu(001) and to support the model which evolved from the LEEM data.
Since STM is a well-known technique, an introduction into the theoretical and
technical background is not given here. But a detailed introduction can be found
in [180].
In this thesis, a commercial Omicron Variable Temperature STM is used which
was build in 1998. The chamber is equipped with a sputter gun, an NTCDA
evaporator and a quadrupole mass spectrometers (QMS) for the preparation of
NTCDA monolayers on the Cu(001) crystal. A LEED instrument is also available
giving the opportunity to compare the preparations in the STM with those done
in the LEEM instrument. All STM images shown in this thesis were done by
Markus Franke [50]. The program WSxM is applied for the analysis of the STM
images [74].

2.2.2 X-ray standing wave method
Normal Incidence X-ray Standing Wave (NIXSW) is a method to determine
the adsorption heights of adsorbates on crystalline substrates with extremely
high precision (∆z < 0.04 Å). In many previous studies, it was successfully
applied to investigate the adsorption of organic molecules on metal substrates
[56, 68, 108, 154, 156, 160] and of two-dimensional systems like graphene [147, 148]
and hBN [21]. In the following, a brief introduction into the basic principles is
given. More detailed descriptions can be found in the descriptions of Zegenhagen
[196–198] and Woodruff [191, 192] or in the dissertations of Mercurio [108] and
Stadtmüller [157].
In an NIXSW experiment, a crystal is illuminated with a monochromized X-ray
beam in normal incidence to the Bragg planes of the selected reflection. Pho-
ton energies E are chosen which fulfill the Bragg condition of this crystal plane.
Therefore, a diffracted beam is produced which is coherent with the incoming
beam. The interference of these beams generates a standing wave field with the
local photon intensity ISW depending on E:

ISW(E, z) = 1 +R(E) + 2
√
R(E)cos

(
ν(E)− 2πz

dhkl

)
which is normalized to the incoming beam intensity. z is the vertical coordi-
nate, dhkl the distance between the chosen Bragg planes, R the reflectivity and
ν the phase difference between the incoming and the reflected beam given by
EH

E0
=
√
R · exp(iν).

According to the theory of dynamic diffraction, the diffraction peak close to the
Bragg condition even of an ideal crystal has a certain width, the Darwin width.
This means that the energy of the incoming photon beam E can be changed
slightly while the reflectivity R has a value different from zero (a diffracted beam
still exists). Besides the reflectivity R(E), the phase between incoming and re-
flected wave ν(E) is varied with E which leads to a shift of the standing wave



2.2. COMPLEMENTARY TECHNIQUES 19

field inside the crystal perpendicular to the Bragg planes.
Since the photon absorption, and thus, for example, the photoelectron emission
of an atom on the surface, depends on the local photon intensity, the XSW-field
can be used to determine the position of the atom by analysing the XPS signal
for various photon energies close to the Bragg condition. The chemical sensitivity
of the XPS signal allows to distinguish the heights of chemically different species
for example of the anhydride and the carboxylic oxygen in PTCDA [68].
Nevertheless, a lot of atoms of the same species contribute to the XPS signal
with slightly different vertical heights because of disorder. Thus, the vertical
normalized height distribution f(z) has to be introduced.

ISW = 1 +R(E) + 2
√
R(E)

∫ dH

0
f(z)cos

(
ν(E)− 2πz

dhkl

)
dz

= 1 +R(E) + 2
√
R(E)FHcos

(
ν(E)− 2πPH

)
In the second line, two important parameters are introduced. The coherent po-
sition PH corresponds to the averaged vertical position in fractions of the Bragg
plane distances above the nearest Bragg plain. The coherent fraction FH is a
parameter for the vertical ordering with values between 0 and 1. In most cases, a
value of 0 corresponds to a homogeneous distribution of heights (complete disor-
der) while a coherent fraction of 1 corresponds to a perfectly ordered layer with
all atoms of the measured species on the same height.
These two parameters are the central results of each XSW experiment and are
plotted in a polar diagram, the so-called Argand diagram. An example is plotted
in Fig. 5.4 (d).

2.2.3 Pair potential calculations
In this section, the pair potential approach is discussed briefly which represents a
simple theoretical model considering van der Waals and electrostatic interactions
to calculate the interaction energy between two or more molecules and to find
the most favourable adsorption configurations for molecules. The parametriza-
tion and the implementation of this approach is based on the work of Kröger et al.
[91]. It has been successfully applied on molecular systems on weakly interacting
surfaces [95].
The pair potential Φ corresponding to the interaction energy between two

molecules A and B is defined as:

Φ(r) =
∑
i

∑
j

(
φvdW
ij (rij) + φES

ij (rij)
)
.

Here, the interaction energies of each atom i of molecule A and of each atom j
of molecule B are summed up considering the electrostatic potential φES

ij and the
van der Waals potential φvdW

ij . Both depend only on the distance rij between the
atoms. The electrostatic potential φES

ij is given by the Coulomb potential:

φES
ij (rij) = ZiZj

4πε0rij
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Figure 2.10: Pair potential approach. (a) The relative displacement vectors r
between the center of masses of the molecules (black) and the fixed arrangement
of atoms within the molecule NTCDA determine the vectors ri, rj and rij (green
and blue). (b) Pair potential map of two parallelly oriented NTCDA molecules
as a function of the lateral displacement r. Most favourable adsorption sites for
molecules are usually reflected in deep minima in the pair potential.

The partial charges of the atoms within the molecule Zi and Zj were calculated
by natural bond orbitals population analysis with the Gaussian03 package. More
details can be found in [95].
The van der Waals potential includes the Pauli repulsion described by an expo-
nential function and the attractive London force which is proportional to r−6

ij :

φvdW
ij (rij) = aije

−bijrij − cij
r6
ij

The element parameters aij, bij and cij are called specific non-bonding parame-
ters. For symmetric pairs (atom i and j are of the same species), values for bij
and cij can be found in literature [48, 145, 149] and aij is optimized in order to
find the minimum energy at a distance corresponding to the van der Waals radius
of the specific atom reported by [18]. In the case of asymmetric pairs (atom i
and j are not of the same species), the geometric mean of the symmetric pairs is
applied for aij, bij and cij.
The molecules are assumed to be rigid objects with the atomic distances of the
gas phase geometry calculated by DFT (Gaussian03). Distortions upon adsorp-
tion are neglected. Consequently, the relative displacement vectors r between
the center of masses of the molecules (black) and the fixed arrangement of atoms
within the molecule NTCDA determine the vectors ri, rj and rij (Fig. 2.10 (a)).
In this work, the pair potentials are depicted in two-dimensional maps in which
the energy potential for various positions in the (xy)-plane of a molecule is colour
coded as depicted in Fig. 2.10 (b). Green corresponds to a negative pair poten-
tial and thus attraction while red describes positive pair potentials and repulsion.
Most favourable adsorption sites for molecules are usually reflected in deep min-
ima in the pair potential [95].
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Figure 2.11: Step edge movement (indicated with green arrows). (a) LEEM
image of Cu(001) in underfocus at Ustart = 2 V. (b) Sketch of the movement and
bending of step edges during annealing.

2.3 Sample preparation

The ultra-high vacuum (UHV) system of the LEEM instrument consists of three
chambers: the column, where most of the optical components are located in, and
the main and the preparation chamber where the sample preparation takes place.
Before each experiment, the copper crystals are cleaned by several sputtering
and annealing cycles in the preparation chamber. For sputtering, a 3:2 mixture
of argon and hydrogen is used which has proven to exhibit better results regard-
ing terrace sizes on Cu(001) than pure argon [66]. After sputtering, the Cu(001)
crystal is annealed for 10 min and the Cu(111) crystal for 30 min at 900 K. For
heating, a tungsten filament is integrated into the sample holder which is con-
structed to also allow electron bombardment onto the back of the crystal for
additional heating power. The final annealing step is performed in the main
chamber and is observed with LEEM. Here, even higher annealing temperatures
(about 150 K higher) and longer annealing times (up to 1 h) are applied to reach
larger terrace sizes.
At these temperatures, the evaporation of Cu atoms from the step edges can be
observed leading to the movement of step edges as depicted in Fig. 2.11. The
movement is indicated with green arrows and gives the opportunity to identify
on which side of the step edge the upper and lower terrace is located (step sense).
When a step edge approaches a defect on its way over the surface, the step edge
is temporarilly pinned at this position leading to the characteristic bending of the
step edges so that the upper terrace is located on the concave side of a step edge.
The curvature does not change significantly during the cooling of the crystal back
to room temperature; thus, the step sense can be determined without watching
the annealing process at that particular area. Another oppertunity to determine
the step sense is described in [27].
The annealing is stopped when the sizes of the Cu terraces are large enough for
the planed experiment. Then, the crystal is cooled down to the temperature used
for the preparation of organic or hBN layers. In the case of organic films, the
substrate has temperatures close to room temperature (300 K to 400 K) while it
is significantly higher (900 K to 1100 K) during hBN preparation.
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Figure 2.12: Chemical structural models of (a) NTCDA (b) PTCDA and (c)
borazine which is used to prepare hBN.

2.3.1 Preparation of molecular layers

All organic films are prepared under UHV conditions with a base pressure better
than 5× 10−10 Torr in the main chamber during observation with LEEM, DF-
LEEM or LEED. The NTCDA and PTCDA molecules, which are depicted in
Fig. 2.12 (a) and (b), respectively, were purified before hand by at least three
sublimation cycles and are evaporated onto the sample with custom-made Knud-
sen cell evaporators. Before each experiment, the evaporators are preheated for
at least one hour to guarantee a constant deposition rate. A shutter in front of
the evaporator prevents molecules to reach the sample during the preheating and
enables an accurately defined start and end point of the deposition. The depo-
sition rates are calibrated by measuring the time needed to deposit a complete
monolayer.

2.3.2 hBN-prepartion

The hexagonal Boron Nitride (hBN) monolayers are prepared in the main cham-
ber during observation with LEEM. In contrast to the deposition of organic
molecules, the hBN is fabricated from the gas borazine ((BH)3(NH)3) directly
on the hot Cu(111) crystal by chemical vapour deposition (CVD) as depicted in
Fig. 2.12 (c). For this purpose, the borazine is dosed via a leak valve into the
chamber while the Cu crystal is kept at a temperature of 400 to 1100 K after
the last annealing cycle. Typically, pressures between 0.5 and 5× 10−7 Torr are
chosen for preparation which are measured with an ion gauge. The preparation
is finished by closing the leak valve and subsequent cooling down to room tem-
perature by less than 1 K s−1.
The borazine was purchased from Katchem spol s.r.o, Czech Republic and was
under argon atmosphere for transport. It was continuously stored below 0 ◦C
after delivery in order to minimize thermal degradation. The liquid was filled
into a small glass tube which was evacuated to about 2× 10−2 bar before. The
argon and hydrogen, a decomposition product which possibly already formed,
was pumped away while the borazine was frozen by liquid nitrogen. Then, the
borazine was defrosted again. This cleaning procedure was repeated at least five
times before the glass tube was connected to the main chamber of the LEEM by
a leak valve where it was continuously stored below 0 ◦C as well.
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2.3.3 Sample temperature measurements
For temperature measurement, a tungsten/rhenium (W/Re 95%/5% - W/Re
74%/26%, by weight) alloy thermocouple is spot welded to the sample holder
very close to the crystal. Usually, such a set up is expected to yield realistic sam-
ple temperature values. However, the situation is more complicated in the LEEM
setup since the sample and its holder are biased with approximately 20 kV. There-
fore, the read out electronics of the temperature is positioned in a high voltage
(HV) rack together with many other electronic devices like power supplies etc.,
also floating on 20 kV. It was found that with this setup the measured sample
temperature depends on the temperature within the HV-rack [173] and, therefore,
on the temperature in the room. Since the laboratory is not air conditioned, this
is a significant problem which can be solved by an appropriate calibration. In
this thesis, the calibration method based on the work of Jonas van Bebber [173]
and of Jana Wolters [190] is applied which is described in the following briefly.
Between the temperatures in the room, in the HV rack and measured at the
sample by the thermocouple (without any heating or cooling), linear tendencies
were found. Under the assumption that the room temperature and the actual
sample temperature are equal, a calibration was found which is based on data
taken at many different HV rack temperatures. This calibration determines an
offset between the measured and the actual sample temperature which depends
on the HV rack temperature.
For each experiment in this thesis, the temperature in the HV rack was recorded
to determine this offset, in particular, for the temperature dependent measure-
ments. For all experiments, it is assumed that the offset between the measured
and the actual sample temperature depends on the temperature in the HV-rack
only and not on the actual sample temperature as well.
The calibration has been done for each sample holder separately and was repeated
regularly, in particular, when anything was changed with the sample holder (e.g
thermocouple, crystal or filament). However, the uncertainty on the actual sam-
ple temperature (referring to this calibration) is still between 5 K and 15 K.
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Chapter 3

Theoretical background

In this chapter, a brief introduction into nucleation theory is given including the
derivations of the most important equations and methods which are applied in
chapter 4 for the determination of the critical cluster size, the diffusion barrier
and the cohesion energy of PTCDA on Cu(001). Since nucleation theory was
developed for the hetero- and homoepitaxial growth of atomic layers only, this
chapter will not treat the growth of molecules directly. However, it has been
shown that the results of nucleation theory are also valid for many molecular
systems [25, 66, 129, 155, 165].

3.1 Rate equations
In this section based on the description of Michely and Krug [110], the rate equa-
tions are introduced which are necessary for the derivations of some important
equations which are applied in this thesis. They describe the different atomistic
processes on the surface, like deposition of atoms on the surface, formation of
dimers, growths or decay of islands by attachment and detachment of adatoms,
in terms of rates. For reasons of simplicity, the case of complete condensation is
discussed only where the sticking coefficient, the percentage of atoms which stays
on the surface and does not desorb from it after deposition, is 1. This is a good
approximation for the most systems investigated in this thesis.
The first rate of interest is the deposition rate R which increases the number
of adatoms on the surface n1 as illustrated in Fig. 3.1. At sufficient substrate

n1 n2 n3

……

ns

Figure 3.1: After deposition with rate R, the adatoms are able to diffuse over
the surface. When an adatom hits another adatom or an already existing cluster
of atoms, they can form a dimer or it can be integrated into a cluster. Hence,
clusters of various sizes can be formed. ns describes the density of clusters with s
atoms and Γs the transition rate from clusters with s atoms to clusters containing
s+ 1 atoms.
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ns-1 ns ns+1

Figure 3.2: The change of the density of clusters with s atoms ns depends on the
transition rates Γs−1 and Γs. These rates include the attachment of an atom to
a cluster and the detachment of an adatom from a cluster. For more details, see
text.

temperatures T , the adatoms are able to diffuse over the surface which is quan-
tified by the diffusion coefficient D. When an adatom hits another adatom, they
can form a dimer. This process reduces the number of adatom and increases
the number of dimers. Additionally, adatoms can hit already existing clusters of
atoms so that clusters of various sizes can be formed. The adatom density n1
and the density of clusters with s atoms ns can be described with rate equations.
For this purpose, the transition rate of clusters containing s atoms to clusters
containing s + 1 atoms is defined as Γs as also depicted in Fig. 3.1. This rate
includes the attachment of an atom to a cluster of s atoms and the detachment
of an adatom from a cluster containing s+ 1 atoms as depicted in Fig. 3.2. The
attachment rate is proportional to the diffusion coefficient D, the adatom den-
sity n1 and the density ns while the detachment only depends on the density
ns+1. The proportionality factors are given by the capture number σs and the
detachment rate γs+1, respectively. Therefore, the density of islands with s atoms
changes according to

dns
dt

= Γs−1 − Γs with Γs = σsDn1ns − γs+1ns+1 (3.1)

The adatom density n1 on the surface increases as atoms are deposited with the
rate R. Simultaneously, it decreases when a dimer of two adatoms is formed or
when a cluster grows by attachment of an adatom:

dn1

dt
= R− 2Γ1 −

∑
s≥2

Γs (3.2)

At a certain size (s > i), the clusters are assumed to be stable. Thus, the
detachment rate γs is zero. The critical cluster size i is defined as the number of
atoms in the largest cluster that is not yet stable. Therefore, the stable island
density N changes with

dN

dt
=

∞∑
s=i+1

dns
dt

= Γi − Γi+1 + Γi+1 − Γi+2 + Γi+2 − Γi+3 + ... = σiDn1ni (3.3)

Under the assumption of thermal equilibrium among the unstable clusters, the
transition rates for the unstable clusters Γs (1 ≤ s ≤ i − 1) are zero. Then, the
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change of the adatom density n1 is given by

dn1

dt
= R− σiDn1ni − σDn1N with σ = N−1

∞∑
s=i+1

nsσs (3.4)

Additionally, the detailed balance relation [183] is fulfilled in thermal equilibrium:

Ωns ≈ (Ωn1)se
Es
kBT (2 ≤ s ≤ i) (3.5)

Here, Ω is the area of an adsorption site and Es is the total binding energy of a
cluster of s atoms.
With the equations 3.3, 3.4 and 3.5, the island densities and the adatom densities
can be calculated. The solution displays two temporal regimes. In the first
regime, stable clusters are widely spaced and new clusters nucleate in between.
In the second regime, the nucleation rate is zero since the existing island edges
are the most probable places for the adatoms to be attached. Thus, the number
of islands is constant and the islands only grow in size. This regime is called
steady state regime and is discussed in the following section in more detail. For
higher coverages, the rate equations are not applicable any more since coalescence
of islands becomes important.

3.2 Steady state regime
In the steady state regime, the island density N and the adatom density n1 are
constant. With this assumption and the equations 3.3, 3.4 and 3.5, the islands
per adsorption site N̂ is given by

N̂ = ΩN =
[
(i+ 2)σiσ−(i+1)Θ

] 1
i+2

(
Ω2R

D

) i
i+2

e
Ei

(i+2)kBT (3.6)

This equation is the main result of nucleation theory for the case of a 2D system
and complete condensation [110]. Two important relations deduced from this
equation and applied in chapter 4 are

N ∼
(
R

D

) i
i+2

and N ∼ exp

(
iED + Ei

(i+ 2)kBT

)
with D = D0exp

(
− ED
kBT

)
.

(3.7)
These relations make it possible to determine the critical cluster size i, the diffu-
sion barrier ED and the cohesion energy Ei of a cluster with i atoms experimen-
tally. However, this requires many growth experiments with various deposition
rates and at various substrate temperatures.

3.3 Island size distributions
The investigation of the island size distribution in the steady-state regime gives
the opportunity to determine the critical cluster size i at a certain temperature
with only one growth experiment as long as there is enough statistics (large
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number of islands). The following description is based on the work of Amar et
al. [5, 6].
The island size distribution, Ns, is the density (i.e. number of islands per site) of
islands containing s atoms at the coverage θ. According to the dynamical scaling
assumption [38, 39, 179], there is a scaled island size distribution fi(s/S) which
is only determined by the critical cluster size i so that the island size distribution
can be written in the general scaling form [6]:

f
(
s

S

)
= NsS

2

θ
for s ≥ 2 (3.8)

Here, S is the mean island size and θ the coverage with

S =
∑
s≥2 sNs(θ)∑
s≥2 Ns(θ)

and θ =
∑
s≥1

sNs(θ). (3.9)

In order to determine the critical cluster size i from experimental data, an explicit
model for this scaled island size distribution fi(s/S) is needed. In this thesis, the
following ansatz is applied for fi(s/S) which has been successfully applied for
molecular systems [129, 155, 165] and was developed by Amar et al. [5]:

fi(u) = Ciu
ie−iaiu

1
ai with u = s/S (3.10)

where Ci and ai are given by the equations

(iai)ai = Γ[(i+ 2)ai]
Γ[(i+ 1)ai]

and Ci = (iai)(i+1)ai

aiΓ[(i+ 1)ai]
. (3.11)

The values for Ci and ai can be found in [119].
This model allows to determine the critical cluster size from a measured island size
distribution if the dynamical scaling assumption is valid. First, the island sizes
in the aggregation regime are measured as described in 2.1.6 and are plotted in a
histogram. Then, this measured distribution is normalized according to equation
3.8 and is compared with the theoretical curves fi(s/S) for various i.
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Chapter 4

Growth of PTCDA on Cu(001)

The adsorption of organic molecules on metal surfaces is of highest interest for
applications in the field of organic electronics [10, 16, 49, 81, 162] and for funda-
mental studies of the interaction mechanisms. Of particular interest is the initial
growth and the formation of the first molecular layer, as this layer acts as a tem-
plate for further growth and determines the charge injection properties at the
interface [171, 195, 200].
In this chapter, the initial growth of the perylene derivative PTCDA on Cu(001)
is investigated not only qualitatively, but quantitatively. The attractive inter-
molecular interaction of the PTCDA molecules leads to the growth of compact
islands at already very low coverage. This attractive interaction determines the
cohesion energy E

(2)
B of two PTCDA molecules while the diffusion barrier ED

is strongly influenced by the interaction between molecule and substrate. Here,
these two important growth parameters are determined.

In the first section of this chapter, it is shown that the growth of the first
monolayer PTCDA on Cu(001) can be divided into three regimes: nucleation,
aggregation and coalescence. Then, the island number densities (number of is-
lands per unit area) are determined within the aggregation regime for various
experiments performed at different substrate temperatures (300 K-390 K) but
with a constant deposition rate. An Arrhenius-type plot reveals two tempera-
ture regimes which most probably exhibit two different critical cluster sizes. This
data has the potential to reveal the diffusion barrier ED of one and the cohesion
energy E(2)

B of two PTCDA molecules on Cu(001) when the critical cluster sizes i
are known. Therefore, these critical cluster sizes are determined for both regimes
in the third and fourth section. This is done by applying methods developed
for atomic nucleation on surfaces which were introduced in chapter 3. The first
method is based on the analysis of island size distributions while for the second
method the critical cluster size is calculated from the dependence of the island
number densities on the deposition rate. In section 5, the diffusion barrier ED
and, in combination with pair potential calculations, the cohesion energy E(2)

B are
identified for PTCDA on Cu(001). Finally, the determined critical cluster sizes i
are discussed in section 6.
Please note that the growth study presented here has been started within the
framework of the dissertation of Caroline Henneke [66] and was finished within
this thesis. Therefore in the first three sections, LEEM measurements performed
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and analysed by Caroline Henneke are briefly presented and discussed. The cor-
responding conclusions are then used for the further investigations reported in
the last three sections.

4.1 Aggregation regime
Atomic and molecular growth of a monolayer can in gerneral be divided into
three regimes: nucleation, aggregation and coalescence. This is indicated for the
example of PTCDA on Cu(001) in Fig. 4.1 with a LEEM image series measured
by Caroline Henneke [66]. In the nucleation regime, new PTCDA islands nucleate
until a coverage of 0.08 ML is reached. From this point on, the number of islands
is constant and the islands grow in size. This is the second regime, the aggregation
regime. The islands at a coverage of 0.23 ML and 0.47 ML are shown in Fig. 4.1
(b) and (c), respectively. The end of the aggregation regime is marked by starting
coalescence of PTCDA islands at 0.65 ML. In this experiment, the begin and end
of the aggregation regime were well-visible. This is an important prerequisite for
all following analyses since they all are valid only in the aggregation regime.
For higher coverages, more islands grow together (Fig. 4.1 (d)) until almost the
entire surface is covered by the monolayer (Fig. 4.1 (e)). The nucleation of the
second monolayer (dark contrast in Fig. 4.1 (f)) starts as soon as the first layer
is completed but not before which is in good agreement with previous results

(a) (b) (c)

(d) (e) (f)

1 µm

0.87 ML 0.99 ML 1.01 ML

0.03 ML 0.23 ML 0.47 ML

1 µm

Figure 4.1: LEEM image series taken during the growth of PTCDA on Cu(001)
at 350 K with a deposition rate of 25 min/ML. (a) Nucleation of PTCDA islands
(bright contrast) starts soon after the deposition is started. (b, c) In the aggre-
gation regime, the existing islands grow in size but their number stays constant.
(d) The islands start to coalesce. (e) The first monolayer of PTCDA is nearly
complete. (f) As soon as the first layer is complete, the second layer starts to
nucleate (dark contrast). Images were taken at 2 V (a-c) and 1.3 V (d-f) with
slight under focus. This figure has been adapted from [66] with permission.
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[105, 106].

4.2 Island density vs. temperature

According to classical mean-field nucleation theory, the cohesion energy E(s)
B of

one molecule to a cluster of s−1 molecules and the diffusion barrier for individual
molecules ED can be determined by measuring the island densities ρ in the aggre-
gation regime at different temperatures T but for a constant deposition rate R if
the critical cluster size i is known and desorption is neglectable [23, 24, 177, 178]:

ρ ∝ exp
Σ(i)

s=2E
(s)
B + i · ED

(i+ 2)kBT

 . (4.1)

In order to determine these energies, Caroline Henneke has performed and anal-
ysed twelve deposition experiments of PTCDA at different substrate temperatures
(300 - 390 K) but constant deposition rate in her thesis [66]. The influence of step
edges was avoided by only considering islands in sufficient distance to the step
edges. Measurements at higher temperatures were not possible since the high
mobility of the molecules leads to only one island growing on each terrace and
the influence of step edges became crucial.
The island densities of these twelve experiments are shown in an Arrhenius-type
plot in Fig. 4.2. The linear trend expected from equation 4.1 is clearly visible but
also a clear kink at 317 K and different slopes for higher and lower temperatures.
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Figure 4.2: Log-plot of the island density ρ vs. the inverse substrate temperature
T (Arrhenius-type plot). A linear dependency is expected according to equation
4.1. The clear change in slope at approximately 317 K is caused by a change in
the critical cluster size. This figure has been adapted from [66] with permission.
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This indicates a change of the critical cluster size at this temperature. For the
quantitativ analysis, see [66].

4.3 Critical cluster size and island size distribu-
tions

A well-established method to determine the critical cluster size i from island size
distributions is based on the dynamic scaling assumption [6, 38, 39, 113, 179]
which was developed for adatoms on surfaces and corresponds to a normal-
ization to eliminate the influence of the coverage on the island size distribu-
tion. It was already successfully applied to several molecular adsorbate systems
[25, 119, 129, 155, 165]. In the PhD thesis of Caroline Henneke [66], it has
been shown that this normalization is also applicable for the system PTCDA on
Cu(001).
The island size distributions of PTCDA on Cu(001) deposited at various temper-
atures were extracted from LEEM images taken in the aggregation regime [66].
In Fig. 4.3, they are depicted after normalization. In the next step, the critical
cluster size i was determined by comparing the peak width of the normalized
island size distribution with the theoretical curves fi(s/S). For the theoretical
curves, the ansatz of Amar et al. [5] is applied (see section 3.3 for more details).
For temperatures below 317 K, the experimental island size distributions are in
good agreement with the theoretical curves for i = 1 as shown in Fig. 4.3 (a).
Fortunately, this result allows to determine the diffusion barrier ED. With in-
creasing temperature, it is expected that the critical cluster size increases since
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Figure 4.3: Island size distributions for different substrate temperatures during
the deposition. (a) For temperatures below 317 K, the data points represent
the shape of the theoretical curve for i = 1 very well. (b) With increasing
temperature, it is expected that the critical cluster size increases since we observed
a change in slope in Fig. 4.2. In accordance with this, the shape of the measured
island size distributions become narrower. But it is hard to distinguish if the
theoretical curve for i = 2 or i = 3 fits the data better. This figure has been
adapted from [66] with permission.



4.4. CRITICAL CLUSTER SIZE AND DEPOSITION RATE VARIATION 33

a change in slope was observed in Fig. 4.2. In accordance with this, the shape of
the measured island size distributions become narrower. But it is hard to decide
whether the theoretical curves for i = 2 or i = 3 agree better with the experi-
mental data, so it is unclear whether the critical cluster size increases to 2 or 3
[66].
Therefore, another approach to determine the critical cluster size i is chosen in
the framework of this dissertation where the deposition rate is varied instead of
the substrate temperatures.

4.4 Critical cluster size and deposition rate vari-
ation

The approach to determine the critical cluster size i for temperatures above 317 K
is based on the dependency of the island density ρ on the deposition rate R and
the diffusion constant D at constant substrate temperature T [24, 177]:

ρ ∝
(
D

R

)χ
, χ = i

i+ 2 . (4.2)

Since D is a constant in the observed system, the critical cluster size i determines
the slope of ln(ρ) if plotted versus ln(R). However, this method is experimentally
very expensive because many measurements with (very) different deposition rates
are necessary to determine the critical cluster size. Since we know from the previ-
ous results that the critical cluster size does not change for the temperature range
from 317 K to 390 K, it is sufficient to choose only one temperature within this
regime. Therefore, 13 experiments have been performed with deposition rates in
the range of 6-225 min/ML at a temperature of 334 K. The results are shown in
Fig. 4.4 in a log-log plot of the island density ρ vs. the deposition rate R. The
linear fit to the data is indicated as dashed line and has a slope which corresponds
to iFIT = 2.81 ± 0.44. This value is in good agreement with i = 3 while i = 2 is
out of the experimental uncertainty. Note that three linear curves are included
in the plot with slopes calculated for the critical cluster sizes i = 2, 3 and 4;
clearly, the one for i = 3 agrees best with the data. Therefore, we conclude that
the correct critical cluster size for the temperature range from 317 K to 390 K is
i = 3 while it is i = 1 for temperatures between 300 and 317 K as it was discussed
before.
These results open up new questions which are addressed in the following sec-

tions: Why is the critical cluster size i = 2 not observed, why does it directly
change from 1 to 3 at 317 K, and which conclusions can be drawn regarding
cohesion energies?

4.5 From critical cluster sizes to energies
From the critical cluster sizes and the slopes in Fig. 4.2, the diffusion barrier and
cohesion energies for certain molecular arrangements can be obtained. The case
of i = 1 gives the diffusion barrier while cases of i > 1 may allow to calculate the
cohesion energy of one molecule to a cluster of i − 1 molecules. In our case, we
have experimental data for i = 1 and i = 3.
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Figure 4.4: Log-log plot of the island density ρ vs. the deposition rate R of 13
experiments with deposition rates in the range of 6 - 225 min/ML. For comparison,
three theoretical curves with fixed slopes, according to the corresponding critical
cluster sizes, are included into the plot. The slope of the fitted curve is in good
agreement with the theoretical curve for i = 3.

For temperatures below 317 K, a critical cluster size of 1 was observed. This en-
ables to calculate the diffusion energy with the slopem1 [66] for the corresponding
temperature regime in Fig. 4.2 with equation 4.1:

m1 = ED

3kB
→ ED = (0.45± 0.21) eV. (4.3)

This value is higher than the one determined by Tejima et al. [165] who found a
range of 0 < EB < 0.20 eV for pentacene on SiO2.
Between 317 K and 390 K, a critical cluster size of 3 is observed. In combina-
tion with the corresponding slope m3 [66] in Fig. 4.2 and the already calculated
diffusion barrier ED, the cohesion energy of three molecules E(2)

B + E
(3)
B can be

determined:

m3 = 3ED + E
(2)
B + E

(3)
B

5kB
→ E

(2)
B + E

(3)
B = (1.77± 0.68) eV. (4.4)

Since a critical cluster size of 2 is not observed experimentally, only the sum
E

(2)
B + E

(3)
B can be obtained directly. But, a closer look at the smallest stable

molecular configurations for different critical cluster sizes as illustrated in Fig.
4.5 and pair potential calculations based on van-der-Waals and electrostatic in-
teraction [95] allow to correlate E(2)

B and E(3)
B with each other.

From STM and LEED measurements [54, 131], it is known that PTCDA
molecules form a commensurable herringbone pattern on Cu(001). Therefore,
only molecular orientations are considered which correspond to this geometry
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i = 1 i = 2

i = 3

Figure 4.5: Stable molecular configurations for different critical cluster sizes
assuming that the herringbone structure of PTCDA/Cu(001) is already formed
within such small clusters of PTCDA. For nearly all cases, the last incorporated
molecule achieves a similar energy gain considering van-der-Waals and electro-
static effects (according to pair potential calculations) and is able to form three
additional hydrogen bonds to the existing cluster as indicated for i = 1 (blue
ellipses). Only the configuration on the right for i = 3 is different. Here, six
hydrogen bonds can be formed and the energy gain considering van-der-Waals
and electrostatic effects is significantly higher (see text for more details).

(assuming that the influence of the substrate, the condition of commensurability,
is crucial already for such small clusters).
For the case of i = 1, one of the two situations found experimentally, the smallest
possible cluster consisting of two molecules is already stable. Within the her-
ringbone pattern, this allows only one configuration, as shown in Fig. 4.5. It
has been shown earlier that positioning two PTCDA molecules in an orientation
corresponding to the herringbone pattern leads to an energy gain of maximal
0.63 eV considering van-der-Waals and electrostatic interaction [95]. Three ad-
ditional hydrogen bonds that can be formed between the molecules stabilize the
configuration even further as indicated in Fig. 4.5 for i = 1 with blue ellipses.
When a third molecule is added, four possible configurations can be found which
are in agreement with the commensurate herringbone pattern (Fig. 4.5, i = 2). In
all four cases, the third molecule is able to form again three additional hydrogen
bonds and, according to pair potential calculations (an example is shown in Fig.
4.6 (a)), it yields a similar energy gain as the second molecule considering van-
der-Waals and electrostatic effects (maximal 0.61 eV). This means that a similar
amount of energy has to be spent to separate one molecule from a cluster of 2 or
3 molecules. Therefore, the assumption of E(2)

B ≈ E
(3)
B is reasonable.

With this assumption and eq. 4.4, the cohesion energy of two PTCDA molecules
on Cu(001) amounts to

E
(2)
B = (0.89± 0.34) eV.

This value is higher than the binding energy for pentacene on SiO2 of < 0.40 eV
[165] and for para-hexaphenyl on amorphous mica of 0.74 eV (calculations) [119].
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Figure 4.6: Examples of pair potential calculations for a PTCDA molecule
approaching a cluster of (a) two and (b) three molecules: (a) The position of
two molecules are fixed while the pair potential considering van-der-Waals and
electrostatic effects is calculated for the third molecule at various positions. The
maximal energy gain in an orientation corresponding to the herringbone pattern
amounts to 0.61 eV. (b) For this configuration of four molecules, the energy gain
for the fourth molecule amounts to more than 1.05 eV.

If it is assumed that van-der-Waals and electrostatic effects contribute with about
0.6 eV, which is in general agreement with the pair potential calculations [95], the
three H-bonds have to contribute with 0.1 eV each in order to explain this value
for E(2)

B and E(3)
B . This appears to be realistic although all values might be slightly

to high.

4.6 Change in critical cluster size at 317 K
In the last section, the cohesion energy of two PTCDA molecules on Cu(001)
E

(2)
B was determined although a critical cluster size of two is experimentally not

observed. But so far, the reason for the omission of the critical cluster size i = 2
was not discussed. An explanation is given with Fig. 4.5.
Here, all possible binding configurations for two, three and four molecules within
one cluster are depicted. For nearly all cases, the last incorporated molecule
achieves a similar energy gain considering van-der-Waals and electrostatic effects
(about 0.6 eV) and is able to form three additional hydrogen bonds to the existing
cluster. Therefore, a very similar amount of energy is necessary for all these
configurations to break one molecule out of the cluster. Only, the configuration
on the right for i = 3 is different. Here, six hydrogen bonds can be formed and
the energy gain considering van-der-Waals and electrostatic effects amounts to
more than 1 eV (see Fig. 4.6 (b)). Hence, this configuration is expected to be
significantly more stable than the other possible configurations for i = 3 and for
i = 2 and i = 1.
Therefore, it is plausible that a temperature regime exists where a cluster of four
PTCDA molecules is stable on Cu(001) while all smaller clusters are unstable.
This situation corresponds to a critical cluster size of i = 3 which was found
experimentally for 317 K-390 K. With decreasing temperature, it is expected
that also the configurations consisting of three molecules (i = 2) become stable



4.7. SUMMARY 37

at some point. However at the same temperature also clusters of two molecules
already become stable as demonstrated by the energy calculations reported in the
last paragraph (E(2)

B ≈ E
(3)
B ). Therefore, no temperature window exists where a

cluster of three molecules is stable while a cluster of two is unstable. This causes
the direct jump form i = 3 to i = 1 as it is observed at 317 K, experimentally.

4.7 Summary
In this chapter, the growth of PTCDA on Cu(001) was examined not only qual-
itatively, but quantitatively. By analysing island size distributions within the
aggregation regime and applying methods developed for atomic nucleation on
surfaces, it was possible to determine the critical cluster size i for the formation
of stable clusters for temperatures between 300 K and 390 K. The fact that a
value of i = 1 was found for temperatures below 317 K enabled to calculate the
diffusion barrier for individual molecules on this surface: ED = (0.45± 0.21) eV.
For temperatures above 317 K, the case of i = 2 is experimentally not observed;
instead four molecules are needed to form a stable cluster (i = 3). Nevertheless,
it was possible to determine in combination with pair potential calculations a
second crucial parameter for layer growth: the cohesion energy of two molecules
which amounts to E

(2)
B = (0.89± 0.34) eV. Additionally, the direct change of

critical cluster size from 1 to 3 at 317 K could be explained.
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Chapter 5

Growth of NTCDA on Cu(001)

Molecular adsorbate systems offer a variety of possibilities to tune their geomet-
ric, electronic, and optical properties. Of particular interest is the initial growth
and the formation of the first molecular layer since this layer acts as a template
for further growth, it determines the charge injection properties at the interface,
and therefore strongly influences the properties of the interface as well as of any
thicker films grown on top [171, 172, 195, 200].
Many studies of molecular adsorbate systems found in literature deal with large π-
conjugated molecules on different surfaces. Amongst the most intensively studied
systems, one finds the perylene derivative PTCDA and its naphtalene-counterpart
NTCDA, as well as different (metal-)phthalocyanines (MePc).
The first group of molecules (PTCDA and NTCDA), when adsorbed on noble
metal surfaces like Ag(111) [35, 53, 57, 84, 85, 106, 107, 156], Ag(110) [57,
146, 188], Ag(001) [76], Cu(001) [54], Cu(111) [181], Au(100) [104] or Au(111)
[104, 201], was frequently found to form compact molecular islands already at
very small coverages (far below one monolayer), and the area in between remains
uncovered (apart from a small amount of diffusing molecules). This is due to
attractive forces between the molecules, not only caused by van der Waals in-
teraction, but by the quadrupole moment which these molecules exhibit due to
their anhydride groups. In many cases, this interaction is also influenced by sub-
strate mediated coupling mechanisms [97, 167]. With increasing coverage, the
islands grow in size until the entire surface is covered, and multi-layer growth
occurs consequently in a layer-by-layer (Frank-van der Merwe) growth mode,
or in the form of three-dimensional islands on one (or more) wetting layer(s)
(Stranski-Krastanov growth mode). In the submonolayer regime, transitions be-
tween phases with different packing densities occur frequently.
The second group of molecules mentioned, MePcs, exhibits a different behaviour
on certain surfaces. For CuPc, SnPc, TiOPc and H2Pc on Ag(111), the formation
of a diluted two-dimensional (2D) gas phase was reported [92–95, 154, 159, 176]
covering the entire surface completely already in the low coverage regime. When
the coverage is increased, the density of the gas increases; therefore, the average
intermolecular distance becomes smaller which can be traced back in low energy
electron diffraction (LEED). Only above a critical coverage, which – depending
on the system – lies between 0.7 ML and 0.95 ML, well-ordered phases occur, in
some cases exhibiting a unit-cell the size of which changes continuously with cov-
erage. This proofs that the behaviour of this molecular adsorbate is determined
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by a (substrate mediated) repulsive intermolecular interaction [94, 95, 154, 159].

In the first and second section of this chapter, a growth mode is discussed
that does not correspond to these two scenarios. Based on low-energy elec-
tron microscopy (LEEM) and diffraction (LEED) as well as scanning tunnel-
ing microscopy (STM), evidences for dendrite-like, fractal growth of NTCDA on
Cu(001) in the submonolayer regime are presented. While LEEM and LEED
have proven to be excellent tools to investigate growth and lateral structure of
molecular (mono)layers on metal surfaces in-situ and in real time [34, 67, 107,
132, 134, 140, 141, 158], normal incidence x-ray standing waves (NIXSW) and
angle-resolved photoelectron spectroscopy (ARPES) have been additionally ap-
plied to study the vertical geometric and the electronic structure of this system.
Therefore, a comprehensive characterization of this interesting adsorbate system
is presented including a growth model that can explain the unexpected fractal
growth mode.
In section 3, the system NTCDA on Cu(001) is used as prototype system for a
proof of principle experiment, namely to demonstrate that momentum microscopy
of a single domain of NTCDA is possible with the LEEM/PEEM instrument.
Finally, a second phase of NTCDA on Cu(001), which occurs at higher substrate
temperatures, is discussed in section 4.
Please note that the study of NTCDA on Cu(001) presented in the first two
sections corresponds to a joint project of Markus Franke and myself. Markus
Franke was responsible for the XSW and PES analysis and performed the STM
measurements (more details can be found in [50]) while I was responsible for the
LEEM and LEED data and performed the PP calculations.
Furthermore, the majority of the LEEM and LEED data presented in this chap-
ter was collected under my guidance in the framework of the Master’s thesis of
Jana Wolters.
Shortly after the submission of this thesis, the content of sections 5.1 and 5.2 was
published in [41] and the content of section 5.3 was published in [43].

5.1 NTCDA on Cu(001) at room temperature

In this section, the dendrite-like, fractal growth of NTCDA on Cu(001) in the
submonolayer regime at room temperature is discussed. First, evidences for this
unexpected growth mode based on low-energy electron microscopy (LEEM) and
diffraction (LEED) as well as scanning tunneling microscopy (STM) are pre-
sented. Additionally, normal incidence x-ray standing waves (NIXSW) and angle-
resolved photoelectron spectroscopy (ARPES) are applied to study the vertical
geometric and the electronic structure of this system. Finally, a growth model
is discussed that can explain the unexpected fractal growth mode by an inter-
molecular interaction favouring growth of long and thin molecular chains which
is mainly caused by the molecule-substrate interaction.
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5.1.1 Experimental results

Low energy electron microscopy

The growth of NTCDA on Cu(001) in the submonolayer regime is investigated
using LEEM and LEED in real time during the deposition process. At first, the
bright field (BF-)LEEM mode was chosen since island formation was expected as
it was found for PTCDA on Ag(111), Cu(001) (compare chapter 4) and Au(111),
or for NTCDA on Ag(111) and Au(111) [67, 107]. For these adsorbate systems,
compact islands were found, and could be clearly distinguished from the clean
substrate surface due to their different intensity in the (00) LEED spot. There-
fore, BF-LEEM was the right choice for these in situ experiments. For NTCDA
on Cu(001), however, no indications for compact islands are found in the BF-
LEEM mode, as can be seen in Fig. 5.1 (a) and (b). Beside step edges and some
point-defects, no structures or islands are visible. When the coverage is increased,
the only clear change in the BF-LEEM images is a decrease of the over-all in-
tensity, homogeneously in the entire field of view. A full series of images from 0
to 1 ML can be found in section 5.2.1. The observation holds for different focus
settings and start voltages, and was found all over the sample surface. For the
case of Ustart = 2 V, the overall BF-LEEM intensity vs. coverage is plotted in Fig.
5.1 (e). It can be seen that the intensity decreases almost linearly, interrupted by
a small plateau at 56 min which corresponds to the closing of the first adsorbate
layer. Afterwards, when the second layer starts growing, the BF-LEEM intensity
decreases further, and at the same time compact (2nd-layer) islands are visible
in the BF-LEEM images (see section 5.2.1).

The obvious conclusion from these observations, namely that NTCDA does
not form ordered islands on Cu(001) but possibly a disordered 2D gas similar to
phthalocyanine molecules on many coinage metal surfaces (see above and Refs.
[94, 95, 154, 159, 176]), is thwarted by LEED: Figure 5.1 (c) and (d) show LEED
images recorded at the same coverages as the BF-LEEM images in panels (a) and
(b). In both cases, a clear diffraction pattern is visible, unambiguously proving
that there are long-range ordered structures present on the surface. The LEED
pattern becomes visible already at about 0.2 ML, whereby the spots are slightly
elongated at these low coverages (up to about 0.6 ML). With the coverage in-
creasing to 1.0 ML, the spots become continuously sharper and round, see section
5.2.1. The LEED pattern corresponds well to the superstructure found by Fink
et al. [44]. As a matter of fact, it is therefore stated that NTCDA forms ordered
structures already in the (low) submonolayer regime which are invisible in BF-
LEEM. As one can easily see from Fig. 5.1 (f), this is not due to an accidentally
vanishing contrast between the NTCDA islands and the bare copper substrate.
The LEEM-IV curves plotted for the bare and NTCDA-covered Cu(001) surface
(black and green data points, respectively), as recorded from the clean (0 ML cov-
erage) and fully covered surface (1 ML coverage), clearly show sufficient contrast
in a rather wide range of start voltages from 1 V to 3.5 V. The BF-LEEM images
shown in Fig. 5.1 and in section 5.2.1 were recorded at Ustart = 2 V. Therefore,
compact NTCDA-islands above the resolution limit of 10 nm (the experiments
were performed without the abberation corrector) would be clearly visible in the
BF-LEEM images if they were present.
To shine light on this puzzle, DF-LEEM was applied, which was easily possible
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Figure 5.1: (a) and (b) BF-LEEM images of NTCDA on Cu(001) at coverages of
0.4 ML and 0.8 ML, respectively (Ustart = 2 V). The over-all intensity is decreasing
with coverage but no island formation is visible. (c) and (d) µLEED images
recorded at the same coverages (Ustart = 7.5 V). In (d), the reciprocal lattice
vectors of the two domains and the LEED spots selected for DF-LEEM (see Fig.
5.2) are indicated in red and blue. (e) BF-LEEM intensity plotted vs. deposition
time (Ustart = 2 V). After 56 min, the nucleation of the second layer is clearly
visible in the otherwise linear progress. (f) LEEM-IV measurements performed
for a clean Cu(001) surface (black data points) and for one closed layer (1 ML)
of NTCDA on Cu(001) (green data points). At a start voltage of 2 V, as it was
used for the BF-LEEM images, a clear contrast is present for both curves. For
complete LEEM and LEED series, see section 5.2.1.
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Figure 5.2: DF-LEEM of NTCDA on Cu(001) at different coverages (0.46 ML,
0.68 ML and 0.97 ML, Ustart = 2.4 V). For (a)-(c) and (d)-(f), the rotational
domains A and B were selected, respectively. (g)-(i) False colour representation
of the rotational domains. Red and blue coloured areas indicate those parts of
the surface which are covered by domain A and B, respectively. Colour coding
corresponds to the selected spots in the µLEED images shown in Fig. 5.1 (d).

since LEED spots can be identified above 0.2 ML coverage. As indicated in Fig.
5.1 (d) in red and blue, the LEED image is the superposition of the patterns
of two domains of NTCDA on Cu(001) which are rotated by 90◦ with respect
to each other. In DF-LEEM, these two different domains can be made visible
by selecting one of the LEED spots corresponding to just one of the domains
for imaging. The result is shown in Fig. 5.2 (a)-(c) for one (the "red") domain,
and in (d)-(f) for the other ("blue") domain. In these images, only those parts
of the surface appear bright that are covered by a structure corresponding to
the LEED spot selected for DF imaging. In Fig. 5.2 (g)-(i), false-colour images
are shown which are obtained by merging the corresponding DF-LEEM images
of both domains after colouration with their representative colour, red or blue.
These images therefore indicate the parts of the surface covered with domain A
in red and with domain B in blue.
In DF-LEEM, a (domain) contrast is already visible at moderate coverages

(in contrast to the BF-LEEM images shown above). As can be seen clearly in
all three series (a)-(c), (d)-(f) and (g)-(i) of Fig. 5.2, the size and shape of the
domains are formed early (at coverages below 0.5 ML), and do not change signifi-
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cantly during further deposition of NTCDA. The contrast between both domains
becomes much clearer since the DF-LEEM intensity increases with increasing
coverage but the size and shape of both domains hardly changes. This is very
surprising and remarkable, since it means that already at low coverages certain
areas of the surface are "reserved" for each of the two domains, and within these
reserved areas, the NTCDA structure is already formed to such an extend that
it gives rise for a decent LEED pattern. With increasing coverages, the structure
on these areas becomes more and more distinct, as can be seen by the increase in
the DF-LEEM intensity, but the shape and size of the "reserved" space remains
unchanged during the entire growth experiment.

Both BF- and DF-LEEM results are not compatible with the originally ex-
pected growth of compact, ordered islands of NTCDA/Cu(001). The conclusion
from these result is that at low coverages the molecules spread over the entire
surface, reserving a certain space for "their" domain orientation, and in some
way stamp the domain type on the respective surface area. When the cover-
age increases, these areas (and therefore the domain size and shape) are static
while the DF-LEEM contrast increases, and the LEED spots become sharper and
sharper. The fact that BF-LEEM does not show any (domain) contrast is simply
a consequence of the (00) spots of both domain types being equivalent in their in-
tensity. However, the fact that the BF-LEEM intensity decreases homogeneously
indicates that the molecular density does increase linearly and homogeneously
with increasing coverage. Therefore, the islands of both domains formed early
in the growth experiment must be rather diluted in the beginning, and become
more and more densely packed during NTCDA deposition. These observations
are compatible with fractal growth.

Scanning tunnelling microscopy

The system NTCDA/Cu(001) has been investigated with room-temperature (RT)
STM by Markus Franke [50]. Figure 5.3 (a) shows an STM image (Ubias =
−0.75 V, Itunnel = 0.03 nA) of approx. 0.8 ML NTCDA on Cu(001). Rows of
molecules are clearly visible (marked in red and blue for the two different do-
mains), and the islands are clearly elongated in the direction of these rows. This
leads to a preferred island shape, as illustrated in Figure 5.3 (d) with blue and
red lines following the contour lines of the islands. In (b) and (e), a larger section
of the same sample is shown. The island shape allows us to identify the domain
type, as marked in (e). Rather large coherent areas are observed on the surface,
which are filled with several smaller islands of the same domain type. Many of
the small islands are connected but they do not coalesce or form compact islands.

At lower coverage (< 0.5 ML, Fig. 5.3 (c)), the situation is similar: Many
elongated islands (dark contrast) cover the surface, separated by as many clean
surface areas. The islands do not coalesce, and change only slowly when the same
surface area is scanned by the STM tip repeatedly (as reported in Ref. [168] and
section 5.2.2). However, when the islands are marked again according to their
rotational domain type (Fig. 5.3 (f)), it can be seen that neighboring islands very
often exhibit the same orientation. Hence, both domains occupy large connected
regions already at this small coverage whereby the available surface area is by
far not completely filled yet. The "reserved" regions of both domain types are
of similar size as observed at higher coverages (compare the sizes of the regions
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Figure 5.3: (a) and (b) STM images recorded at room temperature for ≈ 0.8 ML
of NTCDA on Cu(001) (Ubias = −0.75 V, Itunnel = 0.03 nA). (c) Similar image
recorded at a coverage below 0.5 ML (Ubias = 1 V, Itunnel = 0.03 nA). (d)-(f)
Same images as in (a)-(c), but with the domain orientation colour-coded in red
and blue. This figure has been adapted from [190] with permission.

enclosed by black lines in panels (e) and (f)). This finding is in good agreement
with the static domain shape observed in DF-LEEM (see above). However, it
is still surprising not to find a statistic distribution of domain orientations. A
sort of "interaction" was rather identified between the neighboring islands, which
results in identical orientations of the molecules in the islands, so that the islands
belong to the same domain type. This interaction must exists already at very
low coverages. Here, it is suggested that the mechanism for this "interaction"
between the islands is a one-dimensional growth mode of the NTCDA structure
which leads to well ordered, molecular chains interconnecting the islands and
therefore inducing the cross-talk between them (for details see Discussion). In
Fig. 5.3, these very thin interconnecting molecular chains are not visible since
they cannot be imaged in RT-STM. Also BF-LEEM cannot image these chains,
and not even the islands visible in STM since they are below or very close to
the resolution limit of the LEEM/PEEM instrument (about 10 nm). However,
LEED is able to trace the strongly anisotropic island shape that is observed here.
The elongated LEED spots seen in Fig. 5.1 (c) (see also section 5.2.1), which
gradually change to a round shape with increasing coverage, clearly results from
the anisotropic shape of the NTCDA islands.
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Normal incidence x-ray standing waves

In this and the following section, the results of NIXSW and valence-band photo-
electron spectroscopy (PES) experiments are discussed which were obtained for
NTCDA/Cu(001) and analysed by Markus Franke [50]. Both studies were initi-
ated in order to investigate the adsorbate-substrate interaction which obviously
plays a decisive role for the growth behavior of the system. NIXSW is able to
measure the vertical distances (adsorption heights) of the atomic species of the
molecules with respect to the underlying substrate. Since these heights can be in-
terpreted as bonding distances, they give insight in the strength of the adsorbate-
substrate interaction when compared to covalent or van der Waals bonding dis-
tances (geometric fingerprint of interaction strength). Valence-band PES, on the
other hand, investigates the electronic structure and can reveal any transfer of
electronic charge, most prominently, from the substrate into the (former) lowest
unoccupied molecular orbital (F-LUMO). In this sense, valence-band PES can be
seen as the electronic fingerprint of the interaction strength.
All photoemission-based data presented here was recorded in the dual-beam UHV
end station of beamline I09 at the Diamond Light Source (DLS, Didcot, United
Kingdom) using the Scienta EW4000 HAXPES hemispherical electron analyser
at beamline I09 having an acceptance angle of 60◦.

For NIXSW, C1s and O1s core level spectra have been measured at photon
energies close to the Bragg energy of the Cu(002) reflection (3431 eV at RT).
Typical XPS data is plotted in Fig. 5.4 (a) and (b). The C1s spectrum shows
three main spectroscopic features that can be assigned to C-C and C-O bonded
carbon species (labeled "1", main peak and satellite, and "2", respectively). At
higher binding energies, a broad energy loss tail together with other satellites is
observed which cannot unambiguously be assigned to one of the two species. For
the analysis of the carbon species, the sum of the two main peaks of the spectrum
is used. The O1s spectrum (Fig. 5.4 (b)) is fitted with four peaks corresponding
to the carboxylic ("1") and anhydride ("2") oxygen atoms and their satellites.

The XPS data was recorded at about 25 different photon energies around
the Bragg energy. By applying the models shown in Fig. 5.4 (a) and (b), the
data was fitted using CasaXPS [37] and the built-in error analysis. The resulting
partial yield curves are obtained as function of photon energy. In turn, fitting
these yield curves, using our NIXSW analysis software Torricelli [17] that
is available as open-source code, allows to determine the adsorption heights of
all three relevant atomic species (C as well as O "1" and "2"), and therefore
the overall adsorption height of the molecule and the bending due to a more
specific interaction of the anhydride groups. For fitting the yield curve, the
"dipole+quadrupole" approximation was applied, i.e., non dipolar effects were
taken into account [17]. Furthermore, it was considered that our experiment (as
every NIXSW experiment) was not performed in perfect normal incidence but
with a Bragg angle of Θ ≈ 86.5◦. This is due to the fact that the intensity of
the Bragg reflected beam has to be measured to obtain the reflectivity of the
Bragg reflection, and therefore the beam cannot be reflected precisely upstream
the incident beam. This small deviation from perfect normal incidence has a
non negligible effect, as demonstrated recently [17, 175]. For more details on the
correction factors applied in the NIXSW analysis, see section 5.2.3.

The result of the NIXSW analysis performed by Markus Franke [50] is shown
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Figure 5.4: XSW results for NTCDA on Cu(001): Typical XPS data for the
C1s (a) and O1s (b) core level and best fits to the data. The fitting model was
propagated to all XPS data recorded at different photon energies. (c) Reflectivity
and (partial) photo-electron yield curves for the relevant species: C represents
the molecular backbone, Ocarb. and Oanhyd the two different oxygen species. (d)
Argand representation of the fitting results: Data points represent the fitting re-
sults (i.e., coherent fractions FH and positions PH) of individual scans, thin lines
the average for the respective species. Error bars are propagated through XPS
[37] and photoelectron yield fitting [17]. (e) Structure model of the adsorption of
NTCDA on Cu(001). This data analysis is part of [50].

in Fig. 5.4 (c)-(e). Panel (c) shows typical yield curves for the carbon and the
two oxygen species, together with the best fits to the experimental data. Each
species was measured several times at different sample positions, and the fit re-
sults, which are the coherent position PH and the coherent fraction FH for each of
the measurements, are plotted in a polar diagram (Fig. 5.4 (d), so called Argand
representation). In this diagram, the result of one fit (FH , PH) is represented by
a polar vector, the length and phase angle of which correspond to the coherent
fraction FH and position PH , respectively: (FH , PH) = FH · exp (2πiPH). The
coherent position hereby represents the (averaged) vertical position of the adsor-
bate species to the nearest bulk lattice plane below, in units of the lattice spacing
hhkl = 1.807 Å. This means that the adsorption height DH for this species is
found by DH = dhkl(n+PH), where n is an integer corresponding to the number
of lattice planes lying between sample surface and adsorbate. The principally un-
known number n usually introduces only an apparent uncertainty since in most
cases only one value for n results in reasonable bonding distances. In our case,
n = 1, since all adsorption heights are slightly larger than the lattice spacing. The
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Table 5.1: NIXSW fit results: In the first columns, the coherent position PH ,
coherent fraction FH and the adsorption height DH are listed for the three rele-
vant species of NTCDA/Cu(001). DH is also given in units of the corresponding
covalent and van der Waals bonding distances ( DH

dcov.
, DH

dvdW
), respectively. The last

three columns contain values obtained for NTCDA/Ag(111) for comparison. All
relative values are calculated based on covalent [29] and van der Waals radii [18]
from literature: rcov

C = 0.76Å, rcov
O = 0.66Å, rcov

Cu = 1.32Å, and rcov
Ag = 1.45Å;

rvdW
C = 1.77Å, rvdW

O = 1.5Å, rvdW
Cu = 1.4Å and rvdW

Ag = 1.72Å. This data analysis
is part of [50].

NTCDA/Cu(001) (system under study) NTCDA/Ag(111) [153]
species PH FH DH [Å] DH

dcov.
DH

dvdW
DH [Å] DH

dcov.
DH

dvdW

C1s 0.320(5) 0.74(3) 2.384(9) 1.15 0.75 3.00 1.35 0.86
O1sanh 0.34(2) 0.68(8) 2.42(4) 1.22 0.84 3.00 1.42 0.93
O1scarb 0.24(1) 0.73(5) 2.25(2) 1.13 0.77 2.75 1.30 0.85

second fit parameter, the coherent fraction, is a measure for the vertical ordering
of the considered species. It takes numbers between 0 and 1, 0 corresponding to
complete vertical disorder, 1 to perfect order of all atoms on exactly the same
adsorption height.

In Fig. 5.4 (d), the result of each individual scan is shown as data point, the
averaged result for each species as a thin radial line. The corresponding values
of the averaged results are also listed in Table 5.1, in absolute units, as well as
relative to the sum of the corresponding covalent [29] and van der Waals [18]
radii. Finally, the resulting structure model is shown in Figure 5.4 (e).

Adsorption heights between 2.25 Å and 2.42 Å are found for the three atomic
species. All these values are significantly smaller than the sum of the correspond-
ing van der Waals radii (between 75% and 84%) and – in case of C and Ocarb.
– already rather close to covalent bonding distances. Compared to the values
obtained for NTCDA/Ag(111) (see last three columns in Table 5.1), these bond-
ing distances are significantly shorter [153]. Also in relation to the adsorption
heights of PTCDA on different Cu, Ag and Au surfaces, they are extraordinary
short [15, 56, 65, 68, 126]. So far, there are only two exceptions known which
exhibit similar or even smaller bonding distances for the carboxylic oxygen and
the carbon species: PTCDA on Cu(001) (i.e., on the same substrate as studied
in this work [186]) and on Ag(110) (i.e., on the most reactive of all Ag surfaces
[15]). We conclude that this finding is compatible with an overlap of the molec-
ular orbitals and the metal bands. It indicates a rather strong π-bonding of the
naphtalene core of the NTCDA molecule to the surface, and additionally local
σ-like bonds between the carboxylic oxygen and the surface Cu atoms. Traces
of this weak chemisorption should be visible in the electronic properties of the
system as well.

Valence band photo-electron spectroscopy

Valence band PES experiments have been performed using the soft x-ray beam of
beamline I09 at the Diamond Light Source during our NIXSW beamtime. There-
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Figure 5.5: Valence band PES measurement of NTCDA on Cu(001) (photon
energy = 110 eV, after background subtraction). The broad peak is attributed to
the F-LUMO of NTCDA and fitted by a vibronic progression (blue peaks, main
component at 0.62 eV). This data analysis is part of [50].

fore, this data is recorded from precisely the same sample for which the NIXSW
data was recorded. The analysis was done by Markus Franke [50].
The valence band PES data in the energy range close to the Fermi edge is de-
picted in Figure 5.5. It was recorded using a photon energy of 110 eV close to
normal emission geometry (at an angle of 85◦ between x-ray beam and sample
surface normal). After background subtraction, two main features are visible, a
broad asymmetric peak at a binding energy slightly above 0.6 eV and a much
sharper feature at about 0.4 eV. While the latter stems from the Cu sp-band,
the first is attributed to the F-LUMO of the NTCDA molecule which became
filled by charge being transferred from the surface. This asymmetric peak was
fitted with three components according to a vibronic progression, as introduced
by Wießner et al. [187]. This results in a binding energy of 0.62 eV for the main
peak, clearly indicating that the F-LUMO state is completely filled (in agreement
with earlier publications [168, 187]). Hence, a charge transfer of two electrons
from the substrate into the LUMO state is found, clearly indicating a chemisorp-
tive interaction between the NTCDA molecule and the Cu(001) substrate. This
agrees very well with the very small adsorption heights found in NIXSW.

5.1.2 Discussion
The key finding reported in the experimental section is that NTCDA does not
form compact islands on Cu(001) up to very high coverages within the submono-
layer regime although a rather clear LEED pattern is visible already at approx.
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Figure 5.6: Schematic model of dendrite-like growth of NTCDA on Cu(001).
(a) For coverages below 0.5 ML, the molecules grow in 1D chains rather than in
compact 2D islands, but on a well defined lattice and therefore with good long-
range order. Two domains of such dendrite-like structures are formed, as indicated
by molecules with red and blue oxygen atoms. (b) With increasing coverage, the
voids in the dendrite-like structure are gradually filled with NTCDA molecules,
on the basis of the pre-defined lattice. Therefore, the domain size and shape
is conserved during this process. (c) The process continues until the surface is
entirely covered. This figure has been adapted from [190] with permission.

0.2 ML indicating that an ordered structure exists at this early growth stage.
DF-LEEM and STM reveal that size and shape of the domains are defined also
very early although the deposited material is not sufficient at this stage to fill
the domain areas with a compact structure. Hence, there must be rather diluted
(but long-range ordered) structures present on the surface at low coverages. In
the following two subsections, a dendrite-like growth model for NTCDA/Cu(001)
is presented, which can explain these observations, and the driving force behind
the dendrite-like growth mode is discussed. The second part is also based on the
XSW and PES results that have indicated a relatively strong interaction between
the NTCDA molecules and the substrate involving transfer of electronic charge.

Model of dendrite-like growth

The model of dendrite-like growth is summarized and illustrated in Fig. 5.6. For
coverages below 0.5 ML, the molecules strongly prefer to grow in one-dimensional
(1D) chains rather than forming compact 2D islands (panel (a)). Nevertheless,
they arrange themselves in an ordered pattern, which can be seen as a long-range
ordered brick wall structure [44] with many voids but no structural defects vio-
lating the translational symmetry. Therefore, they form very quickly an ordered
network of molecular chains over a relatively large area of the surface. Although
the islands are by far not compact, this (dendrite-like) network produces a well
visible LEED pattern; however, owing to the chain-like character of the structure,
the LEED spots are elongated.

This process occurs in two symmetry-equivalent domains as indicated in Fig.
5.6 by the molecules with red and blue coloured oxygen atoms. The growth of
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Figure 5.7: (a)-(c) Possible binding sites (labeled "A", "B" and "C") for an
NTCDA molecule attaching to an existing cluster of molecules. Blue arrows mark
short distances between the (identically charged) anhydride groups of opposing
molecules, which are considered energetically unfavourable. Blue circles indicate
"quadrupole-like" charge arrangements due to charging of the carboxylic oxygen
atoms, as illustrated in (d).

1D chains remains favourable until the growth branches of the domains approach
the edges of the neighboring islands. The entire surface is then covered by islands
of a diluted, long-range ordered structure. This stage is reached at a coverage
clearly below 0.45 ML since DF-LEEM indicated that all surface regions can be
attributed to one of the two domain types at a coverage of 0.46 ML (see Fig. 5.2
(g)). From this time on, more molecules being deposited only fill the voids in
the dendrite-like structures and arrange themselves on the already defined lattice
of the corresponding domain. This is illustrated in Fig. 5.6 (b) and (c). Hence,
in this phase, the islands become more compact but the domain shape does not
change, in agreement with the static domain shape seen in DF-LEEM and STM.
This process of forming more compact islands with less voids furthermore causes
an increasing intensity and a roundening of the LEED spots, and therefore also
an increasing contrast in DF-LEEM. In BF-LEEM, still no contrast is generated
since both domains remain equivalent regarding the intensity of the (00) LEED
spot. The homogeneous decrease in the BF-LEEM intensity is due to the in-
creasing overall coverage. Hence, this dendrite-like growth model can explain all
experimental results obtained from LEEM, LEED and STM.

Single dendrites were not observed in the STMmeasurements at low coverages,
presumably since the 1D network cannot be imaged by STM at RT. As it is shown
in section 5.2.2 for coverages below half a monolayer, even elongated structures
with a width of three or more molecules change significantly between consecutive
STM scans of the same area, either due to the temperature or due to tip-induced
changes. Therefore, it can not be expected that 1D chains of single NTCDA
molecules can be imaged under these conditions. However, taking the results of
all techniques together, we cannot think of any other conclusive explanation for
our observations beside this dendrite-like growth model.

Driving force for dendrite-like growth

The remaining question is the driving force for the 1D growth behavior that causes
the formation of molecular chains and dendrite-like structures. This growth mode
necessitates that the molecules preferably attach to the ends of the dendrites
rather than to their side edges, i.e., they bond to only one molecule of the exist-
ing island rather than to two or more. The possible adsorption sites, in accordance
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with the lattice of the brick-wall structure [44], are illustrated in Fig. 5.7: Assum-
ing the three darker NTCDA molecules form the existing end of the dendrite-like
island, there are basically three different sites where an additional molecule (the
lighter one labeled "A", "B" and "C") can attach. While preferred binding to site
A and B would result in a more compact island, bonding to site C extends the
1D molecular chain in longitudinal direction and therefore leads to the observed
formation of long dendrites.

In the following, pair potential (PP) calculations are utilized in order to es-
timate the energies that are involved when an NTCDA molecule attaches at one
of these three sites. Here, the approach is used, which was suggested at first in
Kröger et al. [95] and was successfully applied in several following publications
[88, 93, 136, 158]. It is based on a calculation of the interaction potentials of every
atom of the first molecule with every atom of all the other molecules, considering
van der Waals and electrostatic contributions. In Ref. [95], a simplified way of
considering a redistribution of charge in the molecules has been demonstrated,
as it originates from, e.g., charge transfer between the molecules and the metal
substrate. For the system under study, such charge transfer has to be considered,
as clearly indicated by the filling of the F-LUMO.

The filling of the F-LUMO, often entitled as "charge donation" (from the sur-
face into the molecules), is not the only effect of charge reorganization caused
by the chemisorptive molecule-substrate interaction. "Back-donation" of charge
(from the molecules to the surface) also takes place via a hybridization of the
substrate states with the molecular frontier orbitals. This back-donation is coun-
teracting the charging of the molecule caused by filling of the LUMO, but usually
does not completely compensate for it so that a (negative) net charging of the
molecule remains. This net charging cannot directly be measured, but has been
calculated for many organic/metal systems [1, 36, 125–128]. For PTCDA on
Ag(111) [126, 128], Ag(110) [1] and Cu(111) [128] and for NTCDA on Ag(111)
[36], values for the net charging between 0.35 and 0.50 electrons were calculated.
Within the PP approach, the net charge transfer onto the molecule is considered
by modifying the partial charges of the individual atoms of the molecule (and
in turn the pair potentials), whereby the additional charge can be distributed in
different ways over the individual atoms of the molecule.

For the system under study, a complete filling of the F-LUMO state was found
(indicated by its binding energy 0.62 eV below the Fermi edge [50]), i.e., a charge
donation of 2 electrons into the molecule occurs. Assuming that this charging is
not fully compensated by the back-donation effect, the charge q remains on the
NTCDA molecule. In a first approach, it is assumed that the two electrons trans-
ferred into the LUMO are equally distributed over all atoms that are (spatially)
located very close to a high LUMO density of states. That are all C and O atoms
except those on the long symmetry axis of the molecule, as can be seen from the
inset in Fig. 5.8 (a) showing a real space representation of the NTCDA LUMO.
The back-donation is assumed to involve all atoms of the molecule (except the
hydrogen atoms) equally, i.e., a total charge of (2 − q) electrons are withdrawn
from these atoms. For this scenario, PP calculations have been performed for
values of q between 0.0 and 1.0 and for the geometries corresponding to the three
adsorption sites A, B and C discussed above. The result is shown in Fig. 5.8
(a). The calculated pair potentials for an NTCDA molecule at the corresponding
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positions are plotted versus the net charging of the molecule q.
It can be seen that without charging (q = 0) the smallest value for the pair

potential energy is calculated for site A, i.e., this site is most favourable. However,
the energy increases for all three sites with increasing q, i.e., the charging makes
the attachment of the molecules to the existing island less favourable (as it can
be expected since the molecules are equally charged). Since the latter effect is
much weaker for site C compared to A and B, site C becomes the most favourable
site above q = 0.2 electrons. At approx. 0.4 electrons, site C is the only one with
a negative pair potential, and therefore represents the only energetically stable
configuration, before at q ≈ 0.55 electrons it also becomes unstable.

A possible shortcoming of these first calculations is that a homogeneous distri-
bution of the charge surplus is not in good agreement with the NIXSW results [50].
They indicated a strong downward bending of the carboxylic oxygen atoms form-
ing σ-like bonds to the substrate which must influence the charge distribution.
In first approximation, one may argue that this leads to a charge accumulation in
the vicinity of the carboxylic oxygen atoms. Therefore, a second parameter x is
introduced describing the charge redistribution in the NTCDA molecule: The do-
nation of a charge of 2 electrons into the F-LUMO is now not distributed equally:
A variable fraction of x electrons is located at the carboxylic oxygens only while
the remaining charge of (2 − x) electrons is spread over the other carbon atoms
that are located close to the FLUMO. The back-donation of (2−q) electrons, and
hence the net charging of the molecule q, remains unchanged. In Fig. 5.8 (b), the
calculated pair potentials for this second scenario are plotted, again for all three
sites A, B and C. A net charging of q = 0.4 electrons is assumed corresponding
to the case when site C is clearly preferred over sites A and B. Note that an
asymmetry parameter x = 0.5 corresponds to the case of a homogeneous filling
of the FLUMO as considered in Fig. 5.8 (a), whereas for smaller (larger) values
of x, less (more) charge is located on the four carboxylic oxygen atoms.

It can be seen in Fig. 5.8 (b) that in particular the sites A and C are in-
fluenced by the asymmetry parameter x while site B is hardly affected. This
is due to a "quadrupole-like" arrangement of charge at those locations where
carboxylic atoms of one molecule lie close to the hydrogen atoms of the neighbor-
ing molecules. These locations are marked with blue circles in Fig. 5.7 (a)-(c),
the quadrupole-like arrangement is illustrated in Fig. 5.7 (d). This charge ar-
rangement stabilizes the structures, and for site C it is the only next-neighbor
interaction effect. For site A, the effect occurs even twice (on both sides of the
attaching molecule) and it is therefore much stronger. But, it is counteracted by
the fact that anhydride groups of opposing molecules are facing each other in a
relatively small distance (blue arrows in Fig. 5.7 (a)-(c)). Hence, the slope of the
pair potential curve is not significantly higher for site A than for site C. For site
B, the effects caused by the quadrupole-arrangement of charge (occurring once,
as in case of site C) and the opposing anhydride groups almost compensate each
other, explaining the flat progression of the pair potential curve for this site.

It can be concluded that site C is, for all values of the asymmetry parameter
x, the most favourable site (for x < 1 electron it is even the only stable configura-
tion), as long as a net charging of the molecule q is in the range between 0.2 and
0.55 electrons. These numbers appear to be realistic in comparison to similar sys-
tems, for which calculations are available in literature (values of q = 0.35...0.50
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Figure 5.8: Calculated pair potentials for an NTCDA molecule attaching to an
existing island at positions A, B and C. (a) Assuming an homogeneous filling
of the FLUMO, the pair potentials are plotted versus the net charging q of the
molecule. (b) For the case of a net charging q = 0.4 electrons, pair potentials are
plotted versus the part x of this charge that is localized at the carboxylic oxygens
atoms of the molecule. See text for more information.
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electrons were reported for PTCDA and NTCDA on Ag and Cu surfaces, see
above [1, 36, 125–128]).

Furthermore, the calculations for a varying asymmetry parameter x also in-
dicate why similar systems (e.g., PTCDA or NTCDA on Ag(111) and Cu(111))
do not show fractal but compact island growth. This is demonstrated by com-
paring the system under study, NTCDA/Cu(001), with NTCDA/Ag(111). The
structures found for both systems are very similar, the molecules arrange them-
selves in almost identical brickwall patterns (see insets in Fig. 5.8 (b) and (d)).
Small differences in the size of the superstructure unit cells are responsible for
slightly different distances between the molecules. But although these differences
are small, the interaction of an attaching molecule and an existing island is influ-
enced significantly, in particular the destabilizing repulsion between the anhydride
groups. This is reflected by the pair potentials plotted in Fig. 5.8 (c) and (d)
for NTCDA/Ag(111). While the charging q of the molecules yields very similar
results for both systems (as to be seen from panels (a) and (c)), the asymmetric
charging x (see panels (b) and (d)) does affect the two systems differently: Two
relevant effects have been identified, the quadrupole-arrangement of charge, and
the repulsion of the anhydride groups. The first is not significantly different for
both systems, as revealed by the similar curves for site C (remember that the
quadruple effect is the only interaction mechanism of molecules attaching to the
island at site C). But, the different slopes of the curves for site B indicate that
the repulsion of the anhydride groups cannot compensate the quadrupole effect
in NTCDA/Ag(111) (whereas in NTCDA/Cu(001) it can). Hence, this repulsion
is much weaker for NTCDA/Ag(111) which is consistent with the larger distance
of neighboring molecules along their long symmetry axis. This leads to the fact
that for site A, for which the quadrupole-effect occurs twice, the pair potential
drops much faster with increasing asymmetry parameter x causing a crossing of
the curves for sites A and C at x ≈ 1.5. This means that site C, which for
NTCDA/Cu(001) is clearly the most favourable site for all relevant values of x,
becomes less favourable than site A for NTCDA/Ag(111) if the charge asymmetry
on the NTCDA molecule exceeds x = 1.5. Since molecules attaching the existing
island at site A are filling up voids in the structure, they cause a 2D compact
growth of the island and clearly do not favour fractal growth. Finally, it should
be mentioned that an asymmetry parameter of x = 1.5 represents a relatively
moderate charge redistribution in the molecule. In numbers, when considering
donation of 2 electrons into the LUMO with x = 1.5 (corresponding to an asym-
metric distribution, 3 : 1 in favour of the carboxylic oxygens), and back-donation
of 1.6 electrons (corresponding to a remaining total charge of 0.4 electrons on the
molecule), the local accumulation of charge on each of the four carboxylic oxygen
atoms is ≈ 0.3 electrons, and the depletion at all other atoms sums up to ≈ 0.04
and 0.08 electrons for the off-axis and on-axis atoms, respectively.

It can be concluded that small differences in the charge distribution, caused
by only very small differences in the geometric arrangement of the molecules, may
be responsible for fundamentally different growth modes since they are able to
cause significant differences in the interplay of attractive (stabilizing) or repulsive
(destabilizing) interactions for the different possible adhesion sites. In our case,
such differences are able to explain that NTCDA exhibits fundamentally different
growth behaviors on Ag(111) (compact, 2D islands) and on Cu(001) (dendrite-like
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growth, well oriented 1D chains).
Finally, it should be mentioned that the PP calculations cannot be expected

to yield quantitatively precise adhesion energies for the attaching molecules, but
should rather be understood as a reasonable estimate of the involved potentials.
More precise density functional theory or ab-initio calculations are definitely de-
sired and should give more precise values. But on a semi-quantitative level, the
PP results can explain the dendrite-like, fractal growth of NTCDA/Cu(001) found
experimentally.

5.1.3 Summary
In summary, clear indications were found for a dendrite-like, fractal growth of
NTCDA islands on Cu(001) in the submonolayer regime for temperatures at
and above room temperature. The finding is based (i) on BF-LEEM measure-
ments indicating that no compact islands occur, although the LEED pattern is
well established already at small coverages, (ii) on DF-LEEM results showing a
static domain shape and size during growth within almost the entire submono-
layer regime (≈ 0.2 − 1.0 ML), and (iii) on RT STM images showing groups of
elongated islands at low coverages, which seem to interact with each other since
they are identically oriented within clusters of islands on the 100 nm scale. With
the aid of valence band PES and NIXSW results revealing a relatively strong
(chemisorptive) adsorbate-substrate interaction, the observed growth mode is ex-
plained using pair potential calculations. These calculations reveal that – under
the specific conditions of net charge transfer into, and charge redistributions in-
side the molecule – one specific adsorption site is strongly favoured, which is
responsible for the growth of long and thin molecular chains. These chains form
a dendrite-like network spreading over the entire surface already at very low total
coverages. Thereby, they "reserve" certain surface areas for its respective domain,
which subsequently are just filled up by the molecules adsorbing additionally.
This growth behavior is unexpected and unusual for such a "simple" adsorbate
system as NTCDA/Cu(001). The pair potential calculations, which nicely ex-
plain the experiential observations, indicate that this behavior is caused by the
distinct interplay of charge transfer into and reorganization inside the NTCDA
molecule, and that small differences in the geometric structure and the charge
redistribution inside the molecules can cause a fundamentally different growth
behavior, as it was observed for NTCDA/Ag(111) and other systems.
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5.2 Further details on the growth of NTCDA/Cu(001)
In this section, further details are given regarding the growth of NTCDA on
Cu(001) at room temperature. First, full series of (bright-field) LEEM and LEED
images taken during NTCDA deposition are shown. Then, additional details of
the STM and XSW investigations performed by Markus Franke [50] are presented.

5.2.1 LEEM and LEED measurements during deposition

0.00 ML 0.10 ML 0.30 ML

0.40 ML 0.50 ML 0.60 ML

0.70 ML 0.80 ML 1.00 ML

1 µm

Figure 5.9: BF-LEEM images taken during deposition of the first layer of
NTCDA on Cu(001) (Ustart = 2 V).

The growth of NTCDA on Cu(001) has been studied in the coverage regime
up to 2.0 ML using LEEM and LEED in real time during the deposition process.
In addition to the selected images shown in section 5.1, full series of BF-LEEM
and LEED images are presented here.

Figure 5.9 shows nine BF-LEEM images in the sub-monolayer regime. Beside
step edges and point-like defects, no delimited details can be seen, only the over-
all intensity decreases with increasing coverage. This observation also holds for
different focus settings (images not shown).
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For coverages between 1 and 2 ML, the BF-LEEM images are shown in Fig.
5.10. The nucleation of the second layer can be seen in form of small dark islands
growing larger and larger with increasing coverage. Hence, the second layer grows
in form of compact NTCDA islands.

1.00 ML 1.10 ML 1.30 ML

1.40 ML 1.50 ML 1.60 ML

1.70 ML 1.80 ML 2.00 ML

1 µm

Figure 5.10: BF-LEEM images taken during deposition of the second layer
of NTCDA on Cu(001). The start voltage is unchanged compared to Fig. 5.9
(Ustart = 2 V) but the contrast of the images has been adjusted.
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In Fig. 5.11, LEED images are shown taken during the deposition of the first
layer of NTCDA on Cu(001). It can clearly be seen that a decent LEED pattern
arises at ≈ 0.2 ML, and becomes sharper and more intense with rising coverage.
While the LEED spots are elongated in the beginning, they become round indi-
cating isotropic islands above ≈ 0.6 ML. The LEED pattern corresponds to the
superstructure found by Fink et al. [44].

1.0 ML

0.3 ML 0.4 ML 0.5 ML

0.6 ML 0.8 ML

0.0 ML 0.1 ML 0.2 ML

-1
0.4 Å

Figure 5.11: LEED images taken during deposition of the first layer of NTCDA
on Cu(001) (Ustart = 7.5 V).
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5.2.2 Changes during consecutive STM scans
The stability of the NTCDA islands on Cu(001) have been tested by consecutive
scanning of the same surface region for many times. In Fig. 5.12 (a)-(c), a series of
such STM images done by Markus Franke [50] is depicted for a sample in the low
submonolayer coverage regime. The molecular islands appear dark on a brighter
copper surface. In the three consecutive images, only small changes are visible
in the island size and shape, as exemplarily indicated by red and blue circles. As
discussed in section 5.1, the orientation of the unit cell of the NTCDA structure
is clearly correlated to the preferred growth directions of the islands, leading to
elongated island shapes. In panels (d)-(f), the two possible domain orientations
of the islands are indicated by colouring them in red and blue, and the contour of
the domains is indicated by a black line, comprising several identically oriented
islands. In the three consecutive images, these contour lines show only small
changes due to repeatedly scanning this surface region. Hence, tip-induced or
diffusion-related changes do occur to some extend but they are not significantly
changing the shape of both individual islands and domain areas.

(b) (c)

(e) (f)

(a)(a)

(d)

(a)

Figure 5.12: (a)-(c) STM images of a low coverage sample of NTCDA on Cu(001)
recorded consecutively on the same area on the sample by Markus Franke [50].
(d)-(f) The islands are colour coded according to their domain orientation in
red and blue, and black lines indicate the corresponding domain boundaries.
(Vgap = −0.75 V, Itunnel = 0.03 nA) This figure has been adapted from [190] with
permission.
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5.2.3 Treatment of non-dipolar effects in normal incidence
x-ray standing waves

In XSW, non-dipolar effects usually cannot be neglected since rather high photon
energies have to be used in order to fulfil the Bragg condition of the selected bulk
Bragg reflection. Markus Franke [50] has performed the NIXSW data analysis
within the so-called "dipole+quadrupole" approximation (for details see Bocquet
et al. [17]). Within this approximation, the XSW yield curve is described (and
fitted) by the equation

Y = 1 + SRR + 2|SI|
√
RFH cos(ν − 2πPH + ψ), (5.1)

see eq. 46 in Ref. [17] and eq. 13 in Ref. [175]. Beside the reflectivity R of the
Bragg reflection, the fit parameters coherent fraction FH and position PH , and
the phase of the standing wave field ν, this equation contains the non-dipolar
correction factors SR and SI = |SI| · exp (iψ). Note that SR and SI depend on
the angle φ between the incident synchrotron beam and the direction towards
the analyser, and also on the angle 2θ between the incident x-ray beam and the
Bragg diffracted beam (with θ being the Bragg angle). While in perfect normal
incidence geometry 2θ = 180◦, this value is never precisely realized in reality since
the intensity of the diffracted beam must be recorded by any kind of detector,
which then would block the incident beam. Although the deviation from perfect
normal incidence is usually small, the effect is not negligible as demonstrated by
van Straaten et al. recently [17, 175].

Alternatively, non-dipolar effects can also be parameterized by γ and ∆, which
quantify the contribution of the emitted d-wave to the photoemission intensity
and the phase difference between the emitted p- and d-waves, respectively. These
parameters are independent from any geometry-specific angles and can be found
in the literature. γ is tabulated in Refs. [169, 170] while ∆ can be calculated
using the NIST Software Electron Elastic-Scattering Cross-Section Database v3.2
[78].

In conclusion, the non-dipolar parameters SR and SI used in eq. (1) are calcu-
lated from geometry-free parameters γ and ∆, and the angles φ and θ mentioned
above. The corresponding relations can be found in Ref. [17], eqs. 84–88, and
Ref. [175], eqs. 20, 21 and 23.

In Table 5.2, all relevant parameters are listed that have been used in the
present study.
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Table 5.2: Non-dipolar parameters and relevant geometry-specific angles used for
the analysis of the NIXSW data in this work. Note that the value for φ is an
averaged value since electrons in the range from φ = 60◦ to 90◦ are recorded by
the analyser due to its large acceptance angle. ξ is used in Refs. [17, 175] and
simply defined as ξ = 90◦ − θ.

core level γ ∆ SR |SI| ψ φ θ ξ

C1s 1.250 −0.18519 1.194 1.102 −0.024 75◦ 86.5◦ 3.5◦

O1s 1.175 −0.25586 1.176 1.093 −0.032

5.3 Momentum microscopy of a single domain
In this section, the prototype system NTCDA on Cu(001) is used for a proof of
principle experiment, namely to demonstrate that momentum microscopy of a
single domain of NTCDA is possible with the LEEM/PEEM instrument. First,
a short motivation is given by explaining a common problem of high symmetric
substrates in momentum microscopy. Then, the µARPES results of NTCDA on
Cu(001) are discussed.

5.3.1 Motivation: PTCDA/Ag(111) and other high sym-
metric systems

Within the orbital tomography approach (as described in detail in chapter 2),
the angular-resolved photoemission signal of a certain molecular structure is cal-
culated in the plane wave approach. For a free PTCDA molecule, the resulting
constant binding energy (CBE) maps for the HOMO and LUMO are depicted in
Fig. 5.13 (a) and (e), respectively. However, different orientations of molecules
on the surface can contribute to the angular intensity distribution. On Ag(111),
PTCDA forms a herringbone structure which consists of two molecules per unit
cell which are rotated by 77◦ [90] with respect to each other. Averaging the CBE
maps for these two molecules leads to the maps for the HOMO and the LUMO as
depicted in (b) and (f), respectively. Additionally, the symmetry of the substrates
allows six domains of this herringbone structure. Consequently, twelve molecules
with different orientations contribute to the CBE maps in (c) and (g). [123, 156]
These theoretical maps correspond quite well to the measured maps shown in (d)
and (h) which justifies the plane wave approximation for the final state. For this
measurement, the large selected-area aperture was used in order to measure a
large number of different domains simultaneously.
Although this system exhibits twelve differently orientated molecules, Stadtmüller
et al. [156] have shown that the orbital tomography technique allows a meaning-
ful analysis of the different local density of states and reveals different electronic
structures for the two symmetrically inequivalent molecules in the unit cell of
PTCDA/Ag(111) which are located at different adsorption sites with respect to
the silver substrate. However, the quality of this linear regression fitting algo-
rithm would be more reliable when the measured data correspond to just one
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domain of the structure under investigation instead of six domains. Then, details
would be much easier to distinguish. Especially, when the system becomes more
complex for example by mixing two kinds of molecules, it becomes even harder
to get information from the experimental maps (although it is still possible as
shown for the mixed brick-wall structure of PTCDA and CuPc on Ag(111) [160])
and the need to measure certain phases or domains separately from each other
increases. However, this is not possible with the usually applied methods since
they are averaging the information of large areas on a sample.
This explains the need for an instrument that enables ARPES measurements on
a small sample area, ideally from only one domain. In the following, it is shown
that this is possible with our LEEM/PEEM instrument for the prototype system
NTCDA/Cu(001). The selection of the region of interest can easily be done by
DF-LEEM since this allows to identify the individual domains. Therefore, so
called μARPES measurements of a single domain can be taken.

Figure 5.13: Calculated CBE maps for the HOMO and the LUMO of a
free PTCDA molcule (a+e), of one domain of PTCDA/Ag(111) (b+f) and of
PTCDA/Ag(111) when all six possible domains contribute (c+g). (d+h) Mea-
sured angular-resolved photoemission signals for HOMO (EB = 1.6 eV) and
LUMO (EB = 0.3 eV) of PTCDA on Ag(111) with a large SA aperture. See text
for more information. Calculations were performed by Daniel Lüftner, University
Graz.
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5.3.2 Single domain ARPES of NTCDA on Cu(001)

(a) (b) (c)

(f)(e)(d)

3 µm

Figure 5.14: DF-LEEM measurements (Ustart = 2.4 V) of the prototype system
NTCDA on Cu(001) for two positions on the same preparation (The same nomen-
clature and colour code as in the previous sections are applied.): (a)+(d) DF-
LEEM of domain A. (b)+(e) DF-LEEM of domain B. (c)+(f) False colour image
of the two domains for both areas (domain A in red, domain B in blue). The
black circles represent areas chosen with the selected area aperture for µARPES.

For NTCDA on Cu(001), only two domain orientations emerge because of
the substrate’s symmetry. DF-LEEM measurements of these two domains are
depicted in Fig. 5.14 for two areas of the same preparation. As can be seen,
NTCDA forms very large domains on Cu(001). This is due to slightly elevated
substrate temperatures during NTCDA deposition (here: 85◦C). This makes it
possible to use rather large selected area apertures in µARPES to choose only
one domain of NTCDA/Cu(001) as it is indicated in 5.14 (c) with the black cir-
cle. This is the reason for choosing NTCDA on Cu(001) as prototype system to
demonstrate momentum microscopy of a single domain.
NTCDA forms a commensurate, brick-wall structure with only one molecule per
unit cell on Cu(001) [44, 168]. Therefore, the angular-resolved photoemission sig-
nal of the LUMO of one domain corresponds just to the signal of a free NTCDA
molecule. The two domains of NTCDA/Cu(001) are rotated against each other
by 90◦ as indicated in Fig. 5.15 (a) and (b) where the calculated CBE maps for
the LUMO of both domains are depicted separately. In (c), the calculated CBE
map of the LUMO is shown for the case that both domains contribute equally.
Figure 5.16 (a) shows the momentum microscopy measurement of a single do-

main NTCDA on Cu(001) for a selected area as depicted in Fig. 5.14 (c). This
measurement taken at EB = 0.5 eV is in very good agreement with the theoretical
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Figure 5.15: Calculated (done by Daniel Lüftner, University Graz) CBE maps
of the LUMO of NTCDA on Cu(001) for (a) domain A, (b) domain B or (c) both
domains. The photoemission horizon is indicated in (a) by a red circle. When a
photon energy of about 21eV is used, only features within this red circle can be
observed in a measurement.

map of domain A in Fig. 5.15 (a). Since the photon energy of the He-lamp is fixed
to about 21eV, only features within the indicated red circle, the photoemission
horizon, can be observed. All main features are very well visible. Definitely, no
features of the other domain can be identified between the side lobes.

For comparison, a μARPES measurement is shown in Fig. 5.16 (b) recorded
from an area where both domains contribute as indicated in Fig. 5.14 (f). In con-
trast to Fig. 5.16 (a), features of the second domain occur; in particular between
the two side lobes of domain A, the main maxima of domain B are visible. They
have a clearly lower intensity than the main maxima of domain A since domain
B occupies much less space in the chosen area than domain A.
In summary, it was demonstrated that momentum microscopy measurements of
a single domain are possible in the LEEM setup. This can potentially improve
the results of orbital tomography by reducing the number of molecule orienta-
tions contributing to the measurement and to enable separate measurements of
different structural phases coexisting on a sample.

Figure 5.16: (a) Momentum microscopy measurement of a single domain
NTCDA on Cu(001) at EB = 0.5 eV for a selected area as depicted in Fig. 5.14
(c). (b) Momentum microscopy measurement at EB = 0.5 eV for a selected area
as depicted in Fig. 5.14 (f).
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5.4 NTCDA on Cu(001): β-phase
In the previous three sections, the growth and structure of NTCDA on Cu(001)
was investigated for substrate temperatures between 300 K and 370 K. The phase
found in this temperature regime and discussed so far is called α-phase. At higher
substrate temperatures, a new phase, the β-phase, is found which coexists with
the α-phase and is discussed in this section. The majority of the LEEM and
LEED analyses presented in this section was performed under my guidance in the
framework of the Master’s thesis of Jana Wolters. Here, only a short summary of
the main results regarding the β-phase is given for reasons of completeness. For
more details, please see [190].

In Fig. 5.17, a BF-LEEM image sequence recorded during NTCDA deposi-
tion on Cu(001) at a substrate temperature of 433 K is shown. In contrast to
the α-phase, the β-phase can be seen in the BF-LEEM mode as islands with a
dark contrast at Ustart = 2 V (c). The β-phase islands nucleate exclusively at
step edges and other defects (b). Additionally, its growth is restricted do the
direct vicinity of the step edges and only step edges of a certain orientation are
decorated with this phase. In contrast, step edges which do not have the "right"
orientation seems to not allow the growth of the β-phase. On the rest of the
surface, the LEEM intensity decreases with increasing coverage which is in good
agreement with the observations made at lower substrate temperatures for the
α-phase.
In Fig. 5.19 (a), the strongly elongated, needle-like shape of the islands is visible.
Over the whole surface, only two island orientations are found which are orien-
tated perpendicularly to each other. The island’s orientation depends on the step
edge orientation where the island nucleates.
The number of β-phase islands increases with increasing substrate temperature
and, in particular, with increasing step edge density. It should be mentioned that
the growth of a second monolayer NTCDA/Cu(001) was not observed at sub-
strate temperatures above 370 K. The deposition was stopped when no changes
were observed any more.

(a) (c)(b)

1µm

Figure 5.17: LEEM image sequence recorded during NTCDA deposition on
Cu(001) at a substrate temperature of 433 K (Ustart = 2 V): (a) Clean surface
before deposition. (b) Nucleation of the β-phase at the step edges indicated with
green circles. (c) Growth of the β-phase. In contrast to the α-phase, the β-phase
can be seen in BF-LEEM mode as islands with a dark contrast.
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(a) (b)

Figure 5.18: (a) Integrated LEED image from Ustart = 7.5− 30 V of NTCDA
on Cu(001) deposited at 400 K. It corresponds to a superposition of two LEED
patterns: α- and β-phase. The image was distortion corrected using the known
superstructure of the α-phase. (b) The superstructure pattern belonging to the
β-phase is shown according to the superstructure matrix Mβ [190].

The LEED image in Fig. 5.18 (a) is taken from NTCDA deposited at 400 K on
Cu(001). It corresponds to a superposition of two LEED patterns: The more
intense LEED pattern is in good agreement with the α-phase. The additional
less intense spots are attributed to the β-phase. This shows that the α- and
β-phase coexist on the surface. In Fig. 5.18 (b), the pattern according to the
superstructure matrix

Mβ =
(

3.00± 0.05 −3.00± 0.05
5.0± 0.1 8.0± 0.1

)
.

is indicated as found by Jana Wolters [190]. It is in very good agreement with
the measured LEED pattern (Fig. 5.18 (b)).
The lattice parameters of the β-phase are (24.1 ± 0.3) Å and (10.8 ± 0.2) Å and
the unit cell vectors enclose an angle of (103 ± 3)◦. Therefore, the unit cell area
is three times larger than the one of the α-phase. The LEED spots are elongated
in the direction of the shorter reciprocal lattice vectors of both domains. This
is in good agreement with the island shape observed in LEEM. The preferred
growth direction of the needle-like islands can be attributed to the direction per-
pendicular to the longer real-space lattice vector.
The coexistence of the α- and β-phase was also studied with DF-LEEM. In Fig.
5.19, a BF-LEEM image (a) is compared with a false-colour image consisting of
four DF-LEEM images of the same area (b). The whole area which is bright
in BF-LEEM corresponds to the two DF-LEEM measurements of the α-phase
indicated in red and blue. In contrast, the areas showing a darker contrast in
BF-LEEM only appear in DF-LEEM for LEED spots of the β-phase (yellow and
cyan). Therefore, we conclude that the β-phase is part of the first monolayer (no
α-phase below).
In Fig. 5.19 (b), it can be seen that the β-phase islands of the same domain are
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(a) (b)

1µm

Figure 5.19: (a) BF-LEEM image at Ustart = 5.5 V of NTCDA on Cu(001)
deposited at 390 K. The β-phase has a darker contrast than the α-phase. (b)
Composite image of four DF-LEEM images of the same area as in (a) (Ustart =
5.5 V): α-phase domain A (red) and B (blue), β-phase domain 1 (yellow) and
2 (cyan). Most of the area (especially on the terraces) is covered with the α-
phase. The islands of the β-phase are only found in the direct neighbourhood
of step edges. The domain orientation of the β-phase depends on the step edge
orientation. Step edges which do not have the right orientation for the β-phase
are decorated with the α-phase.

orientated parallel to each other. Therefore, the domain orientation and also the
island shape depends on the step edge direction where the islands have nucleated.
In summary, we found a second phase of NTCDA on Cu(001) for deposition at
substrate temperatures above 370 K coexisting with the α-phase. This β-phase
forms elongated islands which are visible in BF-LEEM and exhibit only two ori-
entations that are perpendicular to each other. Their growth is restricted to the
direct neighbourhood of step edges. The rest of the surface is covered with the
α-phase, the properties of which are discussed in the two previous sections. No
second layer is observed in this temperature regime. The domain orientation and
the island shape of the β-phase depends on the step edge orientation where the
island nucleates. Step edges, which do not have the right orientation for the β-
phase, are decorated with the α-phase. The LEED pattern indicates that each
domain nucleates with the long unit cell vector perpendicularly to the step edges
and that the unit cell area is three times larger than for the α-phase.
Therefore, it can be concluded that three NTCDA molecules are located within
one unit cell if the molecules are lying flat on the surface. However, it is hard to
find a plausible real-space model with three flat lying molecules in this unit cell. A
configuration of upright-standing (or at least not completely flat lying) molecules
might be reasonable to explain why this phase only occurs at step edges. Al-
though this might be a rather uncommon behaviour for planar molecules, a phase
of upright-standing NTCDA molecules has already been found on the Ag(111)-
surface by Braatz et al. [19]. Hence, this question remains without an unambigu-
ous answer based on the data available.
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Chapter 6

hBN on Cu(111)

Hexagonal boron nitride (hBN), often entitled the "white graphene", is a promi-
nent and frequently studied member of the family of two-dimensional (2D) ma-
terials. It forms a hexagonal honeycomb structure of nitrogen and boron atoms,
similar to graphene. Due to its structural and electronic properties, in particular
its insulating nature (direct band gap of 5.97 eV [184]), it is of highest interest
as part of hetero-epitaxial systems in conjunction with other 2D materials (so
called van der Waals heterostructures) or organic thin films [55, 193]. However,
the production of high quality hBN monolayers and organic thin films on hBN
necessitates a deep understanding of nucleation and growth of these materials.
Single hBN layers are typically produced either by mechanical ex-foliation of sin-
gle crystals [31] or in-situ via a catalytic process on the hot metal surfaces by
dissociation of borazine or other precursors [30, 86, 98, 120, 144, 151, 152, 161].
Especially, the latter has a high potential as scalable method and guarantees the
lowest level of contaminations. The growth of hBN via chemical vapour deposi-
tion was studied on several metal substrates. Generally, the degree of reactivity
of the substrate has strong influence on the growth rate and on the morphology of
the hBN layer [7, 21, 30, 112, 122, 137, 161]. For highly reactive metals, strongly
corrugated and buckled films were found while with decreasing reactivity the
films become more flat and weakly bonded to the substrate. This weak bonding
could be very important for processes where the substrate has to be etched away
for further device production and, additionally, could lead to the decoupling of
molecular adsorbates on hBN from the metal states [138].
The Cu(111) surface has been recently shown to exhibit a rather weak hBN/metal
interaction. Using scanning tunneling microscopy (STM), Joshi et al. [80] found
a Moire-like superstructure caused by the lattice mismatch between the sub-
strate and the hBN layer. However, this pattern occurs only at certain, relatively
high bias voltages indicating that it is not caused by a geometric vertical height
modulation but results from electronic contrast. This finding is supported by
x-ray standing waves (XSW) results of Brülke et al. [21]. These authors found
relatively large bonding heights for nitrogen (dN = 3.25Å±0.02Å) and boron
(dB = 3.22Å±0.03Å), no significant vertical buckling of the hBN layer and no
indications of lateral distortions. Additionally in high resolution spot profile anal-
ysis low energy electron diffraction (SPA-LEED), they found various azimuthal
orientations of hBN domains with respect to the substrate which is also an indi-
cation for weak substrate bonding.
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In this chapter, the same system, hBN on Cu(111), is investigated particularly
with regard to its growth in the submonolayer regime. In the first two sections,
the results for high substrate temperatures (1020-1100 K) are discussed includ-
ing the influence of step edge mobility, the hBN domain formation, shape and
orientation, and a fractal, dendrite-like growth pattern exhibiting a three-fold
symmetry. Additionally, a growth model is presented which correlates the exper-
imental findings with each other and explains the extraordinary island shape of
hBN on Cu(111).
Finally, the influence of the substrate temperature on the growth, structure and
growth rate of hBN on Cu(111) is discussed briefly in the third section.

Shortly after the submission of this thesis, the content of sections 6.1 and 6.2
was published in [42].

6.1 hBN on Cu(111) at high temperatures
In this section, the growth of hBN on Cu(111) prepared at high substrate temper-
atures (1020-1100 K) are investigated. Higher substrate temperatures were not
chosen in order to avoid an accidentally melting of the crystal. First, the nucle-
ation of hBN islands and the influence of the step edge movement are discussed.
In the following, the growth rate is analysed to show the self-limiting growth
of hBN on Cu(111). Thereafter, the domain structure is studied with µLEED
and DF-LEEM. Subsequently, the observed growth mode of hBN/Cu(111) is de-
scribed in detail. Most prominently, fractal, dendrite-like structures with three
strongly preferred growth branches are observed which exhibit a three-fold sym-
metric shape. This dendrite-like growth is finally explained by a growth model
which correlates the experimental findings with each other. This model is based
on an asymmetry of the bonding energy for the two possible ways a borazine
molecule can attach to an existing hBN island, namely either with one of its
boron or one of its nitrogen atoms. It is suggested that this asymmetry origi-
nates from different dehydrogenation states of the adsorbed borazine molecules
and the hBN islands.

6.1.1 Nucleation
The nucleation and growth of the hBN layer is studied with BF-LEEM in several
growth series in-situ and in real time. Two exemplary images series are shown in
Fig. 6.1 and 6.2. Note that all time stamps in this chapter give the growth time
after the nucleation of the first observed hBN island. A general finding is that
no preferred nucleation site could be identified unambiguously but that islands
nucleate on both the clean and flat Cu(111) surface terraces and at all kinds of
defects including point-like defects and, in particular, step edges. It should be
mentioned that step edges, which in many systems represent preferred nucleation
sites, are moving across the surface in this case. The high temperatures (1020 -
1100 K) that are necessary for growing hBN let Cu atoms desorb from the surface
evidently preferably from the steps which makes the step edges move across the
surface. Figure 6.1 shows an example. The step edge is marked with a yellow
dotted line. Panel (c) shows that it is pinned by an hBN island in the center
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(a)
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(b) (c)

(d) (e)

Figure 6.1: Step edge pinning by a nucleating hBN island: The size of the islands
is strongly enhanced because of the chosen imaging conditions (Ustart = 0.8 V,
underfocus). (a) Two copper step edges marked in yellow and black are moving
from left to right. (b) An hBN island (dark contrast) nucleates in the middle of
the image close to the step edge marked in yellow. (c+d) This island pins the step
edge which bends around the island. (e) When the step edge encloses the island
completely, it is able to pass and move on. (FOV 2.5 µm, 1067 K, 4.5× 10−7 Torr)

of the image (dark island nucleating in panel (b) and quickly growing in size in
(c)-(e)). Note that in the chosen imaging conditions (Ustart = 0.8 V, underfocus)
the step edges can be imaged but the island size is strongly overestimated (see
section 6.2.1 for more details). The step edge bends around the island (panel (c)
and (d)) until the lower terrace is enclosing the entire island. Then, the step edge
is moving on (panel (e)). A similar behavior was observed for step edges passing
point defects before the nucleation of hBN started.
Due to the overestimated island size in underfocus condition, the surface appears
to be covered completely with hBN long before the layer is actually closing.
Therefore, the movement of step edges cannot be observed any more at higher
hBN coverages (see section 6.2.1 for more details). But it is assumed that the
movement of step edges continues until most of the surface is covered, i.e., until
a very high density of pinning centers is present just as it is the case for metal
crystals with a high density of defects. In conclusion, it is found that nucleating
hBN islands influence the movement of step edges across the surface, but reversely,
the moving step edges have no significant influence on the growth of the hBN
islands.

6.1.2 Growth rate
In Fig. 6.2, a series of LEEM images shows the growth of hBN on Cu(111)
at 1085 K and a borazine pressure of 2.6× 10−7 Torr. In contrast to Fig. 6.1,
the imaging conditions are changed to slight overfocus and Ustart = 2 V. This
inverses the contrast so that hBN islands appear bright on the dark Cu(111)
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Figure 6.2: (a)-(f) BF-LEEM images recorded during the growth of hBN on
Cu(111) at 1085 K and a borazine partial pressure of 2.6× 10−7 Torr (Ustart
= 2 V, slight overfocus). (g) hBN coverage for a similar experiment (1015 K,
2.5× 10−7 Torr.), as obtained from the total LEEM intensity plotted versus de-
position time (red line). The data is fitted using a simple exponential relation
(black dashed line, see text).
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surface. Their apparent size and shape are now close to reality. Step edges are
no longer visible under these imaging conditions. From the time of nucleation,
the islands appear to be fractal and show triangular contour lines as discussed
in the following sections in detail. From the image series in Fig. 6.2, which is
recorded at constant substrate temperature and partial borazine pressure, it can
clearly be seen that the growth rate is significantly decreasing with deposition
time and increasing coverage. Under these imaging conditions, the total coverage
can be well quantified by measuring the integrated intensity of the entire LEEM
images. This is even true for small changes in the focus settings, as shown in
more detail in section 6.2.1. In Fig. 6.2 (g), the total coverage, as obtained from
the integrated LEEM intensity, is plotted versus the deposition time for a growth
experiment performed at very similar conditions (1015 K and 2.5× 10−7 Torr).
The resulting curve is shown as a red line and can be fitted very well using

A(t) = 1− e− t
λ (6.1)

which indicates that the growth rate d
dt
A is proportional to the uncovered surface

area (1 − A) (A represents the hBN covered surface area) [70, 111, 117, 161].
Therefore, it can be concluded clearly that the clean and hot Cu surface is neces-
sary for the reaction of borazine to hBN to take place, leading to a self-limitation
of the growth of hBN on Cu(111). A similar behavior was found for hBN on
Ni(111) [7], Ag(001) [111], Cu(110) [70], Pt(111) [199], Ir(111) [117, 118] and
Ru(0001) [161].

6.1.3 Domain structure
For investigating the structure of the individual domains of hBN on Cu(111),
µLEED and DF-LEEM are applied. Figure 6.3 depicts a µLEED image of an
hBN layer on Cu(111) close to one monolayer coverage. A modulated ring of
diffraction intensity is clearly visible which appears to run through the LEED
spots of the Cu bulk crystal. However, utilizing the high k-space resolution
offered by SPA-LEED, Brülke et al. detected that this is not the case. The ring is
slightly larger than the hexagon of the bulk spots, and intensity stemming from
the hBN layer can be identified both directly next to the substrate spots as well
as all along the ring [21]. While the latter stems from a continuous (although not
equal) distribution of rotated islands having various azimuthal orientations, the
much more intense LEED spots close to the first order Cu spots are explained by
hBN islands that are aligned with the substrate. The strongly preferred azimuthal
orientation of these aligned islands and their lattice mismatch of 2.2% at 300 K
with respect to the Cu substrate are discussed in detail by Brülke et al. [21]. A
closer look at our data (see section 6.2.2) confirms all of these findings.

DF-LEEM allows us to investigate the distribution of islands with various
azimuthal orientations in more detail. By inserting an aperture in the beam
path, a certain single LEED spot can be selected for imaging, e.g., the (10) spot
which is marked by a blue circle in Fig. 6.3. In the corresponding DF-LEEM
image depicted in Fig. 6.4 (a), only those parts of the surface appear bright that
contribute to this LEED spot. Note that the blue and the red marked spot in
Fig. 6.3 are the (10) and (01) reflections of the aligned hBN islands. Due to
the three-fold symmetry of the hBN structure, these reflections are inequivalent
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45eV

Figure 6.3: µLEED pattern of an almost closed monolayer hBN on Cu(111) at
Ustart = 45 V. A modulated ring of LEED intensity is visible, stemming from
differently rotated hBN domains, and relatively sharp spots close to the Cu(111)
spots from aligned domains with a strongly preferred azimuthal orientation. The
spots used for the DF-LEEM images in Figs. 6.4 and 6.5 are marked by solid and
dashed circles, respectively.

and therefore visible with different intensities (see section 6.2.2 for more details).
However, the six-fold symmetry of the uppermost substrate atomic layer also
allows the formation of a second type of aligned hBN islands which are rotated
by 60◦ with respect to the first. As can be seen from Fig. 6.4 (d), this rotation
corresponds to an exchange of nitrogen and boron atoms. Since both types of
islands are coexisting on the surface, the superimposed intensities of the (10) spot
of the first and the (01) spot of the second type of aligned domains are found
at the blue marked spot in Fig. 6.3, and vice versa for the red spot. In other
words, both spots contain some intensity from both aligned domains, but with a
different ratio of intensities, and therefore these spots can be used to identify the
two different types of aligned domains in DF-LEEM, as discussed in the following.

In Fig. 6.4 (a) and (b), DF-LEEM images using the (10) and (01) spot (blue
and red circles in Fig. 6.3), respectively, are depicted. Hence, in these two DF-
LEEM images the two types of the aligned domains are visible. In panel (c),
a false-colour image is presented with the two DF-LEEM images coloured blue
and red, and superimposed on a BF-LEEM image having the same field of view.
One can clearly see that the aligned domains are the majority domain structures.
Both types show a distinct triangular shape (illustrated by white triangles) which
are also rotated by 60◦ (resp. 180◦) with respect to each other. The fact that
the relative rotations of atomic structures and contour shapes of both types of
domains are identical, suggests that this triangular shape is due to a preferred
island edge termination with one of the two atomic species. In Fig. 6.4 (e), this is
illustrated for a compact island terminated by "red" atoms (without an assignment
of the two species) which allows the edges to be oriented in only three directions
explaining the triangular island shape. Rotating the structure by 60◦ (or 180◦),
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Figure 6.4: (a,b) DF-LEEM images of the two types of aligned domains of hBN
on Cu(111), grown at 1025 K and 1.0 × 10−7 Torr (Ustart = 45 V). LEED spots
used in DF-LEEM are marked with blue (a) and red (b) circles in Fig. 6.3. (c)
LEEM image of the same field of view (Ustart =2 V). Aligned islands of both
types, as identified by DF-LEEM in panels (a) and (b), are coloured blue and
red, respectively. All islands show a preferred triangular shape, as illustrated by
white triangles. (d) Sketch of the hBN structure in real space. The two types of
atomic species are shown in blue and red, without an explicit assignment of the
species (see text). Unit cell vectors in real and reciprocal space are indicated in
black and green, respectively. (e) Illustration of a compact hBN island terminated
by one specific species (the red atoms in this case) which causes a triangular island
shape.



76 CHAPTER 6. HBN ON CU(111)

Figure 6.5: (a)-(f) DF-LEEM images of rotated hBN domains on Cu(111) (same
growth conditions as in Fig. 6.4). Six different aperture positions along the diffrac-
tion ring were selected, as indicated in Fig. 6.3 by dashed circles in the corre-
sponding colours. (g) False colour illustration of all domains discussed so far. The
corresponding DF-LEEM images are shown in panel (a)-(f), and in Fig. 6.4 (a)
and (b). The remaining (gray) domains correspond to other aperture positions
along the diffraction ring, i.e., to other domain orientations. (FOV 10 μm)

also rotates the orientations of the triangles, assuming that the termination (red
atoms) is conserved. Similar arguments were discussed in the literature without
agreement on the terminating species (Refs. [8, 99] suggest N-termination, Ref.
[40] B-termination). However, note that in this case the triangular islands are
not compact but rather show dendrite-like growth. This is discussed in detail in
the next section.

In Fig. 6.4 (c), about 95 % of the islands belong to one of these aligned domains
indicating that this is the strongly preferred orientation of islands. However, even
the aligned domains show a (rather narrow) azimuthal distribution (see section
6.2.2). Additionally, there are the rotated domains which are visible as gray
(uncoloured) areas in Fig. 6.4 (c). These islands also have a triangular shape
and show a slightly different contrast in BF-LEEM compared to the aligned
domains (see section 6.2.2 for more details). The latter might indicate a different
interaction with the substrate. These rotated islands can also be identified in
DF-LEEM for aperture positions along the diffraction ring. In Fig. 6.5, this is
shown for six exemplary positions. The individual DF-LEEM images are shown
in panel (a)-(f), the corresponding false colour image is depicted in (g). The
corresponding aperture positions are indicated in Fig. 6.3 (dotted rings in the
same colour code). All other domains (i.e., those not coloured in Fig. 6.5 (g))
correspond to other positions on the diffraction ring.

These findings are in excellent agreement with the work of Brülke et al. [21].
The reason for a much stronger modulation of the diffraction ring in the μLEED
images compared to the SPA-LEED image (Fig. 1 in [21]) is the illuminated
surface area. In our case, this area is below 20 μm2 but in the case of SPA-LEED
measurements the illuminated area is in the mm2-range. Therefore, the μLEED
image shows a much smaller selection of domain orientations compared to the
SPA-LEED image [21]. In conclusion, it can be stated that the diffraction ring
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is formed by several islands with various azimuthal orientations (continuously,
but not equally distributed) that can be well localized in DF-LEEM. The clear
majority of domains, however, is well aligned with the substrate. They fall into
two groups, with their lattices oriented 0◦ and 60◦ with respect to the substrate
lattice.

6.1.4 Preferred growth directions
Now, the growth of individual hBN islands is discussed. Figure 6.6 (a)-(d) shows
enlarged LEEM images recorded during growth. It can clearly be seen that the
islands grow in three preferred directions having an angle of 120◦ with respect
to each other. In the lower left, one of the rare exceptions is shown, an island
with four growth branches caused by a surface defect. These main branches grow
quickly in length until they approach the branches of the neighboring islands.
Then, side branches start to grow diverting backwards from the main branches,
again under an angle of 120◦. A schematic illustration of this growth mode is
depicted in Fig. 6.6 (e).

Since the LEEM instrument enables to directly correlate growth directions (in
real space) with the orientation of LEED patterns (directions in reciprocal space),
it is possible to unambiguously identify the crystallographic growth direction of
these hBN branches. (Note that it is not trivial to correlate direct and reciprocal
space directions in LEEM since changing the magnetic field of electromagnetic
lenses in the electron optics, which is necessary to switch from diffraction to
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Figure 6.6: (a)-(d) BF-LEEM images showing the fractal growth of hBN islands
(FOV 3.5 µm, start voltage 2 V, slight overfocus, temperature 1035 K, partial
borazine pressure 0.5× 10−7 Torr): Main branches grow in three preferred growth
directions with an angle of 120◦ relative to each other. When they approach
neighboring islands, side branches start to grow diverting backwards from the
main branches, again under an angle of 120◦. (e) Schematic representation of
the fractal growth. The three preferred growth directions are given in real space
coordinates, corresponding to (01), (01) and (11) directions in reciprocal space.
(f) Growth via three of the hexagon corners (solid arrows) is preferred over the
other three hexagon corners (dotted lines) and the hexagon sides. (g) Illustration
of the growth of hBN in the directions of the corners of the hexagon and (h) via
its sides.
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image mode, does also rotate the observed image. All images shown in section
6.1 and 6.2 are corrected for this rotation effect. For details see section 6.2.3.)
As a result of this analysis, the three preferred growth directions are identified
as [1 2], [2 1] and [1 1] in real space (corresponding to (0 1), (0 1) and (1 1) in
reciprocal space), as illustrated in Fig. 6.6 (e) and (f). This demonstrates that
the growth via three of the six corners of the hBN hexagon is preferred over all
other directions (solid arrows in Fig. 6.6 (f), see also panel (g)), in particular over
the other three hexagon corners (dotted lines), and over the sides of the hexagon
(Fig. 6.6 (h)). Comparing Fig. 6.6 (g) and (h) shows that growth via the corners
does not require the destruction of the B3N3 hexagon during the growth process
but allows to attach the intact borazine molecule (after some dehydrogenation),
in contrast to a growth via the hexagon sides.

6.1.5 Growth model

The growth of fractal islands, as observed for the system under study, is usu-
ally discussed in terms of diffusion-limited aggregation (DLA), a model at first
discussed by T.A. Witten and L.M. Sander in 1981 based on computer simula-
tions [189]. It applies to any system where the transport of the structure forming
objects (molecules, in this case) is dominated by diffusion, and where the ob-
jects adhere to an existing structure as soon as they approach it to a certain
level (often entitled "hit-and-stick"). DLA is of course extensively discussed in
the literature, a good overview is given in the textbook by T. Michely and J.
Krug [110]. Usually, in its simplest form, DLA determined structures are ran-
domly oriented and their branches do not show any preferred growth direction
or orientation [189]. Some exceptions to this rule are also discussed by Michely
and Krug although for hetero- and homoepitaxial growth of atomic layers only.
In the case of hBN/Cu(111), it has to be dealt with molecular adsorbates and,
as discussed above, strongly preferred growth directions rather than randomly
oriented branches are found. Therefore, while DLA certainly plays an important
role in the formation of the fractals, other effects must be influencing the growth
which are responsible for the three-fold symmetry observed in this study.
The most remarkable observation is that only three (not six) main growth branches
occur forming three-fold symmetric islands of the growing hBN fractals. This is
unexpected since all six possible directions (those across the corners of the B3N3
hexagon) appear to be equivalent, as illustrated in Fig. 6.6 (f). (Note that growth
across the sides of the hexagon was already excluded above.) This is valid for all
types of domains, in particular for the two aligned domain types but also for the
rotated domains. One seemingly obvious reason for this observation might be the
substrate, simply because the Cu(111) surface is also three-fold symmetric, only
the structure of the uppermost Cu layer has six-fold symmetry. Consequently, as
soon as the second bulk layer plays a role in the interaction between hBN islands
and the substrate, one might expect a three-fold instead of a six-fold symmetric
pattern for the hBN domains. However, in such a case, it would be unexpected to
observe two aligned domains, since the atomic arrangement for the main branches
of the second, 60◦ rotated domain would be identical to that of the suppressed
branches of the first domain. This suggests that the reason for the three preferred
growth directions lies in an interaction mechanism within the hBN layer, not in
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the symmetry of the substrate.
The experimental finding that growth along the dashed and solid arrows in Fig.
6.6 (f) are not equivalent can be broken down to an asymmetry in the adhesion
energy of a borazine molecule attaching with one of its B (or N) atoms to an
N (or B) atom of the existing hBN island. This is illustrated in Fig. 6.7 (a):
The blue-filled molecule labeled "i" (island) represents the last one of a branch
of the already existing hBN island growing towards the lower left. Molecule "1"
attaches with its "red" atom to a "blue" one of the existing island while molecule
"2" bonds with a "blue" atom to a "red" one of the island. The conclusion from
the experimental findings is that the first scenario is the preferred one while the
second is strongly suppressed, i.e., the branch continues growing straight to the
lower left rather than bending by 60◦. Please note that in this work it cannot be
unambiguously identified which of the blue and red molecules correspond to the
boron or nitrogen species.
The assumption of such an asymmetry in the adhesion energy can fully explain
all observations: First, in addition to the three main branch directions, also the
growth directions of the side branches can be explained. In the sketch shown
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Figure 6.7: (a) An asymmetry in the adhesion energies for the formation of N-
B bonds can explain the preferred growth directions. A borazine molecule can
either attach with one of its nitrogen atoms to a boron atom of the existing
hBN island, or vice versa, with an boron atom of the molecules to a nitrogen
atom of the island. Since the two atomic species cannot be distinguished in the
experiments, the atoms are colour coded in red and blue without an explicate
assignment of the atomic species. The B3N3 ring labeled "i" represents the last
ring of the existing island, the molecules "1" and "2" illustrate the two described
scenarios. (b) Illustration of the growth directions of the side branches. (c)
and (d) Illustration of possible reasons for unequal adhesion energies for the
two adhesion scenarios: A hydrogenated (d) and partially dehydrogenated (e)
borazine molecule attaches to a fully dehydrogenated hBN island.
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in Fig. 6.7 (b), the main branch is again growing to the lower left. While the
first molecule attaching sidewards forms two bonds to the original hBN chain,
one blue-red and one red-blue, already for the second molecule of the side branch
the situation is identical to the growth along the main branch, a red atom of
the molecule bonds to a blue one of the island. Consequently, the side branches
preferably grow "backwards" under an angle of 120◦, in agreement with the ex-
perimental finding. Secondly, it explains the observation of the second type of
aligned islands, rotated by 60◦ and with an inverted triangular shape (see Fig.
6.4 and discussion above). As long as the interaction of both atomic species with
the substrate does not differ too much, islands with inverted structure (i.e., with
boron and nitrogen interchanged) should also be stable and show the same growth
behavior. Interchanging B and N also swaps the preferred and suppressed growth
directions for both main and side branches, and hence explains why the second
aligned domains look like mirror domains of the first.
The remaining question is the one for the origin of the asymmetry in the adhesion
energies for the formation of Nmol-Bisl and Bmol-Nisl bonds. (The indices "mol"
and "isl" indicate whether the atom is part of the attaching molecule or the ex-
isting island, respectively.) Possibly, dedicated density functional theory (DFT)
calculations could give an answer to this. However, due to the incommensurate
registry between the hBN islands and the substrate, such calculations are difficult
and cannot be precise since they have to be performed with periodic boundary
conditions which necessitates the approximation of a commensurate structure.
Without proper DFT calculations, one can only argue qualitatively acting from
the known bonding energies for the free borazine molecule that have been calcu-
lated by Auwärter et al. [9]. Not surprisingly, these authors found the strongest
bond between B and N, 6.29 eV, but also a difference of more than 0.5 eV in the
bonding energies of the hydrogen atoms: For B-H and N-H, the values are 4.72 eV
and 5.38 eV, respectively. It is well known that (reactive) surfaces reduce dehy-
drogenation energies strongly, but if this effect is different for atoms being already
incorporated in the hBN islands compared to those of the attaching molecule, a
scenario becomes possible that induces the asymmetry in the adhesion energies as
concluded from the experiments. Two possibilities are sketched in Fig. 6.7 (c) and
(d): If it is assumed that the hBN islands are completely dehydrogenated while
the attaching molecule is not – this scenario is illustrated in panel (c) – one has
to remove one H atom from the borazine molecule, either from a nitrogen atom or
from a boron atom, in order to attach the molecule to the island. If it is further
assumed that the significant difference between the B-H and N-H bonding ener-
gies found for the gas phase is at least partly preserved for molecules adsorbed on
the Cu(111) surface, the formation of a bond between the molecule-boron and the
hBN-nitrogen atom (Bmol-Nisl) would be favoured over the alternative scenario, a
Nmol-Bisl bond. The same result is possible if the attaching borazine molecule is
partially dehydrogenated, see Fig. 6.7 (d): In this case, the Bmol-Nisl could attach
without any further dehydrogenation process whereas for Nmol-Bisl bonding the
N-H bond still has to be broken. Other scenarios with similar results are possible,
e.g., with partly dehydrogenated hBN islands. However, the decisive feature of all
scenarios that can explain the observations is a difference in the dehydrogenation
state of hBN islands and the borazine molecule when it attaches the island.
Although these qualitative considerations are somewhat speculative, they demon-
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strate that there are simple (energetic) mechanisms that favour the asymmetry in
adhesion energies as it was deduced from the experimental data. The suggested
growth model is therefore realistic.

Finally, the growth of hBN/Cu(111) is discussed in context with studies of
hBN on other substrates. Most of them were performed on more reactive surfaces
like, e.g., Ni(111), Ru(0001), Rh(111), and Ir(111). On these substrates, compact,
triangular islands have been reported [8, 9, 33, 99, 118], and the observation of
atomic boron [83, 117, 121] or boron islands at low temperatures [118] indicates
that borazine does not only dehydrogenate but that the B3N3 ring decomposes
upon adsorption on these surfaces. Consequently, not (only) intact molecules,
but also fragments attach to existing islands and form compact islands that are
terminated by one species causing the triangular form. It is an ongoing discussion
whether nitrogen [8, 9, 99] or boron [40] is the terminating species.
The proposed growth model for the case of hBN/Cu(111) does not require that
the B3N3 ring decomposes. The model rather assumes that intact (at best de-
hydrogenated) molecules attach to the existing islands on the surface, and the
triangular form is a consequence of three preferred growth directions. This is con-
sistent with the fact that no indications for atomic boron was found for hBN on
Cu(111) – neither in this study, nor by Brülke et al. [20, 21] who applied the same
preparation scheme – or for hBN on Ag(111) [112] and Ag(001) [111]. Appar-
ently, the surfaces of these noble metals are not reactive enough to crack the B3N3
ring, in contrast to the transition metal surfaces mentioned above. The different
reactivities of these surfaces are also reflected by growth rates and dosages which
have been used. While on the transition metal surfaces dosages below 100 L were
sufficient for growing a monolayer of hBN, these numbers are higher by at least
a factor of 20 for the noble metal surfaces (see section 6.2.4 for details).

6.1.6 Summary
The growth of hBN on Cu(111) at substrate temperatures above 1020 K was
investigated in-situ and in real time using LEEM and LEED. Beside studying the
movement of step edges across the surface and their interaction with impurities
and nucleating hBN islands, the growth of hBN islands from nucleation to closing
the first layer was discussed. The growth is self-limited to one single layer since
the reactive Cu(111) surface is obviously essential for the formation of the hBN
layer. As soon as the Cu surface is covered, the growth comes to a halt.

In contrast to what one might expect from earlier studies on many other sub-
strates, no compact islands were found on this surface but the fractal growth of
dendrite-like structures clearly exhibiting three different preferred growth branches
within each island was observed. The orientation of the islands, in turn, is varying.
By far the majority of islands belongs to two aligned domains that are oriented
either 0◦ or 60◦ to the underlying substrate lattice. The remaining islands exhibit
a random azimuthal orientation.

The fractal growth was explained by a model based on the experimental find-
ings and some considerations of the adhesion energies. From LEEM and LEED
experiments, the preferred growth directions could be correlated with the crys-
tallographic [12] directions (and its symmetry equivalents) which corresponds to
the direction of three of the six corners of the B3N3 hexagon (as illustrated in
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Fig. 6.6). It is highly interesting that the growth takes place only in the direction
of three of the six corners, those which are occupied by the same atomic species.
This is explained by an asymmetry in the adhesion energy for the two relevant
processes: Apparently, it is favourable to attach a borazine molecule with its
atomic species "A" to an atom of species "B" of the existing hBN island. The
alternative process, attaching the molecule with species "B" to an "A" atom of
hBN, is suppressed. This asymmetry of adhesion energies can conclusively ex-
plain all experimental findings. Based on bond energies from the literature it
can be speculated that "A" is boron, and "B" is nitrogen, i.e., that the molecules
attach with a boron atom to a nitrogen atom of the island. However, it is not
unambiguously possible to identify growth directions in relation to the occupancy
of lattice sites by the atomic species, and therefore this point remains uncertain.

Furthermore, it is suggested that the asymmetry of adhesion energies is caused
by different dehydrogenation states for the borazine molecule adsorbed on the
surface and the hBN island. This, in turn, is probably due to an arbitrary but
fortunate coincidence of the interaction strength between the borazine (and hBN)
and the substrate. Compared to other metal substrates, hBN and borazine exhibit
an intermediate interaction with Cu(111): It is (much) weaker than for transition
metals but stronger than for Ag(001) and (111). Therefore, it is suggested that the
fractal growth of hBN/Cu(111) is caused by different dehydrogenation states of
borazine and hBN on Cu(111) which in turn is a consequence of the intermediate
interaction strength between adsorbate and substrate.
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6.2 Further details on the growth of hBN/Cu(111)

In this section, some further details are given regarding the growth of hBN on
Cu(111) at high substrate temperatures. First, the influence of the focus condi-
tions on the contrast, island size and LEEM intensity is discussed for hBN on
Cu(111). Then, additional details of the LEED and LEEM investigations are pre-
sented. Thereafter, the rotation between real and reciprocal space are analysed
and a brief overview of dosages for monolayer preparation of hBN on different
metal substrates is given.

6.2.1 Influence of focus conditions on contrast, island size
and LEEM intensity

Contrast and island size

What can be observed in LEEM images strongly depends on the imaging condi-
tions that are applied when recording the images. For the system investigated in
this work, step edges of the substrate surface are visible when the focus plane is
located close to the bulk surface and behind (below) the adsorbate plane. Note
that the focus is referred to the topmost objects of the sample, and therefore
these imaging conditions are entitled as "underfocus", i.e., the focal length of the
objective lens is "too long". Owing to the very small depth of the focus, the ad-
sorbate is then out of focus and appears blurred. Consequently, the apparent size
of the adsorbed objects (islands in this case) is bigger than the real size. When
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Figure 6.8: LEEM images recorded during the growth of hBN on Cu(111)
(1085 K, 2.6× 10−7 Torr) with different imaging conditions: Left: Underfocus,
Ustart = 0.8 V; right: slight overfocus, Ustart = 2 V. The upper images are recorded
at a very low coverage, the lower ones for approx. 0.4 ML.
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Figure 6.9: (a)-(f) LEEM images of hBN islands on Cu(111) taken after the
deposition process (1067 K, 4.5× 10−7 Torr) at different currents for the objective
lens, from slight underfocus (a) to overfocus (f) (7 µm FOV, Ustart = 2 V). (g)
Relative integrated intensity of the LEEM images, plotted versus the objective
current, from underfocus (lower current) to overfocus conditions (higher current).
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moving further towards underfocus also the step edges appear blurry and become
even better visible since they appear broader than in slight underfocus condi-
tions. However, when the focal plane is shifted to the adsorbate plane or slightly
above (slight overfocus), the islands are sharply imaged and their apparent size
is realistic. Surface step edges cannot be seen any more in these conditions.

In Fig. 6.8, this is demonstrated with images taken for different focus plane
positions and for two different coverages. The upper two images (a1) and (a2)
are taken at very small coverages, the lower ones (b1) and (b2) at about 0.4 ML.
In both cases, the left image (a1) and (b1) is taken in underfocus conditions, and
it can clearly be seen that the adsorbate is unsharp and blurry. In panel (a1),
it is also strongly enhanced in size. In (b1), the surface seems to be completely
covered, although the real coverage is about 0.4 ML. The images recorded in slight
overfocus (a2) and (b2), however, reflect the real size of the hBN islands better.
Under these conditions, the dendritic shape of the islands is clearly visible, see
panel (b2).

LEEM intensity

The fact that the observed island size strongly depends on the chosen imaging
condition has to be considered when evaluating island sizes or coverages. However,
although islands are not imaged on a real scale, the overall intensity of the LEEM
image is almost independent of small changes of the focus. This is shown in
Fig. 6.9 for different objective currents corresponding to focus conditions from
slight underfocus to overfocus. Figure 2 (g) shows that the integrated LEEM
intensity does not change by more than 0.5% in this range. This is very fortunate
since it would be extremely difficult to keep the focusing conditions sufficiently
constant during a growth experiment. This is mainly due to small drifts in the
sample position rather than to instabilities of the current supplies. Note that a
typical growth experiment takes up to three hours and the sample temperature
must be kept constant at more than 1000 K during this time. For this reason,
the integrated LEEM intensity rather than the observed island size is used for
determining the growth rate in this work.

6.2.2 Details of the LEED and LEEM investigations of
the hBN layer

LEED: Comparison with Brülke et al.

In order to verify that the samples of this thesis are identical to the ones used
by Brülke et al. [21], several LEED measurements were performed with different
start voltages. Figure 6.10 shows that all relevant details discussed in Ref. [21]
are also visible in the LEED data of this thesis: The star-like broadening of the
(0,0)-spot, identified as multiple scattering effect, is visible in the upper close-up
(green frame). The lower close-up (blue frame) shows a Cu substrate spot and
the diffraction ring of the hBN. It can be seen that the ring is located at slightly
higher k|| compared to the copper bulk spot.
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Figure 6.10: µLEED pattern of an almost closed layer of hBN on Cu(111) at
Ustart = 45 V. The close-ups recorded at Ustart = 70 V show the features around
the (00) spot (green frame), which are due to multiple scattering, and the (10)-
spot (blue frame) indicating that the hBN film and the Cu(111) substrate are
incommensurate.

Non-equivalence of the (01) and (10) LEED spots

In section 6.1.3, the two domains of aligned hBN islands are distinguished from
each other by using DF-LEEM measurements. This is possible due to the ex-
perimentally observed non-equivalence of the (01) and the (10) LEED spot. At
first sight, this appears to be a violation of Friedel’s rule, which states that the
intensities of the (hkl) and the (hkl) reflections are equal [52]. Since the (10)
reflection is equivalent to the (01) reflection in three-fold symmetric structures,
this rule seems to contradict the experimental observations for hBN/Cu(111).
However, there are two reasons why Friedel’s rule is not valid in our case.
When comparing (hk) and (hk) reflections in LEED, one should consider that the
diffraction rods for both reflections cut the Ewald’s sphere at the same height, i.e.
at the same k⊥. Therefore, in LEED, one compares the intensities of (hkl) with
(hkl), not (hkl). Thus, one expects the same intensity, e.g., if the diffraction rods
are homogeneous as it is the case in 2D. In 3D structures, this is not necessarily
the case. For the system under study, this means that a difference between the
(01) and (10) reflection can be expected if hBN is not perfectly two-dimensional.
But even if the system is assumed to be perfectly two dimensional, Friedel’s rule
is only valid for real atomic scattering factors fj. If fj = |fj| · exp(iϕj) with
ϕj 6= 0, the absolute square |Fh|2 of the structure factor:

Fh =
∑
j

fjexp(2πih · rj) (6.2)

will not be identical for h and −h. Here, h = (hkl) is the reflection vector and rj
the position vector of atom j in the unit cell. While atomic scattering factors are
often considered to be real in XRD, the scattering phases play a more important
role in LEED so that in general one has to count on different values for ϕj for
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different atomic species. It can be shown that such a phase difference leads to
different structure factors, and therefore different intensities, for the (10) and the
(01) reflection in the case of hBN on Cu(111).

LEEM on aligned domains

Brülke et al. [21] discussed a small broadening of the LEED maxima stemming
from the aligned domains in azimuthal direction. Using a pseudo-Voigt fit, they
found a full width at half maximum of 4.4◦ and interpreted this as a small rota-
tional disorder of these majority domains. The LEED results of this work confirm
this finding (see above) but LEEM can add even more detailed information.

Figure 6.12 depicts a series of seven DF-LEEM images corresponding to aper-
ture positions along the diffraction ring very close to one of the main maxima.
The path of the aperture (from (a) to (g)) is illustrated by the green arrow in
panel (h). The LEEM images clearly show that the disorder is not caused by the
islands of the aligned domains being (as a whole) slightly rotated with respect
to each other but that the islands consist of many small sub-domains within the
aligned hBN island which show a narrow distribution of azimuthal orientations.
Hence, the disorder manifests itself on a smaller length scale than the island
formation.

LEEM on rotated domains

Figure 6.11 shows that the aligned and rotated hBN domains cannot only be
distinguished in DF-LEEM but also in BF-LEEM mode. There, they show a
different contrast under certain imaging conditions. Panel (a) highlights the two
differently oriented aligned domains in red and blue whereas the rotated domains
are visible as gray (uncoloured) islands (see section 6.1.3 and Fig. 6.4 (b)). Panel
(b) shows a BF-LEEM image of the same sample area recorded at a much higher

Figure 6.11: (a) False-colour illustration of the two aligned domains (in red and
blue) in a BF-LEEM image (Ustart = 2 V). Rotated domains are shown in gray
(uncoloured). (b) BF-LEEM image of the same sample area at Ustart = 45 V,
indicating different (bright-field) contrast for the aligned and rotated domains.
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Figure 6.12: (a)-(g) DF-LEEM images recorded for an aperture position along
the diffraction ring close to the (10) spot (10 μm FOV, Ustart = 45 V). (h) Close-
up of the (10) LEED spot (Ustart = 70 V). The green arrow illustrates aperture
positions used for (a)-(g).
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start voltage of Ustart = 45 V. It can clearly be seen that the rotated domains
have a brighter contrast than the aligned ones under these imaging conditions.
This difference in contrast is interpreted as an indication of differently strong
interactions of the aligned and rotated hBN-domains with the substrate.

6.2.3 Rotation of real space vs. reciprocal space
It is a fundamental property of the electromagnetic lenses used in the LEEM in-
strument that any image projected through the lens is rotated. Since the rotation
angle depends on the excitation current of the lens, it has to be considered when
images obtained with different lens settings are compared. This is done in the
sections 6.1 and 6.2 when relating LEED and LEEM images.

The angle of clockwise rotation θi is given as a function of the lens current Ii
[51]:

θi = Ki√
U∗
Ii, (6.3)

with U∗ = 1.0000009785 UHV and UHV = 20 kV. Ki is a constant depending
on the type of the lens. The values for all relevant lenses of the microscope are
listed in Table 6.1. Negative values of Ki result in a counter-clockwise rotation.
Furthermore, the lens currents Ii used for LEED and for LEEM at a field of view
of 10 µm are given. The uncertainty is ≈1 % [51].

With these values, the relative rotation between the LEED and the LEEM
mode at a field of view (FOV) of 10 µm is 16.7◦±2.8◦. Note that all LEEM images
shown in the sections 6.1 and 6.2 are measured with a FOV of 10 µm although
sometimes smaller image sections are shown. This rotation angle was corrected
in all LEEM and LEED images shown in the sections 6.1 and 6.2 so that real
space and reciprocal space directions can be compared directly.

Table 6.1: Values for Ki and Ii for all relevant lenses used to determine the angle
of image rotation θi for LEED and LEEM (at 10 µm FOV) in section 6.1 and 6.2.

lens i Ki(
√
V

◦

A
) [51]

Ii (mA)
for LEED

Ii (mA) for LEEM
at 10 µm FOV

FL 5909.5 2769.0 1496.0
IL 7168.0 865.5 2062.1
P1 -7168.0 550.0 1134.0
P2 7168.0 1019.0 1126.0
P3 -7168.0 2650.0 2650.0
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6.2.4 Dosages for monolayer preparation of hBN on dif-
ferent metal substrates

The reactivity of the substrate strongly influences the observed growth rates of
hBN in the monolayer regime. This becomes obvious when the dosages needed to
obtain an (almost) closed, 1 ML hBN layer are compared for different substrates.
Table 6.2 lists these numbers for several transition metal as well as for noble
metal surfaces. It can clearly be seen that for more inert surfaces much higher
dosages are needed compared to the more reactive surfaces.

Table 6.2: Dosages needed to grow a closed layer of hBN on several substrate
surfaces.

Substrate Dosage
Ag(111) 135 000 L [112]
Ag(001) 3000 L [111]
Cu(111) 2000 L [121]
Ni(111) 60 - 100 L [7, 61, 121]
Ru(0001) 13 - 55 L [60, 99, 161]
Rh(111) 40 L [30]
Ir(111) 20 L [117]
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6.3 Variation of substrate temperature
In this section, the influence of the substrate temperature during hBN preparation
on the growth mode, the structure and the growth rate is investigated. For this
purpose, the results of an additional growth series with three growth experiments,
performed at different substrate temperatures (1061 K, 1015 K and 972 K) but
with the same borazine partial pressure (2.5× 10−7 Torr), are compared.
The sample prepared at 1061 K shows the same growth mode as already discussed
in the previous sections. But at lower temperatures, the growth mode and the
structural properties changes. Additionally, it is discussed that the growth rate
decreases with decreasing substrate temperature.

6.3.1 Growth and structure
In Fig. 6.13, two LEEM image series are shown recorded during the growth of
hBN on Cu(111) at substrate temperatures of 1061 K and 1015 K, respectively. At
the higher substrate temperature ((a)-(c)), the growth mode is observed which
was discussed in detail in section 6.1.4. The islands (bright contrast) show a
fractal growth mode with three preferred growth directions per island having an
angle of 120◦ between each other. This mode could be explained with a model
based on the experimental observation that the growth preferably proceeds over
the borazine ring corners, and the assumption that the attachment of borazine
rings to an existing island includes an asymmetry concerning linkage via nitrogen
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Figure 6.13: LEEM images recorded during the growth of hBN on Cu(111) at
substrate temperatures of 1061 K ((a)-(c)) and 1015 K ((d)-(f)) (Ustart = 2 V,
slight overfocus). The hBN islands have a brighter contrast than the copper
substrate. The substrate temperature has a strong influence on island shape and
size. Please note the different scale bars.
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or boron atoms (see section 6.1.5).
Different island shapes can be observed when 46 K or 89 K lower substrate tem-
peratures are applied during growth. In Fig. 6.13 (d)-(f), this is shown for a
substrate temperature of 1015 K. (Very similar observations were made for a
substrate temperature of 972 K.) The islands still show a fractal growth mode.
This is expected since the step edge diffusion decreases with decreasing substrate
temperature which favours fractal growth [110]. The hBN also still forms branches
preferably. However, the three distinct growth directions are not as clearly visi-
ble as for higher temperatures. Instead, various growth directions are found for
the branches although some occur still remarkably often. As an example, one
growth direction, which can be observed for several branches in various islands,
is indicated with a green ellipse for one island in panel (d). Additionally, a clear
differentiation in main and side branches is not possible any more and the islands
are significantly smaller (note the different scale bars in Fig. 6.13).

(a) (c)(b)

Figure 6.14: LEED images of three hBN/Cu(111) samples prepared at a substrate
temperature of (a) 1061 K, (b) 1015 K and (c) 972 K.

LEED images of both preparations shown in Fig. 6.13 and of one performed at
972 K are depicted in Fig. 6.14. In all three LEED measurements, the modulated
ring caused by the hBN overlayer is well visible. However, the intensities of the
main maxima close to the Cu(111)-spots decrease with decreasing temperature
and the intensity along the ring becomes more continuously distributed. The
strong modulation observed in (a) was explained in section 6.1 with the small
aperture size which allows only a small selection of domain orientations to con-
tribute to the LEED measurement. In contrast, a nearly homogeneous intensity
on the diffraction ring and therefore a nearly homogeneous distribution of domain
orientations is found for the hBN structure grown at 1015 K (b) and 972 K (c)
although the same aperture size was used. This indicates much smaller domains
in these cases. Additionally, the intensity on these two rings slightly increases
in-between the main maxima. This is more pronounced for the preparation at
1015 K than for the one at 972 K.
In the next step, DF-LEEM measurements of the samples prepared at 1061 K
and 1015 K are compared to verify the assumption of smaller domain sizes for the
preparations performed at lower substrate temperatures. The results for 972 K
are very similar to the case of 1015 K. In Fig. 6.15 (c) and (e), DF-LEEM im-
ages using the (01)- and (10)-LEED spots are shown for the sample prepared at



6.3. VARIATION OF SUBSTRATE TEMPERATURE 93

1061 K 1015 K

B
F

-L
E

E
M

D
F

-L
E

E
M

 (
1

0
)

D
F

-L
E

E
M

 (
0

1
)

(a)

(f)(e)

(d)
(c)

(b)

A

B
C

A

B
C

Figure 6.15: (a)+(b) BF-LEEM (Ustart = 2 V, slight overfocus) and (c)-(f) DF-
LEEM images (Ustart = 45 V) using the (01)- and (10)-LEED spot, respectively, of
two hBN/Cu(111) samples prepared at a substrate temperature of 1061 K (left)
and 1015 K (right). All images have a FOV of 10 µm. In (c) and (e), three
different levels of contrasts are indicated with A, B and C corresponding to the
first and second aligned domain and the rotated domains of hBN on Cu(111),
respectively. Please note that the DF-LEEM images ((d)+(f)) were performed
on a closed monolayer hBN while the BF-LEEM image (b) was taken during hBN
deposition at about 0.5 ML.
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1061 K, respectively. In both images, three levels of contrasts can be seen which
can be attributed to the first (A) and second aligned domain (B) and the rotated
domain orientations (C) (see section 6.1.3 and 6.2.2 for more details). The cor-
responding images for the preparation done at 1015 K are depicted in (d) and
(f). Here, it is more difficult to distinguish the three differently bright regions.
However, it is obvious that the domain sizes are significantly smaller than for the
preparation performed at higher deposition temperatures. They are even smaller
than the hBN islands observed in BF-LEEM (b).

(b)

(e)

(a)

(d)

(c)

(f)

Figure 6.16: DF-LEEM images of hBN islands on Cu(111) grown at 1015 K for six
different aperture positions along the diffraction ring between the main maxima
(FOV 10 µm, Ustart = 45 V).

In Fig. 6.16, DF-LEEM images recorded at six different aperture positions
along the diffraction ring between the main maxima are depicted for the sample
prepared at 1015 K. Again, the observed domains are smaller than the islands ob-
served in BF-LEEM. Additionally at each aperture position along the diffraction
ring (not only the shown six ones), many hBN structures with the correspond-
ing domain orientation could be found. In contrast, only a low number of islands
could be found at each aperture position for samples prepared at higher substrate
temperatures (see Fig. 6.5).
In summary, a different growth mode than for higher substrate temperatures was
found for growth temperatures of 972 K and 1015 K. The islands are still fractal
but smaller and in particular do not show the three distinct growth directions
as for the case of 1061 K. They rather grow towards various directions although
there are still some (undefined) preferred directions. Additionally, DF-LEEM
shows that the domains are significantly smaller than the ones at higher growth
temperatures, and they are even smaller than the observed island sizes, i.e., the
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islands contain more than one domain in many cases. This was not the case
for higher growth temperatures. Because of the smaller domain size, a nearly
homogeneous diffraction ring is observed in µLEED. Additionally, the µLEED
measurements show that the total area of the aligned domains decreases with
decreasing substrate temperature.
Therefore, we can conclude that at lower growth temperatures each island con-
sist of several domains although it has grown as one island with several branches.
However, the straight growth of individual branches indicates that probably each
branch still belongs to just one domain.

6.3.2 Growth rate
The substrate temperature during growth has not only influence on the island
shape and the structure but also on the growth rate. As discussed in section 6.1,
the rate of the hBN growth is not constant although the substrate temperature
and the borazine partial pressure are kept constant during one growth experi-
ment. The reason for this is that the hot, uncovered Cu surface is needed for
the reaction of borazine to hBN taking place, i.e. the surface acts as a kind of
catalyst at these temperatures and gas pressures. The coverage vs. time curves
for the three growth experiments performed with the same partial pressure for
the borazine gas of 2.5× 10−7 Torr but at three different substrate temperatures,
are shown in Fig. 6.17 (a). They are obtained in a similar way as described in
section 6.1.2. Additionally, the fits according to equation 6.1 are indicated (black
dotted lines). They are in very good agreement with each of the three mea-
surements showing that the assumption of a self-limiting growth is valid for all
three substrate temperatures. However, the growth rate significantly decreases
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Figure 6.17: (a) Coverage of hBN/Cu(111) vs. the deposition time. The results
of three growth experiments performed with different substrate temperatures but
the same borazine partial pressure (2.5× 10−7 Torr) are shown. For each mea-
surement, the data was fitted according to equation 6.1. The growth rate in-
creases with increasing substrate temperture. (b) Arrhenius-type plot of the fit
parameter λ for the three experiments shown in (a).
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with decreasing substrate temperature. For example, it took 9.5 min, 20.5 min
and 30.0 min to reach a coverage of 0.5 ML for substrate temperatures of 1061 K,
1015 K and 972 K, respectively. It can be concluded that the reaction of borazine
to hBN is faster for higher substrate temperatures leading to increased growth
rates. From an Arrhenius-type plot (Fig. 6.17 (b)), the corresponding activation
energy Ebarr for this reaction can be obtained which is defined by:

λ = λ0exp
(
−Ebarr

kBT

)
(6.4)

where λ is the fitting parameter in equation 6.1 for the three curves in panel (a)
and λ0 a constant. With only three experiments available, a reaction barrier Ebarr
= (1.2 ± 0.2) eV is found.
This can be compared with bond energies for the B-H and N-H bonds since we
have shown above that these are the decisive bonds for growing hBN (compare
6.1.5). Auwärter et al. [9] calculated these bond energies for the gas-phase. For
the B-H, N-H and B-N bond, they found bond energies of 4.72 eV, 5.38 eV and
6.29 eV, respectively. Thus, the measured reaction barrier Ebarr of (1.2 ± 0.2) eV
is significantly lower which can be attributed to the catalytic effect of the copper
surface which reduces the energy barrier significantly and enables the growth of
hBN structures at the temperatures applied here.
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Chapter 7

Growth of PTCDA on
hBN/Cu(111)

Due to its structural and electronic properties, in particular its insulating nature
(direct band gap of 5.97 eV [184]), hBN is of highest interest as template for
the formation of epitaxial layers of organic molecules. Recently, Brülke et al.
[22] have shown with UPS and XSW measurements that a monolayer of hBN
on Cu(111) is able to decouple the first PTCDA layer from the copper substrate
chemically and electronically. The authors determined a large vertical bonding
distance (3.38 Å) for PTCDA on hBN/Cu(111), only a very small out-of-plane
distortion (<0.1 Å) and a HOMO position similar as for PTCDA multilayers.

In this chapter, the growth and lateral structure of PTCDA on hBN/Cu(111)
is discussed. First, a short description of PTCDA on Cu(111) is given since
this represents a reference system. Then, the growth of PTCDA on a (nearly)
completed monolayer hBN and its lateral structure are discussed. Subsequently,
the growth of PTCDA on a sub-monolayer hBN is studied.

7.1 Growth of PTCDA on Cu(111)
The system PTCDA on Cu(111) represents a reference system for the growth of
PTCDA on hBN/Cu(111). It has already been investigated in several studies
with several techniques. XSW was applied to investigate the vertical bonding
distances [56]. For the carbon height, a value of 2.66 Å was found which is sig-
nificantly smaller than the sum of the corresponding van der Waals radii (3.17 Å
[18]) which is compatible with an overlap of the molecular orbitals and the metal
bands. Additionally, the system was studied with UPS and was compared with
PTCDA on Ag(111) and Au(111) [35]. Here, the largest charge transfer is ob-
served for PTCDA on Cu(111) leading to a completely filled LUMO. Both, XSW
and UPS data, indicate that the interaction between PTCDA and Cu(111) is
rather strong.
The lateral structure of PTCDA on Cu(111) deposited at room temperature
was investigated by Wagner et al. [181] with STM. The authors found two su-
perstructures in the monolayer regime each with two molecules per unit cell in
a herringbone structure. Nearly rectangular unit cells were proposed for both
structures.
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In SPA-LEED, Bauer [14] found also two phases, an incommensurate structure as
majority phase (α-phase) and a p.o.l. or even commensurate structure as minor-
ity phase (β-phase). However, only the β-phase corresponds to one of the phases
reported by Wagner et al. [181]. The α- and β-phase found by Bauer could be
described by the following matrices A and B, respectively [14]:

A =
(

4.98(9) 0.25(7)
4.06(11) 8.79(15)

)
and B =

(
5.01(8) 0.95(9)
3.03(15) 8.82(20)

)
(7.1)

The corresponding LEED simulations are depicted in Fig. 7.1 (g) for the α- and
β-phase in green and red, respectively. Furthermore, Bauer deposited PTCDA at
100 K and annealed the sample step-wise. After deposition, no sharp spots were
visible but a diffuse intensity was observed where spots of the α- and β-phase are
usually found. With increasing temperature, the spots became more distinct.

Overall, the findings reported above correspond very well to the LEED mea-
surements performed in the LEEM instrument for PTCDA deposited at room
temperature which are discussed briefly in the following.
During deposition of the first monolayer PTCDA on Cu(111), the LEEM intensity
increases continuously (Ustart = 2 V) as it is visible in Fig. 7.1 (a). However, no
island growth is observed in real space (b). Probably, the island sizes are below
the resolution limit of 10 nm (The microscope was operated without aberration
corrector) [58]. The strong interaction between the molecules and the copper sub-
strate might lead to a high diffusion barrier and thus to small islands. According
to Bauer [14], the domain sizes are about 31.5 nm for a PTCDA layer prepared at
room temperature. He found clearly seperated LEED spots at these conditions.
In our case, diffuse LEED spots are visible which could hardly be seperated as
shown in Fig. 7.1 (d). This result is very similar to the mentioned SPA-LEED
measurements of PTCDA deposited at 100 K [14].
After about 35 min of PTCDA deposition, the intensity increase saturates (Fig.
7.1 (a), Ustart = 2 V) and the nucleation of islands with a slightly darker contrast
is observed in LEEM as depicted in Fig. 7.1 (c) (Ustart = 1.3 V). These newly
nucleated islands represents the second layer since they disappear upon gentle
annealing up to about 425 K after the end of the deposition. This value is even
lower than the desorption temperature of the second layer PTCDA on Cu(111)
reported by Wagner et al. [182] (573 K). Note that the second layer islands are
larger than those in the first layer which can be explained by a higher mobil-
ity of PTCDA molecules adsorbed on another layer of PTCDA than on the clean
Cu(111) surface. After desorption of the second layer (the first layer is still on the
surface), the LEED image in Fig. 7.1 (f) was taken. Here, sharper spots are vis-
ible at the same positions as before. Additionally, the spot positions correspond
very well to the α- and β-phase, as found by Bauer [14], which are indicated in
Fig. 7.1 (g).
A LEEM-IV curve of the first monolayer PTCDA on Cu(111) is depicted in Fig.
7.1 (e). This curve will be applied in section 7.4 to identify PTCDA on Cu(111)
next to hBN islands. The increase in intensity at about 0 V is caused by lensing
effects induced by the close vicinity of islands of the second monolayer.
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Figure 7.1: PTCDA on Cu(111): (a) LEEM intensity increase during the depo-
sition of PTCDA on Cu(111) (Ustart = 2 V). (b) LEEM image after 25 min. No
islands are visible. (Ustart = 2 V) (c) LEEM image after 35 min (Ustart = 1.3 V).
The second layer starts to nucleate. (d) LEED measurement of the first layer
of PTCDA on Cu(111) after 25 min of deposition (Ustart = 10 V). (e) LEEM-IV
measurements of the first layer of PTCDA on Cu(111) and the clean Cu(111)
crystal. (f) LEED measurement of one layer PTCDA on Cu(111) after desorp-
tion of the second layer by gentle annealing up to about 425 K (Ustart = 10 V).
(g) Spot positions of the α- and β-phase, as found by Bauer [14], are indicated
in green and red, respectively.
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7.2 Growth of PTCDA on hBN/Cu(111)
In Fig. 7.2, a LEEM image series taken during the deposition of PTCDA (0.24 ML
to 0.47 ML) on a (nearly) closed monolayer hBN/Cu(111) is depicted. The
PTCDA molecules grow in compact islands which have a darker contrast than
the hBN on Cu(111) at Ustart = 1.3 V. This is also visible in Fig. 7.3 where
the LEEM-IV curves of one monolayer PTCDA on hBN/Cu(111) (red) and of a
(nearly) closed monolayer hBN/Cu(111) (green) are compared with each other.
Therefore, the intensity in the whole FOV decreases with increasing coverage as
shown in Fig. 7.2 (e) (upper panel). This decrease is linear indicating a constant
deposition rate. However, the growth of individual islands is not continuous, in
contrast to, e.g., PTCDA on Ag(111) [66] or Cu(001) (see chapter 4). On these
two substrates after nucleation, each PTCDA island grows linearly with deposi-
tion time as long as no step edges disturb the growth in certain directions. In
the case of PTCDA on hBN/Cu(111), the growth of one island occurs stepwise.
This is well visible in the corresponding LEEM video and in Fig. 7.2 (e) (lower
panel) where the intensity of three smaller areas in the FOV are plotted versus
the total coverage. These areas are marked in Fig. 7.2 (a) with the corresponding
colour. They clearly show no linear but a stepwise decrease in intensity. During
the short periods of rapid intensity decrease, the growth of PTCDA islands is ob-
served in the LEEM video within the chosen sample area. In contrast, no change
of these PTCDA islands is visible during the periods of stagnation. It should be
mentioned that islands which have shown a step-wise growth very often belong
to one domain of PTCDA on hBN/Cu(111). This growth mode can therefore not
be explained by nucleation of several domains next to each other.
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Figure 7.2: (a)-(d) LEEM image series taken during deposition of PTCDA on
hBN/Cu(111). The PTCDA coverage raises from 0.24 ML (a) to 0.47 ML (d)
(7 µm FOV, focus, Ustart = 1.3 V). (e) Intensity vs. coverage for the whole FOV
(upper panel) and three selected areas (lower panel) marked in green, red and
blue in panel (a).
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Figure 7.3: LEEM-IV curves of one layer PTCDA on hBN/Cu(111) (red) and of
a (nearly) closed monolayer hBN on Cu(111) (green).

A possible explanation for this step-wise growth is that a critical molecular den-
sity close to an already existing island is necessary to allow the further growth
of this island. A similar explanation was given for the nucleation of BDA c(8x8)
crystallites on Cu(001) [141, 142]. Before these crystallites nucleate, the dilute
phase of BDA has to reach a certain density which then remains constant while
the crystallites are growing continuously.
A similar mechanism could be responsible for the growth behaviour which we
observed here for PTCDA on hBN/Cu(111). The periods of growth could be
explained by the PTCDA density exceeding a critical value and the periods of
stagnation by it falling below this critical density. Apparently, the (fast) growth
of the PTCDA islands itself causes the drop of the PTCDA density in the vicinity
of the islands.
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7.3 Structure of PTCDA on hBN/Cu(111)
A LEED measurement of 0.3 ML PTCDA on a (nearly) closed monolayer hBN
on Cu(111) is depicted in Fig. 7.4 (a). The LEED spots are not sharp but rather
diffuse and can be divided into outer and inner maxima because of their radial
distances to the (0,0)-spot. The maxima are mainly broadened in azimuthal
direction which leads to a ring-like appearance. Additionally, the inner maxima
appear to be broader in radial direction than the outer ones.
A SPA-LEED measurement of a sample prepared under similar conditions was
done by Christine Brülke et al. [20]. Their measurement was performed at 110 K.
They also found clearly azimuthaly broadened, ring-like intensity maxima. But in
contrast to our data, they could unambiguously identify the individual LEED spot
positions within these maxima. Therefore, they determine the superstructure
matrix for this structure to be(

5.22(5) 0.9(1)
3.1(3) 8.81(9)

)
. (7.2)

This corresponds to lattice parameters of |a| = 12.07(3) Å, |b| =19.33(9) Å, γ
= 90(3)◦ (angle between lattice vectors) and α = 9(1)◦ (angle between a and
[1̄1̄2]Cu). For comparison, the simulated LEED pattern of this structure is super-
imposed on our measurement in Fig. 7.4 (b).
The simulated LEED spot positions and the positions of measured intensity max-
ima are in good agreement. Therefore, it can be assumed that our LEED mea-
surement corresponds to the structure found by Brülke [20] and that the higher
resolution of the SPA-LEED instrument compared to our LEEM instrument and

(a) (b)

Figure 7.4: (a) LEED measurement of 0.3 ML PTCDA deposited on a (nearly)
completed monolayer hBN on Cu(111) at room temperature (Ustart = 10 V). (b)
Simulated LEED pattern of the superstructure determined by Christine Brülke
[20] superimposed on (a) after distortion correction. The spots of each domain are
shown in a certain colour. The direction of the Cu(111) unit cell are indicated with
black lines and the spots used for DF-LEEM are marked with black solid circles
("single-domain spots"), dashed circles ("double-domain spots") and triangles.
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Figure 7.5: (a) BF-LEEM image of about 0.3 ML PTCDA (darker contrast) on a
nearly closed monolayer hBN (brighter contrast) on Cu(111) (Ustart = 1.3 V, 5 µm
FOV). (b) False colour image of six DF-LEEM measurements in (c)-(h) which
corespond to the single domain spots marked in Fig. 7.4 (b) with solid circles
(Ustart = 8 V, 5 µm FOV). Some islands are found in BF-LEEM but not in the
six DF-LEEM images. Four of them are indicated with white circles in (a) and
(b).
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possibly a slightly worse ordering or smaller islands can explain the differences.
The radially broader spots on the inner intensity ring are than in fact consisting
of three diffuse diffraction spots (as marked with dotted triangles in Fig. 7.4 (b)).

In the next step, DF-LEEM measurements are performed using the aperture
positions marked in Fig. 7.4 (b) with black circles and triangles. First, the six
LEED intensities indicated with black, solid circles are used which correspond to
"single-domain spots" according to the overlayer structure determined by Brülke
[20]. Therefore, the resulting DF-LEEM images shown in Fig. 7.5 (c)-(h) are
marked with the corresponding colour. In the false colour image in Fig. 7.5 (b),
these six measurements are superimposed. It shows that the bright areas of the
six DF-LEEM images do not overlap and that nearly the whole area covered with
PTCDA (darker contrast in Fig. 7.5 (a)) is found in the six DF-LEEM images
indicating that PTCDA grows preferably in these six domain orientations. Only,
very few islands are found in BF-LEEM but not in the six DF-LEEM images.
Four of them are indicated with white circles in Fig. 7.5 (a) and (b). Possibly, they
correspond to differently orientated islands and would be found in DF-LEEM for
other aperture positions along the outer diffraction ring.
The DF-LEEM images using the three aperture positions indicated with black,
dashed circles in Fig. 7.4 (b) are depicted in Fig. 7.6 (a)-(c). According to the
overlayer structure proposed by Brülke [20] and as indicated in Fig. 7.4 (b), LEED
spots from two domains are located very close to each other at these positions.
Therefore, they are called "double-domain spots". In each panel of (d)-(f), the DF-
LEEM images of the two corresponding domains (as obtained from measurements
on single-domain spots) are shown in their respective colour. The agreement be-
tween DF-LEEM measurements and the false-colour images (e.g. (a) and (b)) is
quite good.
For the DF-LEEM images in Fig. 7.7 (a) and (b), the two LEED intensities
marked with triangles in Fig. 7.4 (b) are used which should correspond to three
domains each. The corresponding three domains are shown in panel (c) and (d).
Again, a quite good agreement is observed. The slight differences could be ex-
plained by the small size of the aperture.
All these results are consistent with the overlayer structure found by Brülke [20]
for PTCDA on hBN/Cu(111) under the assumption that 6 domain orientations
are strongly preferred on hBN/Cu(111) and that only very small areas show
other azimuthal orientations. However, the fact that such azimuthal disorder oc-
curs is a strong indication for a rather weak interaction between PTCDA and the
substrate. Another indication for the weak interaction is that the structure for
PTCDA on Cu(111) is very similar to the one of PTCDA on the Au(111) surface,
which is known for its weak interacting nature [35, 68]. There, a rectangular unit
cell was found which has lattice parameters of |a| = 12.3(2) Å, |b| =19.6(3) Å,
γ = 89.7(7)◦ (angle between lattice vectors) and α = 22.0(6)◦ (angle between a
and [1̄1̄2]Au) [104]. Therefore, our data is in good agreement with recent XSW
and UPS results [22] which show that the hBN layer decouples the PTCDA layer
from the copper substrate chemically and electronically.
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Figure 7.6: (a)-(c) DF-LEEM measurments performed with aperture positions
indicated with black, dashed circles in Fig. 7.4 (b) ("double-domain spots"). (Ustart
= 8 V, 5 µm FOV) (d)-(f) False colour images of the two domains contributing to
the measurements in (a)-(c) as obtained from two DF-LEEM measurements on
single-domain spots.

(a) (b)

(d)(c)

Figure 7.7: (a) and (b) DF-LEEM measurments performed with aperture po-
sitions indicated in Fig. 7.4 (b) with black triangles. (Ustart = 8 V, 5 µm FOV).
(c) and (d) False colour images of the three domains contributing to the mea-
surements in (a) and (b) as obtained from three DF-LEEM measurements on
single-domain spots.
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7.4 Growth of PTCDA on sub-ML hBN/Cu(111)

In this section, the growth of PTCDA on a sub-monolayer hBN/Cu(111) is in-
vestigated. Here, the main question is if PTCDA grows preferably on hBN or on
Cu(111). For this purpose, a sample with a very low coverage of hBN on Cu(111)
is chosen as depicted in Fig. 7.8 (a). Here, the areas between the hBN islands are
large enough to be analysed separately from the areas covered with hBN.
With the start of PTCDA deposition, an increase in intensity is observed on the
Cu(111) surface, i.e., on the areas between hBN islands (Fig. 7.8 (c), Ustart =
2 V). But on the hBN islands, no PTCDA islands have nucleated within the first
32 min as can be seen in Fig. 7.8 (b) when it is compared to (a). These indications
for the growth of PTCDA on Cu(111) are supported by LEEM-IV and LEED.
In Fig. 7.8 (d), a LEEM-IV measurement taken after 32 min of PTCDA deposi-
tion next to an hBN island (cyan) is compared with one of a monolayer PTCDA
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Figure 7.8: (a) hBN islands (bright contrast) on Cu(111) before the deposition
of PTCDA. (b) Same sample area after deposition of PTCDA for 32 min and
shortly before the growth of PTCDA islands on the hBN starts. (c) BF-LEEM
intensity on the areas next to the hBN islands and of the whole FOV plotted vs.
the deposition time (Ustart = 1.3 V). (d) LEEM-IV curves for the Cu(111) surface
next to an hBN island of the sample shown in (b) (cyan). For comparison, the
curves for PTCDA/Cu(111) (without hBN, see Fig. 7.1 (e)) and the clean Cu(111)
surface are shown in blue and grey, respectively. (e) LEED image of the sample
in (b) (Ustart = 10 V).
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 (a)  (b)  (c)

1µm

Figure 7.9: LEEM image series taken during deposition of PTCDA on sub-
monolayer hBN on Cu(111) after (a) 37 min, (b) 40 min and (c) 42 min (Ustart
= 1.3 V). The green arrows mark phase boundaries (see text for more details)
while the red ones are indicating the first PTCDA islands on hBN.

on Cu(111) (without hBN, see Fig. 7.1 (e), blue curve) and of a clean Cu(111)
surface (grey). The cyan and grey curves differ strongly from each other indi-
cating that the copper surface is definitely not clean any more. The shape of
the cyan and blue curve are also not exactly identical, in particular at low start
voltages (below 1 V). However, this can be explained by strong lensing effects
caused for the cyan curve by the close vicinity to hBN islands. At higher start
voltages, the curves have very similar features. For example, they exhibit a local
maximum at about 1.2 V and show an increase in intensity between 3 V and 5 V.
Here, higher start voltages were not chosen to circumvent beam damage.
A LEED measurement at the same coverage is depicted in Fig. 7.8 (e). The ob-
served pattern is in very good agreement with the one of a monolayer PTCDA on
Cu(111) deposited at room temperature without any hBN on the surface (Fig.
7.1 (d)) which was discussed in section 7.1. Therefore, we can conclude that the
PTCDA molecules start to cover the Cu(111) surface before the first PTCDA
islands nucleate on the hBN islands.
After about 42 min, the first islands nucleate on the hBN islands as indicated in
Fig. 7.9 (c) with red arrows. At Ustart = 1.3 V, they exhibit a darker contrast than
hBN/Cu(111) but appear similar to PTCDA/Cu(111). Shortly before the first
nucleation of PTCDA on hBN takes place, a discrete increase in contrast next
to the hBN islands is observed. This change propagates from the hBN islands
towards the centres of the former uncovered Cu(111) areas. This moving front is
indicated in Fig. 7.9 (b) with green arrows. This change could be an indication
for a phase change to a slightly different and possibly denser structure of PTCDA
on Cu(111) since it is triggered by the increasing amount of PTCDA on the sur-
face. No significant change in LEED could be observed. However, this indicates
that the Cu(111) surface is nearly closed before the first PTCDA islands nucleate
on the hBN islands. This is supported by the constant LEEM intensity next to
the hBN islands for higher PTCDA coverages as shown in Fig. 7.10 (g). Here,
the intensities of the complete FOV and of the area next to the hBN islands are
plotted vs. the deposition time. The normalization is chosen as in Fig. 7.8 (c). At
the point of PTCDA island nucleation on hBN, the intensity of the whole FOV
is decreasing while the one next to the hBN islands is nearly constant. Six of the
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Figure 7.10: LEEM images series recorded during deposition of PTCDA on sub-
monolayer hBN on Cu(111) after (a) 42 min, (b) 48 min, (c) 55 min, (d) 61 min,
(e) 68 min and (f) 72 min (Ustart = 1.3 V). (g) Intensity next to the hBN islands
and of the whole FOV plotted vs. the deposition time. The normalization is
chosen as in Fig. 7.8.
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corresponding LEEM images are depicted in Fig. 7.10 (a)-(f).
Again, the step-wise growth can be observed in the corresponding LEEM video
as already discussed in section 7.2. A preferred nucleation site for the PTCDA
islands could not be determined. They start to grow at main branches, side
branches and close to the point of hBN nucleation.
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(a) PTCDA:

Figure 7.11: (a) LEEM-IV and (b) LEED measurement (Ustart = 10 V) of
PTCDA on a sub-monolayer hBN on Cu(111) after 72 min of PTCDA deposition.
For comparison, the LEEM-IV curve for PTCDA on a monolayer hBN/Cu(111)
as depicted in Fig. 7.3 is shown in (a).

The deposition was stopped after 72 min when the complete surface is covered
with PTCDA. The LEEM-IV measurements and the LEED image of this sample
(Fig. 7.11) are in good agreement with the ones in Fig. 7.3 and 7.4, respectively.

7.5 Summary
We have unambiguously found that PTCDAmolecules deposited on hBN/Cu(111)
samples cover the remaining clean copper surface first, before they nucleate on
hBN/Cu(111). Then, the individual PTCDA islands do not grow linearly in size
although the deposition rate is constant. They show a step-wise growth mode.
Usually, the periods of growth are significantly shorter than the periods of stagna-
tion. A possible explanation for this step-wise growth is that a critical molecular
density close to the islands is necessary to let the islands grow. If this density
is not constant during growth and drops below the critical value, the growth
of the islands gets to a halt until the critical density is reached for the next
time. Furthermore, it has been discussed that all LEED and DF-LEEM results
are consistent with the overlayer structure found by Brülke [20] for PTCDA on
hBN/Cu(111). We both observed that 6 domain orientations are strongly pre-
ferred on hBN/Cu(111) but that other azimuthal orientations also occur. This
azimuthal disorder and the fact that this overlayer structure is very similar to the
one of PTCDA on the weakly interacting Au(111) surface [35, 68, 104] are strong
indications for a weak interaction between PTCDA and the hBN layer.
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Chapter 8

Summary

In this thesis, the growth of two organic molecules, PTCDA and NTCDA, and
of the 2D material hBN on copper surfaces are investigated. The particular
focus of this work lies on the interplay of different interaction mechanisms occur-
ring for these systems which lead to completely different growth modes including
dendrite-like, fractal growth modes and compact island formation.

Organic Molecules
In the first part of this thesis, the growth of PTCDA and NTCDA on the Cu(001)
surface are investigated. Although these two molecules are chemically closely re-
lated, they exhibit two different growth modes on this metal surface.
For PTCDA on Cu(001), it is well known that the attractive intermolecular in-
teraction of the PTCDA molecules, caused by the quadrupole moment of the
molecule, leads to the growth of compact islands at already very low coverage
[54, 66]. This process is quantified in this work by determining three important
growth parameters which influence the island formation: the critical cluster size,
the cohesion energy of two PTCDA molecules and the diffusion barrier of the
adsorbed molecules. By analyzing island size distributions within the aggrega-
tion regime and applying methods developed for atomic nucleation on surfaces,
it was possible to determine the critical cluster size i for temperatures between
300 K and 390 K. This parameter corresponds to the number of molecules in the
largest cluster of molecules which is not yet stable. The fact that for temper-
atures below 317 K two molecules are already forming a stable cluster (i = 1)
enabled to calculate the diffusion barrier for individual molecules on this surface:
ED = (0.45± 0.21) eV. With increasing temperature, one expects an increase of
the critical cluster size. However, the case of i = 2 is experimentally not observed;
instead at temperatures above 317 K, four molecules are needed to form a stable
cluster (i = 3). This direct change in critical cluster size from 1 to 3 is explained
by the specific geometric conditions for the case of PTCDA/Cu(001). Further-
more, using pair-potential calculations it is possible to determine a second crucial
energy for layer growth: the cohesion energy of two molecules which amounts to
E

(2)
B = (0.89± 0.34) eV.

In contrast to PTCDA, NTCDA exhibits a completely different growth mode on
the same substrate in the submonolayer regime for temperatures at and above
room temperature. Clear indications are found for a dendrite-like, fractal growth
mode. This finding is based on BF-LEEM measurements indicating that no com-
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pact islands occur although the LEED pattern is well established already at low
coverage, on DF-LEEM results showing a static domain shape and size during
growth within almost the entire submonolayer regime (≈ 0.2− 1.0 ML), and on
RT STM images showing groups of elongated islands at low coverage, which seem
to interact with each other since they are identically oriented within clusters of is-
lands on the 100 nm scale. With the aid of valence band PES and NIXSW results
revealing a relatively strong (chemisorptive) adsorbate-substrate interaction, the
observed growth mode is explained using pair-potential calculations. These calcu-
lations reveal that – under the specific conditions of net charge transfer into, and
charge redistributions inside the molecule – one specific adsorption site is strongly
favored, which is responsible for the growth of long and thin molecular chains.
These chains form a dendrite-like network spreading over the entire surface al-
ready at very low total coverage. Thereby, they “reserve” certain surface areas
for its respective domain, which subsequently are just filled up by the molecules
adsorbing additionally. Furthermore, the pair-potential calculations show that
small differences in the geometric structure and the charge redistribution inside
the molecules can cause a fundamentally different growth behavior, as it was ob-
served for NTCDA on other substrates, e.g. on Ag(111) [62].
Additionally, this dendrite-like growth mode leads to very large domains (with
diameters > 5 µm) for NTCDA on Cu(001) so that this system is used as pro-
totype system for a proof of principle experiment: Momentum microscopy of a
single molecular domain performed with the LEEM/PEEM instrument. Such a
single-domain ARPES experiment improves the results of orbital tomography by
reducing the number of molecule orientations contributing to the measurement
and allows separate measurements of different structural phases coexisting on a
sample.
Finally, a second phase of NTCDA on Cu(001) is discussed which occurs at higher
substrate temperatures and coexists with the dendrite-like phase. In contrast to
the dendrite-like phase, the growth of the second one can be observed with BF-
LEEM and is restricted to the direct neighborhood of step edges.

2D materials
The growth of hBN on Cu(111) is investigated in detail in the second part of
this thesis. For substrate temperatures above 1020 K, the growth of fractal hBN
islands is directly observed in LEEM. Each of these islands clearly exhibits three
preferred growth branches leading to a three-fold symmetric shape. However, the
orientation of the islands is varying. By far the majority of islands belongs to two
aligned domains that are oriented either 0◦ or 60◦ to the underlying substrate
lattice while the remaining islands exhibit a random azimuthal orientation indi-
cating the rather weak but not negligible influence of the substrate on the hBN
island growth.
While the fractal growth mode can be understood in terms of diffusion-limited
aggregation (DLA), the preferred growth directions are explained by an asym-
metry of the bonding energies for the two possible ways a borazine molecule can
attach to an existing hBN island. This growth model is based on the experimen-
tal findings and some considerations of the adhesion energies: From LEEM and
LEED experiments, the preferred growth directions could be correlated with the
direction of three of the six corners of the B3N3 hexagon. It is highly interesting
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that the growth takes place only in the direction of three of the six corners, those
which are occupied by the same atomic species. Apparently, it is favorable to
attach a borazine molecule with its atomic species "A" to an atom of species "B"
of the existing hBN island while the alternative process, attaching the molecule
with species "B" to an "A" atom of hBN, is suppressed. This asymmetry can
conclusively explain all experimental findings.
A possible reason for this asymmetry of adhesion energies are different dehydro-
genation states for the borazine molecule adsorbed on the surface and the hBN
island, which in turn might be a consequence of the intermediate interaction
strength between adsorbate and substrate.
Additionally, it is found that the growth of hBN/Cu(111) is self-limited to one
single layer since the reactive Cu(111) surface is obviously essential for the for-
mation of the hBN layer, e.g. for the dehydrogenation of the borazine molecules.
As soon as the Cu surface is covered, the growth comes to a halt. By varying
the substrate temperature and comparing the growth rates of hBN/Cu(111), the
reaction barrier for the growth process is estimated to be (1.2 ± 0.2) eV which is
significantly lower than the calculated bond energies for borazine in the gas-phase
found in literature [9]. This is attributed to the catalytic effect of the copper sur-
face which reduces the energy barrier significantly and enables the growth of hBN
structures at the temperatures applied here.

Combining organic molecules and 2D materials
In the last part of this work, the growth and lateral structure of PTCDA on
hBN/Cu(111) is investigated. PTCDA molecules deposited on hBN/Cu(111)
samples cover the remaining clean copper surface first, before PTCDA islands
nucleate on hBN/Cu(111). These islands do not grow linearly in size but show
a step-wise growth mode which can be explained by a critical molecular density
close to the islands. Furthermore, all LEED and DF-LEEM results are consistent
with the overlayer structure found by Brülke et al. [20]. We both obeserved that
6 domain orientations are strongly preferred for PTCDA on hBN/Cu(111) but
that other azimuthal orientations also occur. This azimuthal disorder and the
fact that the found overlayer structure is very similar to the one of PTCDA on
the weakly interacting Au(111) surface [35, 68, 104] are strong indications for a
weak interaction between PTCDA and the hBN layer.

The results of this work are an essential step forward in fundamentally under-
standing the decisive interplay between different interaction mechanisms for ad-
sorbates on metal surfaces leading to various kinds of growth modes. It was shown
that small differences in the involved interaction mechanisms can have great in-
fluence on the growth of molecules and 2D materials. This potentially allows to
tailor the properties of such systems.

Outlook
Various options exist to investigate the growth of organic molecules and of 2D
materials further. The studied systems should be analyzed by theoretical ap-
proaches in order to improve the understanding of the observed growth modes.
Furthermore, the investigation of similar adsorbate/metal systems would lead to
an even better knowledge of the interaction mechanisms in order to control the
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self-assembly of these systems. Additionally, new concepts for the production of
2D layer stacks should be taken into account.

In order to understand the observed growth modes even better, the studied sys-
tems should be analyzed with theoretical approaches. For example, calculations
of the diffusion energy of PTCDA on Cu(001) or the cohesion energy of two of
these molecules are desired to compare them with the experimentally observed
values.
In the case of NTCDA on Cu(001), pair-potential calculations are able to explain
the dendrite-like, fractal growth of NTCDA/Cu(001) on a semi-quantitative level.
However, more precise density functional theory (DFT) or ab-initio calculations
for the adhesion energies are definitely desired and should give more precise val-
ues.
Similarly, the origin of the asymmetry in the adhesion energies for the two possi-
ble ways a borazine molecule can attach to an existing hBN island, which leads
to three preferred growth directions, might be found by dedicated DFT calcu-
lations. However, due to the incommensurate registry between the hBN islands
and the substrate, such calculations are difficult and cannot be precise since they
have to be performed with periodic boundary conditions which necessitates the
assumption of a commensurate structure.
The question, whether it is more favorable to attach a borazine molecule with
its boron or nitrogen atom to an already existing hBN island, might be answered
experimentally by transmission electron microscopy (TEM). The most difficult
part will certainly be finding a suitable way of preparing the hBN sample for
TEM.
Furthermore, it would be interesting to observe the transition of dendrite-like
growth to compact islands growth for hBN. In principle, this transition should be
observed at higher substrate temperatures on Cu(111) although this is of course
limited by the melting temperature of the crystal. Therefore, it might be more
promising to investigate the growth of hBN on slightly more reactive or ther-
mally more stable substrates. Here, the transition temperature is possibly in
an accessible range. In general, the variation of the substrate additionally gives
the opportunity to understand the substrate-adsorbate interactions better. For
this purpose, additional LEEM studies and possibly also single domain ARPES
experiments are of interest. Miriam Raths already started with corresponding
investigations on Ni(111) in her Master project.
In order to access the full potential of graphene, hBN and other 2D materials,
the production of 2D stacks is desired. However, the growth of hBN on Cu(111)
with the precursor borazine is limited to the first layer. Therefore, other sub-
strate/precursor combinations have to be investigated (e.g. [86, 151]). Addition-
ally, new concepts to grow 2D materials might be interesting, as the provision of
a gaseous catalyst during the CVD process [163], or approaches which are not
based on precursors at all so that catalytic driven dehydrogenation or dissociation
is not necessary before the desired 2D material is formed [63, 69, 150].
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4.6 Examples of pair potential calculations for a PTCDA molecule ap-
proaching a cluster of (a) two and (b) three molecules: (a) The
position of two molecules are fixed while the pair potential consid-
ering van-der-Waals and electrostatic effects is calculated for the
third molecule at various positions. The maximal energy gain in
an orientation corresponding to the herringbone pattern amounts
to 0.61 eV. (b) For this configuration of four molecules, the energy
gain for the fourth molecule amounts to more than 1.05 eV. . . . . 36

5.1 (a) and (b) BF-LEEM images of NTCDA on Cu(001) at coverages
of 0.4 ML and 0.8 ML, respectively (Ustart = 2 V). The over-all
intensity is decreasing with coverage but no island formation is
visible. (c) and (d) µLEED images recorded at the same coverages
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domains and the LEED spots selected for DF-LEEM (see Fig. 5.2)
are indicated in red and blue. (e) BF-LEEM intensity plotted vs.
deposition time (Ustart = 2 V). After 56 min, the nucleation of the
second layer is clearly visible in the otherwise linear progress. (f)
LEEM-IV measurements performed for a clean Cu(001) surface
(black data points) and for one closed layer (1 ML) of NTCDA on
Cu(001) (green data points). At a start voltage of 2 V, as it was
used for the BF-LEEM images, a clear contrast is present for both
curves. For complete LEEM and LEED series, see section 5.2.1. . 42

5.2 DF-LEEM of NTCDA on Cu(001) at different coverages (0.46 ML,
0.68 ML and 0.97 ML, Ustart = 2.4 V). For (a)-(c) and (d)-(f), the
rotational domains A and B were selected, respectively. (g)-(i)
False colour representation of the rotational domains. Red and
blue coloured areas indicate those parts of the surface which are
covered by domain A and B, respectively. Colour coding corre-
sponds to the selected spots in the µLEED images shown in Fig.
5.1 (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 (a) and (b) STM images recorded at room temperature for ≈
0.8 ML of NTCDA on Cu(001) (Ubias = −0.75 V, Itunnel = 0.03 nA).
(c) Similar image recorded at a coverage below 0.5 ML (Ubias = 1 V,
Itunnel = 0.03 nA). (d)-(f) Same images as in (a)-(c), but with the
domain orientation colour-coded in red and blue. This figure has
been adapted from [190] with permission. . . . . . . . . . . . . . . 45
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5.4 XSW results for NTCDA on Cu(001): Typical XPS data for the
C1s (a) and O1s (b) core level and best fits to the data. The
fitting model was propagated to all XPS data recorded at differ-
ent photon energies. (c) Reflectivity and (partial) photo-electron
yield curves for the relevant species: C represents the molecular
backbone, Ocarb. and Oanhyd the two different oxygen species. (d)
Argand representation of the fitting results: Data points repre-
sent the fitting results (i.e., coherent fractions FH and positions
PH) of individual scans, thin lines the average for the respective
species. Error bars are propagated through XPS [37] and photo-
electron yield fitting [17]. (e) Structure model of the adsorption of
NTCDA on Cu(001). This data analysis is part of [50]. . . . . . 47

5.5 Valence band PES measurement of NTCDA on Cu(001) (photon
energy = 110 eV, after background subtraction). The broad peak
is attributed to the F-LUMO of NTCDA and fitted by a vibronic
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process continues until the surface is entirely covered. This figure
has been adapted from [190] with permission. . . . . . . . . . . . 50

5.7 (a)-(c) Possible binding sites (labeled "A", "B" and "C") for an
NTCDA molecule attaching to an existing cluster of molecules.
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ergetically unfavourable. Blue circles indicate "quadrupole-like"
charge arrangements due to charging of the carboxylic oxygen
atoms, as illustrated in (d). . . . . . . . . . . . . . . . . . . . . . 51

5.8 Calculated pair potentials for an NTCDA molecule attaching to
an existing island at positions A, B and C. (a) Assuming an ho-
mogeneous filling of the FLUMO, the pair potentials are plotted
versus the net charging q of the molecule. (b) For the case of a
net charging q = 0.4 electrons, pair potentials are plotted versus
the part x of this charge that is localized at the carboxylic oxygens
atoms of the molecule. See text for more information. . . . . . . 54
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5.11 LEED images taken during deposition of the first layer of NTCDA
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5.12 (a)-(c) STM images of a low coverage sample of NTCDA on Cu(001)
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for HOMO (EB = 1.6 eV) and LUMO (EB = 0.3 eV) of PTCDA on
Ag(111) with a large SA aperture. See text for more information.
Calculations were performed by Daniel Lüftner, University Graz. 63

5.14 DF-LEEM measurements (Ustart = 2.4 V) of the prototype system
NTCDA on Cu(001) for two positions on the same preparation
(The same nomenclature and colour code as in the previous sec-
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for both areas (domain A in red, domain B in blue). The black
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5.19 (a) BF-LEEM image at Ustart = 5.5 V of NTCDA on Cu(001) de-
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α-phase. (b) Composite image of four DF-LEEM images of the
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of step edges. The domain orientation of the β-phase depends on
the step edge orientation. Step edges which do not have the right
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6.1 Step edge pinning by a nucleating hBN island: The size of the
islands is strongly enhanced because of the chosen imaging con-
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6.2 (a)-(f) BF-LEEM images recorded during the growth of hBN on
Cu(111) at 1085 K and a borazine partial pressure of 2.6× 10−7 Torr
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data is fitted using a simple exponential relation (black dashed
line, see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
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at Ustart = 45 V. A modulated ring of LEED intensity is visible,
stemming from differently rotated hBN domains, and relatively
sharp spots close to the Cu(111) spots from aligned domains with
a strongly preferred azimuthal orientation. The spots used for the
DF-LEEM images in Figs. 6.4 and 6.5 are marked by solid and
dashed circles, respectively. . . . . . . . . . . . . . . . . . . . . . 74
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6.5 (a)-(f) DF-LEEM images of rotated hBN domains on Cu(111)
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