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1 Introduction

The concept of the atom as the undividable smallest building block of matter was
already introduced around 400 B.C. by the ancient Greek philosophers Demokrit and
Leukipp. At this time the actual observation or even manipulation of atoms was
certainly pure fiction. It took another 2000 years till optical microscopy advanced
such that insights into nature on scales beyond human perception became possible
(e.g., van Leeuwenhoek [1]). In classical microscopy the ultimate resolution limit is
determined by the wavelength of the light used to image an object, i.e., for light in the
visible range the ultimate limit is roughly 400 nm. One idea to push the ultimate
resolution is to employ radiation with shorter wavelength. With this approach Ernst
Ruska successfully explored electrons as illumination source resulting in the
development of the first operable electron microscope (EM) surpassing the
performance of conventional light microscopes in 1933. A different route to improve
the resolving power is the concept of sensing the object based on near-field
interactions (scanning probe microscopy, SPM). The first and most prominent
example of such a microscope is the scanning tunneling microscope (STM), which
was invented in 1982 by Gerd Binning and Heinrich Rohrer [2]. STM enabled
mankind to actually “see” single atoms in real space on flat surfaces more than 2000
years after their proposal by Demokrit”. The importance of both, the electron
microscope and the STM, can be illustrated by the award of the Nobel price in physics
to Ruska, Binnig and Rohrer in 1986. Nowadays different types of EMs and SPMs are
established and widely spread as state-of-the-art microscopes in science and industry.
Without the possibility to image with nanometer or even atomic resolution on a daily
basis the emergence of nanotechnology would have not been possible. Generally,
advancing miniaturization means an increasing density of functional entities. For
semiconductor industry this trend, i.e., the increasing number of transistors per area
with time, is quantitatively described in Moore’s law [4]. Considering the newest
generation industrial production of integrated circuits the smallest features are already
fabricated with 32 nm half pitch. The ultimate limit for miniaturization is the atomic
dimension itself; interpolating Moore’s law this restriction will be reached within the
next decades. It is easy to understand that electrical conductivity, e.g., in a string of
copper atoms, is different to the one in a macroscopic lead made from the same
material. But already objects in the nanometer regime exhibit all sorts of size effects
like quantum confinement or enhanced catalytic activity. In short, miniaturization

below a certain size implies new effects and thus novel potential applications, which

* The first microscope to deliver atomic resolution (restricted to sharp metallic tips) was the field ion
microscope developed by Erwin W. Miiller.[3.]



are the main reason for the boost of nanotechnology in the last decades and which are
closely related to the development of high resolution microscopes. In this context the
field of surface science certainly has played a key role as one of the major driving
forces. Here, the huge arsenal of available spectroscopic, microscopic,
spectromicroscopic tools and preparation methods in combination with the well
defined experimental conditions (ultra high vacuum (UHV), single crystal samples)
enabled valuable insight into basic physical and chemical properties of nanoscaled
structures.

Besides the characterization, the controlled fabrication of functional nanostructures is
in the focus of current research and development. Therein one can distinguish two

main routes:

- In the bottom-up approach complex structures are assembled in a controlled manner
from small building blocks, in particular from atoms or/and molecules. The
arrangement can be realized through molecular recognition in a self-assembly process
or by directed positioning of the single entities (e.g., positioning of atoms with an
STM).

- The top-down approach includes patterning techniques traditionally applied in
semiconductor industry like UV- or electron beam-lithography. Hereby externally
controlled larger components (e.g. an electron beam) are used to fabricate structures

from smaller entities (e.g. molecules).

In the framework of this Habilitation thesis both concepts were successfully applied in
two main projects with a common surface science approach, i.e., the structures were
fabricated on single crystal surfaces in UHV, mostly at room temperature (RT) with
well defined, pure materials.

The subject of the first project is the STM investigation of large organic molecules
[5-8], namely porphyrins [9-15], on metal surfaces (Ag(111), Cu(111)) [P1-P11].
These molecules are considered ideal building blocks for the engineering of functional
molecular architectures since they combine an intrinsic functionality with a rigid
molecular frame, which often triggers long range order [P7]. The functionality of the
molecules is thereby mainly determined by the coordinated metal atom. Prominent
examples for porphyrins as main functional building blocks in nature are iron
porphyrins in heme [16-18] and magnesium porphyrins in chlorophyll [19]. A central
aspect of the experiments in this Habilitation thesis was to gain insight into the
processes causing long range ordered structuring of the porphyrins as a prototype

example for a bottom-up approach. In this regard different supramolecular



arrangements could be observed, depending on the peripheral substituents of the
porphyrins, the substrate, (in some cases) the coordinated metal atom and coadsorbed
small molecules. The corresponding results allow to gain deeper understanding of the
contributions of molecule-molecule and molecule-substrate interactions in the
particular systems and thus to propose strategies to tailor porphyrin architectures.
Another aspect was the exploration of a novel route to synthesize metalloporphyrins,
namely the in situ metalation and thus functionalization of free base porphyrins in the
experimental chamber under UHV conditions. The metalation of porphyrins upon
evaporation of different metals was studied in great detail and the underlying
mechanisms could be elucidated [P1, P2, P5-P7]. Since STM data always reflect both
the topography and the local density of states (LDOS) of the investigated object it was
crucial to achieve insight into the electronic interaction of the porphyrin and the
substrate. Spectromicroscopic data was acquired via bias dependent STM and
scanning tunneling spectroscopic (STS) methods. In combination with complementary
information from theory (Andreas Gorling, Wolfgang Hieringer, Erlangen) and
spatially averaging photoelectron spectroscopy (Michael Gottfried, Erlangen)
fundamental aspects of the adsorbate-substrate electronic interaction could be
revealed. For example, the bias dependent appearance of a cobalt porphyrin could be
traced back to a specific hybrid orbital of the adsorbate complex [P10]. In the
framework of the Sonderforschungsbereich 583 “Redox-Active Metal Complexes:
Control of Reactivity via Molecular Architecture”, located in Erlangen, the following
collaborations contributed to establish the comprehensive and detailed picture of the
porphyrin-metal systems: Michael Gottfried (photoelectron spectroscopy), Wolfgang
Hieringer, Andreas Gorling, Tatyana Shubina, Timothy Clark (theory), Norbert Jux
and Nicolai Burzlaff (synthesis). Low temperature STM data from Wilhelm Auwirter
and Johannes Barth (TU Munich) also added valuable information to the investigation

of porphyrin films with coadsorbed nitrogen oxide.

In the second part of this thesis the generation and characterization of arbitrarily
shaped, clean nanostructures is targeted by means of focused electron beam induced
processing (FEBIP), i.e., in a top-down approach [P12-P16]. Our starting point was to
use a highly focused electron beam (diameter < 3 nm) of an UHV compatible
scanning electron microscope (SEM) to locally crack adsorbed precursor molecules,
resulting in a deposit of the nonvolatile dissociation products (electron beam induced
deposition, EBID [20-23]). In the corresponding experimental setup a hemispherical
electron analyzer also enabled to acquire spectroscopic and spectromicroscopic
information of the deposited structures based on local Auger spectroscopy. Recently

FEBIP became technologically relevant, as it superseded focused ion beam based



methods as the state-of-the-art mask repair tool in semiconductor industry [24], due to
the comparably smaller achievable sizes of generated structures [25, 26]. Among
numerous advantages of EBID is the wide spread of SEMs as standard microscopic
tools in science and industry and the availability of a huge arsenal of suitable
precursor molecules. The vision is that by the choice of the right precursor, e.g., an
organometallic compound, the fabrication of a corresponding pure metallic deposit
can be realized. Generally the vast majority of EBID experiments are performed in
high vacuum (HV) environments resulting in deposits with rather poor metal contents
of typically 10 to 60 at. % from organometallic precursors [20, 27-39]. One idea of
working under ultra clean conditions, i.e., UHV, was to reduce contaminations
stemming from the unintended deposition of residual gases. Another aspect was to
perform EBID in surface science type experiments to ensure well defined,
reproducible conditions. Indeed in our surface science approach to EBID we were not
only able to generate metallic nanostructures with an unprecedented purity [P13-P16],
but also discovered several effects not observed in HV based investigations before.
The experiments performed in the work at hand are focused on two molecules,
namely ironpentacarbonyl (Fe(CO)s) as precursor for iron deposits [P13-P15] and
titanium tetraisopropoxide (TTIP) as precursor for titaniumoxide deposits [P16]. In
both cases very clean deposits could be achieved [P13-P16]. One example is the
generation of extremely small (~4 — 8 nm diameter) iron nanodots from Fe(CO)s on
Si(001) in a surface mediated process [P13] Other important findings were the
occurrence of catalytic and autocatalytic effects already at room temperature [P14,
P15] and directly linked to that the importance of clean conditions, which can only be
realized in UHV. Another main finding is the possibility to locally activate different
silicon oxide surfaces by electron irradiation as seed for the growth of Fe
nanostructures from Fe(CO)s [P15]. This example expands FEBIP significantly and
might be the brink of a whole new route to write nanostructures.

With the results mentioned above and additional findings presented in this thesis a
considerable expansion of the FEBIP tool box is established. Besides the novel
perspectives for the fabrication of nanostructures we also explored general methodic
and instrumental aspects. These concern, e.g., limitations of the SEM hardware, the
lithographic attachment, the interaction of electrons with the sample as well as general
issues of SEM and local AES investigations in surface science.

The work at hand is organized as a cumulative thesis, i.e., a short review of main
findings of the attached papers is presented together with important unpublished
results, which are partially discussed in greater detail.

10



2 STMinvestigations of porphyrins and phtalocyanines on
single crystal metal surfaces [P1-P11]

The STM investigation of large organic molecules on surfaces has become a vivid
field in science with the vista to engineer functional devices [5-8], The confinement
on the surface in combination with molecular recognition either between absorbed
molecules and/or specific substrate sites often triggers the self-assembly of long range
ordered arrays. In this regard porphyrins or more generally tetrapyrrols appear to be
ideal building blocks for the generation of functional molecular devices, since they
combine their rigid planar framework as a structure forming element with an intrinsic
functionality, mainly determined by the coordinated metal center. The targeted
applications for porphyrin based architectures comprise catalysis [40-43], sensors
[44-48] and solar energy conversion [49-51]. Prototype examples can be found in
nature, where in particular metallotetrapyrrols play a decisive role in important
biological processes. The most prominent examples are: iron porphyrins in heme
[16-18], magnesium porphyrins in chlorophyll [19] and cobalt corrin in vitamin Bj».
These examples, which are also depicted in Figure 2.1. illustrate that the
functionalities of the porphyrins are apparently determined by the corresponding
central metal atom but also a contribution from the different substituents and
environments must be considered. Therefore the investigation of porphyrins on
surfaces under well defined conditions might also deliver valuable insights into the

much more complex processes in nature.

catalysis electron transport
cytochrome P450

coenzyme F430 C— —  C\tOChrOMes

vitamin By,

small molecule biny Wt harvesting

chloropyll a

COgphytyt

Figure 2.1 Illustration of the different functionalities of metalloporphyrins in nature.
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In this work well defined (111)-oriented surfaces of copper and silver were used as
substrates for different tetrapyrrolic molecules. All experiments and the preparation of
the surface as well as the thermal evaporation of the molecules onto the surfaces were
conducted under ultra clean, i.e., UHV conditions. The instrument used was a RHK
UHV VT STM 300 with RHK SPM electronics. The experimental setup was
subsequently improved during the course of this project: to start with, the mechanical
and electronic setup was fine tuned such that atomic resolution became possible, the
cooling setup was optimized for both liquid and precooled gaseous nitrogen, a mass
spectrometer up to amu 2000 (Pfeiffer, HiQuad QMG700) was purchased and
installed, the tunneling current sensitivity was increased by one order of magnitude
with a corresponding preamplifier (Femto, DLPCA-200) and the electronics were
upgraded. The vast majority of the experiments were conducted at RT in distinction to
numerous low temperature measurements published so far (e.g. [10, 52-54]). This is
an important detail, since these conditions are simply more realistic for both the

production of molecular architectures and as model systems for processes in nature.

The main topics of the investigations were: aspects concerning the ordering behavior
of the porphyrins (self assembly of supramolecular arrays, intramolecular
conformation), in situ metalation of porphyrins, electronic structure (LDOS) of the
adsorbate complex and the interaction of ordered porphyrin layers with small
molecules. Correspondingly the results are discussed in four subchapters even though

the classification of the observations is partially not sharp.

2.1 Ordering aspects of porphyrins on Ag(111l)and Cu(111)

The engineering of functional devices based on the self-assembly of large organic
molecules, e.g., porphyrins requires a detailed knowledge of the underlying processes
in order to control the formation of the molecular building blocks on the surface. Thus
it is vital to gain a deeper understanding of the relevant processes, i.e., to identify the
driving forces, which determine the self-assembly of the molecular components. In
this context the specific contributions of molecule/substrate and molecule/molecule
interactions are in the focus of the investigations to be discussed below. In Figure 2.2.
STM images of a well prepared Ag(111) surface are depicted. The most important
feature is the identification of the six fold symmetry given by the three main
directions of the closed packed atomic rows as indicated by the green arrows in

Figure 2.2 b, which is also the case for the Cu(111) surface (not shown here).
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Figure 2.2 Constant current RT STM images of a well prepared Ag(111) surface. a) Large
scale STM data in a 3D-plot exhibiting single and multiple atomic steps. A typical feature is
the triangularly shaped island. Acquisition parameters were: lset = 1 nA, Ugap, = - 430 mV. b)
STM image with atomic resolution exhibiting a hexagonal closed packed arrangement of the
silver atoms characteristic for the (111) plane of fcc crystals. The noisy character of the
image stems most probably from diffusing silver atoms (due to high mobility of silver at RT).
Acquisition parameters were: ls; = 0.85 nA, Ugyp = - 40 mV.

The porphyrin derivatives investigated in the framework of the current Habilitation
project are depicted in Figure 2.3. One idea was to tune the metal center-substrate
distance and thus interaction by attaching different “bulky” peripheral substituents as
indicated in the lower row of Figure 2.3 [56]. Equally important, the variation of the
side groups might also alter the intermolecular interactions [9, 12-15, 57-60]. In
distinction to the threefold symmetry of the fcc (111) surfaces the individual
porphyrins apparently exhibit a fourfold symmetry (or twofold for 2HOEP) in the
“naive” conformation depicted in Figure 2.3. Each porphyrin derivative can exist with
a metal center or as free base porphyrin with two terminal hydrogen atoms
coordinated to two nitrogen atoms, as represented by the 2HOEP. Consequently, two
chemically nonequivalent nitrogen pairs (iminic, pyrrolic) can be distinguished by
means of x-ray photoelectron spectroscopy (XPS) [61, 62] [P2, P5-P7,P 11]. STM
results on Ag(111) will be discussed starting with the molecules in the left column of
Figure 2.3, i.e., with octaetylporphyrins. The details of the -corresponding

investigation can be found in [P9].
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M= metal (e.g.: Zn, Co, Fe)

MTTBPP

Figure 2.3 Space-filling models of: a), d) 2H-2,3,7,8,12,13,17,18-octaethylporphyrin
(2HOEP); b), e) metallo-5,10,15,20-tetraphenylporphyrin (MTPP) and c), f) metallo-
5,10,15,20-tetrakis-(3,5-di-tert-butyl)-phenylporphyrin (MTTBPP). The depicted models are
drawn with a “naive” intramolecular conformation, i.e. without further geometry
optimization.

For that purpose a mixture of 2HOEP and CoOEP was thermally evaporated onto the
substrate. At RT meaningful STM micrographs could only be acquired if the Ag(111)
surface was completely covered with porphyrins. This could be comprehensively
interpreted as due to high mobility of the molecules at the given conditions (RT). It is
therefore evident that neither the molecule/substrate nor the intermolecular
interactions are strong enough to fix single OEPs or ensembles of OEPs below
monolayer coverage. Typical results for an ordered 2HOEP/CoOEP monolayer are
shown in Figure 2.4. The main ordering theme resembles an almost hexagonally
closed packed arrangement. This type of array is in line with the dense confinement of
high symmetry objects in a plane, e.g., if one pushes coins or pin pong balls together
on a table top they will exhibit this order.

14



Figure 2.4 STM micrograph of an intermixed 2HOEP/CoOEP layer prepared by vapor-

deposition of a nominal 2:1 mixture of the respective species onto the Ag(111) surface.
Counting over large areas results in 34% protrusions, which can be identified with CoOEP
molecules. Tunneling parameters: lse = 31 pA, Ugy, = -1.17 V. @), b) STM micrograph of a
self-assembled intermixed 2HOEP/CoOEP layer on Ag(111). Tunneling parameters: ls = 37
PA, Ugp = -0.20 V. In c) the micrograph is superimposed by scaled models of the
corresponding OEP molecules and the unit cell is indicated (a = 1.55 #0.10 nm, b = 1.45 #
0.10 nm). The figure is adapted from [P9]

A similar mechanism can be assumed for the observed ordered structure, even though
a certain influence of the surface on the orientation of the domains can not be ruled
out. In Figure 2.4 a, a single molecule is represented by one protrusion. The bimodal
appearance can be conclusively explained by identifying the brighter spots with
CoOEP and the dimmer with 2HOEP. The high resolution STM data depicted in
Figure 2.4 b evidences the adsorption geometry with the undistorted porphyrin plane
parallel to the Ag(111) surface. The submolecular resolution in combination with
overlaid scaled models in Figure 2.4 c¢ enable to identify the intramolecular features
like the four ethyl pairs and the central cobalt atom for CoOEP as well as the central
cavity for 2HOEP. The increased apparent height of the side groups in comparison
with the porphyrin ring indicates that the ethyl groups are indeed pointing away from
the substrate, as sketched in Figure 2.3 a and d and in line with previous

investigations of similar systems [60, 63-67].

The most intensively studied molecular species in the current project were
tetraphenylporphyrins [P1, P2, P4, P6-P8, P10, P11]. In Figure 2.5 the Ag(111)
surface is imaged at medium resolution for different coverage of CoTPP (a, b) and
ZnTPP (c); with individual metalloporphyrins always appearing as a single
protrusions. At very low coverage the CoTPP molecules can exclusively be observed
as chains of single bright dots at the lower side of the step edges with an

intermolecular distance of roughly 1.4 nm (Figure 2.5 a).
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Figure 2.5 STM images of TPPs on Ag(111) acquired at different coverages é.s. (a) The
Ag(111) steps are decorated with CoTPP at a low coverage (U = -1.25 V, | = 15 pA). (b)
Two-dimensional CoTPP islands evolve at medium coverage (U = -1.20 V, | = 255 pA). (¢)
Monolayer of ZnTPP (U =-1.22 V, 1=500 pA).

Since basically all observed molecules are located at the steps, their diffusion length
at room temperature (RT) must exceed the width of the corresponding terraces
[68, 69] [P8]. Obviously the step edge constitutes an energetically favorable
adsorption site for the porphyrin. It can be concluded that in the very low coverage
regime the molecule/substrate interaction at these specific sites dominates the
arrangement of the molecules. At a CoTPP coverage of roughly ®,, = 0.3 ML the
formation of ordered islands is observed (Figure 2.5 b, please note that ®,,s = 1 ML
refers to the amount TPP needed to completely cover the surface). Within these
islands the molecules arrange in a square order with a lattice constant of ~1.4 nm.
Since the four fold symmetry of the molecular assemblies agrees with the intrinsic
symmetry of a single molecule but deviates from the six fold substrate symmetry one
has to conclude that molecule/molecule interactions account for the self assembly by
mutual stabilization. Another important hint is the observation of the latter
arrangements (square, ~1.4 nm lattice constant) for TPPs on different substrates [11,
13-15, 57] [P1, P2, P4, P6-P8, P10, P11], which indicates that the self assembly is
indeed largely independent of the substrate. The noisy, stripy features in the bottom of
Figure 2.5 can be assigned to molecules diffusing on the surface. The formation of the
islands can then be understood as a condensation process, if one treats the molecules
as a 2D gas [70]. Figure 2.5 ¢ depicts ordered domains of a monolayer ZnTPP on Ag
terraces. Again the molecules assemble in a square fashion with a lattice constant of
1.4 + 0.05 nm. Since the identical ordering behavior was also found for 2HTPP [P1,
P2, P6]], FeTPP [P1, P6, P8] and CoTPP [P2, P7] it appears to be a general property
of TTP on Ag(111).

More information can be obtained from high resolution micrographs: Figure 2.6 a

reveals the particular submolecular and supramolecular features of CoTPP adsorbed
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on Ag(111). First of all individual CoTPP molecules appear as elongated protrusions
at the given tunneling conditions, i.e., when imaging the HOMO states. The origin of
the specific appearance lies in the in the conformational adaption upon adsorption as
illustrated in Figure 2.6 b. The phenyl rings experience a considerable rotation
compared to the “naive” conformation (with an angle of 90° relative to the porphyrin
macrocycle) depicted in 2.3 b. As a result of the repulsion between the
orthosubstituents the porphyrin ring is distorted such that two opposing pyrrol groups
are bent towards and two away (marked yellow in Figure 2.6 b) from the surface [13,
57, 71] [P6-P9]. The observed appearance in STM is correspondingly dominated by
the saddle-shape topography, i.e. the upper pyrrole groups and the central metal atom.
Based on this information the detailed arrangement of the molecules can be
determined as shown in Figure 2.6 c. The supramolecular order is such that each
phenyl ring is pointing towards the center of a neighboring phenyl ring [72-74]. This
results in an attractive T-type interaction of the corresponding m-systems [75, 76]
known e.g. from liquid and crystalline benzene [77, 78]. This is an illustrative
example how a rather simple microscopic information reveals the chemical nature of a
supramolecular interaction and in the specific case the driving force for the self-
assembly of TTP molecules on Ag(111). Another peculiar property of such ordered

molecular assemblies on surfaces is the inherent organizational chirality [75, 79-82].

Figure 2.6 a) High resolution STM image of a CoTPP array with a domain border on
Ag(111) (U = -1.18 V, | = 56 pA).b) Proposed intramolecular conformation of CoTPP on
Ag(111). The two bent up pyrrol rings (marked yellow) determine the appearance of
individual molecules in a). c) Extracted assembly of tetraphenylporphyrins. The driving force
for the intermolecular attractive interactions is identified as a T-type interaction of the phenyl
rings (indicated by an orange T). The arrangement exhibit organizational chirality as
indicated by the dumbbells in ¢) and a). Observed domain boundaries always separate two

domains of different chirality.
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The square arrangement indicated by the green dumbbells in the experimental data
(Figure 2.6 a) and the model (Figure 2.6 ¢) can only be transferred into the molecular
order indicated by the blue dumbbells in 2.6 a by a mirror operation but not by
translation and rotation in the plane. Thus the two arrangements exhibit different
chirality in the plane. Remarkably, it was found in the work at hand that regardless of
the actual TPP species all observed domain boundaries are at the same time separation
lines between the enantiomers. It can thus be assumed that the specific organizational
chirality limits the long range order of the domains. In summary, for the ordering of
tetraphenylporphyrins on Ag(111) the T-type interaction in between the phenyl rings
of neighboring molecules is identified as the driving force for the observed self-

assembly in square order.

Changing the substrate from Ag(111) to Cu(111) the properties of adsorbed 2HTPP
change drastically in terms of arrangement, appearance in STM and diffusion at RT
[72, 83]. The individual 2HTPP molecules in Figure 2.7a appear as two elongated
parallel protrusions. This shape can be understood by the topography of the proposed
adsorption geometry sketched in Figure 2.7 c. Here the most elevated parts of the free
base porphyrin are colored yellow [83]. The difference compared to the shape of, e.g.,
CoTPP on Ag(111) can be explained firstly by the central depression and secondly by
the reduced stress in the macrocycle, both due to the lack of a metal center. The
2HTPPs exhibit only three azimuthal orientations, whereby the protrusions are
aligned along the three closed packed high symmetry directions of the Cu substrate,
presumably independent of the actual coverage. Obviously for free base tetraphenyl
porphyrin on Cu(111) molecule/substrate interactions dominate the molecular
arrangement. Furthermore, the diffusion is also restricted to the high symmetry
directions, i.e., it is confined to one dimension as can be concluded from Figure 2.7 b
and f. The reduced mobility of 2HTPP on Cu(111) enables to track the movement of
the individual molecules and to extract the corresponding hopping rates. Based on the
determination of such hopping rates at different temperatures it was possible to
evaluate the activation barrier for surface diffusion in an Arrhenius plot according to
[84, 85]. The migration barrier for 2HTPP on Cu(111) is E,, = 0.69 + 0.09 eV; this
value is very similar to the one recently estimated by Eichberger et al. for the similar
2H-tetraperydilporphyrin on the same substrate [84]. The proposal of the specific
interaction of 2HTPP with the Cu substrate is based on the observation that CoTPP
self-assemble in the similar way on Cu(111) and on Ag(111), i.e., in a square order
starting with island formation at a certain coverage (compare Figure 2.5). The
differences in the adsorption behavior of ,e.g., CoTPP and 2HTPP on Cu(111) are

revealed in Figure 2.7 e.
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Figure 2.7 a) High resolution RT STM micrograph of 2HTPP molecules on Cu(111) (U = -
0.77 V, | = 26 pA).b) Average image of subsequently acquired STM data (15 frames, ~50 min
total) demonstrating the directional diffusion of 2HTPP along the closed packed atom rows of
Cu(111). c¢), d) Sketches illustrating the proposed attractive interaction of the pyrrolic
nitrogen atoms of 2HTPP with the Cu atoms resulting in the specific orientation and direction
of diffusion. e), f) STM micrograph of 2HTPP/CoTPP mixture on Cu(111) (U =-135V, | =
30 pA) and corresponding average image of subsequently acquired STM data (26 frames, ~21
min total). The island exhibits square order and consists of CoTPP, while the isolated
molecules are 2HPP.

Here a mixture of the latter molecules was evaporated onto the Cu substrate resulting
in CoTPP islands with the molecules arranged in the square order coexisting with
isolated 2HTPP more ore less randomly scattered on the surface. The average image
of a corresponding STM time series evidences the demobilization of the molecules
within the CoTPP island, whereas analyzing all frames the continuous appearance and
disappearance of individual molecules at the border of the ordered island is observed.
As mentioned above this is in accordance with the condensation of the island from a
2D-gas, i.e., from fast moving CoTPP molecules [70]. The 2HTPPs are diffusing
along the main crystallographic directions as known from the system without
coadsorbed CoTPP (see above). From a general standpoint this example is especially
valuable and unique since it directly illustrates how variations in the molecular theme
(here metalation) can switch the adsorption behavior from domination of
molecule/substrate (here 2HTPP) to molecule/molecule interactions (here CoTPP); in

addition a separation of the two molecular species is realized.
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The last example to be discussed in this subchapter is the self-assembly of CoTTBPP
on Ag(111). For comparison it is important to realize that the latter molecule is
practically a CoTPP with tert-butyl attached to the 3 and 5 positions of the phenyl
rings, i.e., a variation in the peripheral substituents. A succinct comparison of ordered
arrays of CoTPP and CoTTBPP can be found in [P7], an in-depth investigation of the
self-assembly of CoTTBPP on Ag (111) is given in [P3]. In the latter work three
coexisting clearly distinguishable ordered phases of CoTTBPP were observed after
deposition with the sample held at room temperature. A high resolution STM image
of one of these arrangements namely a square arrangement with a lattice constant of
1.60 = 0.06 nm is shown in Figure 2.8 a and with the corresponding overlaid models
in 2.8 b (see [P3] for the description of other two arrangements). The overall
appearance of an corresponding individual molecule in STM at the given tunneling
conditions is dominated by the four upper tert-butyl groups forming a rectangle as
indicated by the aligned model in Figure 2.8 d. Choosing a different preparation route,
namely the thermal desorption of an excess multilayer molecules of beforehand
deposited CoTPP, one observes a novel, extremely rigid herringbone structure. The
supramolecular assembly and intramolecular conformation is depicted in Figure 2.8 e-

h, partially with the adjusted models.

Figure 2.8 Overview of STM images of two selected out of four phases observed in CoTTBPP
on Ag(111) with and without the corresponding molecular models superimposed: (a-d)
square phase, (e-h) herringbone phase. The size of the STM images is (10x10) nm? for the
first two columns and (3x3) nm? for the remaining. The molecular models are scaled to fit and
placed by hand in the STM images. The tunneling parameters are for (a-d) Ugay = 1.30 V, It
=0.30 nA, (e-h) Ugap=1.17V, Iset = 0.36 nA. The figure is adapted from [P3]
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To understand the obvious differences in the arrangement and intramolecular
conformation one has to consider the known flexibility of the di-tert-butyl-phenyl
(DBP) ligands [9, 71, 86-88]. In single molecule experiments performed by Moresco
et al,, the STM tip was used at ~15 K to laterally manipulate the very similar
CuTTBPP on Cu(211) and Cu(100) [87, 88]. It was found that the dihedral angle
between the DBP ligands (with the attached tert-butyl groups) and the porphyrin plane
changes upon lateral manipulation, demonstrating the ability of the large molecule to
conformationally adapt to the surface topography. A similar effect had already been
described in 1997 in a milestone work by Jung et al., who reported that the overall
supramolecular self-assembly and the intramolecular conformation of CuTTBPP
depends on the actual substrate (Cu(100), Au(110), Au(110), and Ag(110)) [9]. The
authors describe the deformation of individual CuTTBPP molecules by an
antisymmetric rotation of two opposite DBP substituents as a result of the delicate
balance of an attractive molecule-substrate interaction and the steric repulsion
between the ortho-substituents. In other words, molecule/substrate interactions
account for the structural variations in the CuTTBPP adsorbed on different surfaces.
Observing three different coexisting phases for COTTBPP it becomes apparent that
also molecule/molecule interactions have to be considered for the intramolecular
deformations, at least for the specific system. To achieve a consistent picture of the
deformations of individual molecules in STM, an additional tilt angle of the DBP
substituents had to be introduced in [71, 89] [P3]. Based on the perimeter (mainly
influenced by the tilt angle) and the aspect ratio (mainly determined by the dihedral
angle, i.e., the DBP rotation out of the porphyrin plain) of the rectangles formed by
the upper tert-butyl groups, the corresponding deformation of CoTTBPP could be
estimated. The largest deformation in terms of the dihedral angle was observed for the
herringbone arrangement with 20°, i.e., with the phenyl in DBP almost parallel to the
porphyrin plain. As a result also the lower tert-butyl groups are visible in Figure 2.8 g
as dim protrusions and the macrocycle significantly approached the surface. The
estimated surface/macrocycle distance (center Ag-center Co) can be estimated to be
roughly 0.5 nm. Thus the original idea to increase the surface/metal distance in
comparison to CoTPP by the substitution of the phenyl groups with the comparably
bulkier DBP substituents apparently fails. On the other hand the discussed overall
conformation and arrangement of the herringbone phase proved to be extremely stable
due to the strong interwoven character of the particular molecular order and can thus
be suggested as a motif for a functional molecular architecture [P3].

The diversity of structures demonstrates that the interactions that finally lead to the
formation of self-assembled arrays of tetrapyrroles are complex and depend on

various parameters, e.g., the tuning of the porphyrin-substrate distance by the
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attachment of different substituents as proposed in Figure 2.3 proved to be

inoperative, at least for the system studied here.

2.2 In situ metalation of free base porphyrins and phthalocyanines

In the context of the work at hand the possibility to directly metalate free-base
tetrapyrroles in UHV by coadsorption or predeposition of metal atoms was explored
and a detailed understanding of the underlying processes could be achieved.
Corresponding in situ coordination reaction could be demonstrated for Fe [79, 90]
[P1, PS5, P6, P8, P10], Co [62] [P2, P7], Zn [61], Ce [57] and Ni [83]. The in situ
metalation is especially advantageous in the case of compounds undergoing chemical
modifications under ambient conditions. As a prototype example iron porphyrins are
very sensitive towards oxidation and thus difficult to handle and to sublimate as a
pure compound. Another advantage is the controlled functionalization of porphyrins

upon metalation depending on the actual metal.

Figure 2.9 a) Sketch of the direct metalation by in situ evaporation of metal atoms onto a
monolayer 2HTPP on Ag(111). The image at the bottom is a 3D plot of corresponding STM
data. b), ¢) STM data proving the in situ metalation reaction of 2HTPP to CoTPP and
FeTPP, respectively. While the individual 2HTPP molecules appear with a central depression
the corresponding metalloporphyrins appear with increased apparent height, in the larger
images as well as in the extracted 3D plots of selected individual porphyrins. The STM data is
adapted from [P2]/b) and from [P1]/c).
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Figure 2.9 illustrates the method and selected STM results of the metalation of 2HTPP
with Co respective Fe on Ag(111) by evaporation of the corresponding metals onto an
ordered monolayer of the free-base porphyrin. The metalation reaction proceeds via
an initial complex followed by the release of pyrrolic hydrogen as H,, given by the
equation [P2, P7]:

2HTPP(ad) + M°(ad) - M"TPP(ad) + H,T.

For the given examples (Fe, Co) the reaction proceeds at RT, whereas for Zn an
activation barrier has to be overcome, i.e., heating of the sample is required [61]. In
STM the changed appearance of individual molecules provides indirect evidence for
the metalation reaction as illustrated in Figure 2.9. Therefore the combination with
spectroscopic information provided by XPS from the group of Michael Gottfried
(Erlangen) proved to be especially valuable to consolidate the information of the
chemical processes in the course of the metalation [62] [P2, P5, P6, P7].Remarkably,
the yield for the metalation of a monolayer 2HTPP with Fe and Co on Ag(111) was
found to be close to 100%. A sequence of STM images of a TPP monolayer with
incremental increasing Fe dose is depicted in Figure 2.10. The FeTPP molecules
appear as protrusions in the square molecular arrangement. In Figure 2.10 a-d the
amount of Fe dosed onto the 2HTPP monolayer is successively increased by one third
of the stoichiometric amount needed to metalate all free-base porphyrins. Statistics
over larger areas within this experimental run resulted in a maximal metalation degree
of 89%, whereas the metalation grade for the first two steps was estimated to be 29%
and 60%, i.e., approximately 100% yield [P1]. From these numbers one gains further

insight into the specific metalation process.

Figure 2.10 a)-d) STM micrographs of successive deposition of a Fe portion corresponding
to 1/3 of the stoichiometric amount needed to metalate one monolayer 2HTPP. The
corresponding metalation grades were estimated to a) 29%, b) 60%, d) 73% and d) 89%. e)
The metalated porphyrin layer after excess Fe deposition. The area of the island reflects
roughly the amount of excess Fe. The Figure is adapted from [P1].
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Considering the impinging of the Fe atoms as a random process, i.e., not directed to
the center of the molecules it is clear that most of the atoms first adsorb on the surface
and then diffuse to the molecular coordination site. In other words: the metalation
process is surface mediated. Upon excess dosage of Fe, as shown in Figure 2.10 e,
islands start to form [P1, P8]. The formation of these structures is in line with the
formation of Fe-islands directly on the Ag surface, i.e. underneath the porphyrin
macrocycles. Therefore, one might assume that the distance in between the porphyrin
macrocycle of the TPP species and the Ag(111) surface is necessary to allow
diffusion of the metal atoms. However, the same metalation approach with
tetrapyrrolic species, where the porphyrin plane is in close proximity to the substrate
resulted in very similar findings, in particular metalation yields close to 100%.
Examples are the metalation of 2HOEP on Cu(111) with nickel to NiOEP [83] and on
Ag(111) with iron to FeOEP [91]. In [P5] the metalation of 2HPc on Ag(111) with Fe
to FePc is reported in detail, another example for a tetrapyrrolic species, where the
macrocycle is in direct contact to the substrate. These three examples clearly
demonstrate that the diffusion of the corresponding metals does not rely on a
significant gap between the tetrapyrrolic plane and the surface. In addition the
metalation of 2HPc close to 100% yield evidences that no side reactions with the
peripheral nitrogen atoms of the phtalocyanine occurs. To further investigate the
diffusion of iron on a Ag(111) surface in presence of a closed layer of TPP or Pc a
comparative STM study was conducted in [P8]. First the epitaxial growth of iron on
Cu(111) was observed. It was found that for low coverage iron tends to form small
3D island at the step edges as shown in Figure 2.11 a. Since the island formation
process relies on the mobility of Fe to the nucleation sites, one concludes that the
diffusion length exceeds the terrace width [68, 69]. Upon increasing iron coverage 3D
islands also tend to form on the terraces. In respect to the large lattice mismatch of Fe
with Ag the observation is in agreement with observations in other metal/metal
systems with large mismatches [92-95]. As evident from Figure 2.10 e the growth of
iron is considerably modified by the presence of a TPP layer. In comparison to the
predominant modified growth in islands growing with coverage underneath the TPP
layer, the Fe growth with the preadsorbed Pc layer is dominated by a large number of
small 3D clusters apparently between the molecules. In classical metal/metal epitaxy
the growth of a larger amount of smaller clusters can be explained by reduced
mobility (lower sample temperature [93-95]). Applied to the tetrapyrrole modified
surfaces this would mean that Fe experiences reduced mobility on the Pc covered
surface, which is in line with the argument concerning the smaller gap between the
macrocycle and the surface. In a simple picture the cavity in between the TPP core

and the substrate enables the Fe atoms to diffuse more freely in that gap underneath
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the porphyrin ring. But also the peripheral nitrogen atoms of the Pc might contribute
to the observed growth mode. Even though more efforts have to made to clarify the
nature of the effect it is evident that preadsorbed layers of tetrapyrrolic derivatives
modify the growth of Fe on Ag(111) and presumably in other metal/metal systems

and thus establish a novel way to influence the growth of metal clusters.

Further information can be extracted from an experiment with a reversed order of the
“ingredients”, i.e., starting with a Ag(111) surface covered with a certain amount of
Fe as depicted in Figure 2.11 a. In the next step a monolayer 2HTPP is evaporated
onto the Fe precovered surface [P6]. An STM micrograph of the situation is shown in
Figure 2.11 b. Apparently the Fe clusters are stable at room temperature even after
several days, indicating that the Fe atoms are pinned to the clusters. After heating the
sample to 550 K a certain fraction of the molecules appears as protrusions. The
number of these protrusions correspond to the stoichiometric amount of deposited Fe
and can be indentified with FeTPP. This can be interpreted such that the metalation is
energetically favorable but kinetically hindered by the prior cluster formation.
Revisiting the system 2HTPP on Cu(111) it can be speculated that the specific
molecule/substrate interaction is due to the coordination of the pyrrolic nitrogen to the

substrate atoms, forming a precursor state of the metalation with Cu.
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Figure 2.11 In situ metalation of 2HTPP with preadsorbed Fe wia thermal activation. a)
STM image showing the nucleation of 3D Fe clusters on step edges of Ag(111). 0.025 ML of
Fe were deposited at room temperature (I = 35 pA; U = -1.2 V). b) 2HTPP monolayer
prepared via vapor deposition onto the surface depicted in a) (I = 24 pA; U = 0.45 V). The
image shows an ordered 2HTPP monolayer at the terraces coexisting with iron clusters at the
step edges. c¢) Situation after heating the surface shown in Figure b) to 550 K (terraces
individually color-coded). The bright spots in ¢) are assigned to FeTPP formed by metalation
of 2HTPP (I = 37 pA; -1.57 V).Figure and caption adapted from [P6].
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In this regard it is important to mention that 2HOEP does not exhibit the reduced
mobility on Cu(111) as observed for 2HTPP. One of the main differences of the two
species is that 2HOEP adsorbs in a flat geometry without significant deformation of
the macrocycle [P9], whereas 2HTPP undergoes a certain deformation sketched in
Figure 2.7 ¢ [13, 57, 71] [P6-P9]. As a result the nitrogen atoms of 2HTPP point
towards the Cu surface which might explain a enhanced coordination and thus
interaction. Regarding the successful in situ metalation in various systems studied in
this thesis and other publications so far [57, 79, 90] it is suggested that the reaction is

of general nature and should be expandable to other porphyrin / metal combinations.

Table 2.1 Listing of the surface mediated metalation reactions proved to be effective in this
thesis.

free-base complexed Substrate sample references

tetrapyrrole metal temperature

2HPc Fe Ag(111) RT PS5

2HOEP Fe Ag(111) RT [91]

2HTPP Fe Ag(111) RT; 550 K for | P1, P8, P10
predepos. Fe

2HTPP Co Ag(111) RT P2, P7

2HTPP Ni Cu(111) RT [83]

2HTTBPP Fe Ag(111) RT [74]

2.3 Spectromicroscopic investigations and electronic structure

Up to this point the appearance of the investigated porphynoids in STM was mainly
discussed as a result of the topography of the molecules. This intuitive approach is in
many cases (e.g., the ones discussed up to this point) sufficient to explain the apparent
shape in STM. However it is clear that the electronic states of the tip and the sample
also contributes to the corresponding apparent height in STM. Generally the
appearance in STM is an interplay of the electronic structure and the topography of
the imaged object. In a constant current STM micrograph all electronic states from the
bias voltage to the Fermi energy contribute to the tunneling current and thus to the
apparent height in the micrograph. Therefore, by the variation of the offset voltage
one gains information of the electronic structure or more specifically of the local

density of states. Depending on the polarity the information concerns the highest
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occupied (negative polarity) or the lowest unoccupied states. A first example concerns
polarity dependent appearance of CoTTBPP. In Figure 2.12 b the molecular
arrangement and in the blow-up the appearance of an individual molecule are depicted
at positive bias voltage. Here the four prominent bright spots reflect the position of
the highest butyl groups, as discussed above in the context of Figure 2.8 and in [9].
The central depression at the position of the complexed Co ion obviously does not
reflect the topography in contrast to the periphery of the molecule. Therefore, it is
concluded that the local density of states at the center is small or, in other words, that
there is no or no pronounced (lowest) unoccupied molecular orbital (LUMO). In
distinction the images in Figure 2.12 a are acquired at negative bias showing a
pronounced central protrusion, which dominates the appearance of the molecule in
STM at the given conditions [74]. Obviously the apparent height of the central Co in
the micrograph is exaggerated in comparison to the actual topography of the
molecule. This indicates a pronounced electronic state, i.e., the highest occupied
molecular orbital (HOMO) in between -0.8 eV and the Fermi edge. Indeed,
Lukasczyk et al. reported an corresponding electronic state of CoTTBPP on Ag(111)
at ~ -0.7 eV by means of ultraviolet photoelectron spectroscopy (UPS) [56]. Since
UPS is restricted to HOMO states one might gain additional information from STM
measurements in which also the LUMO states are accessible. It can be noted that in
the specific case studied here the intramolecular appearance of the CoTTBPP

molecules changes significantly upon polarity change of the bias voltage.

Figure 2.12 Constant current STM micrographs of a CoTTBPP monolayer in herringbone
arrangement recorded with a) lset = 44 pA, Ugep = - 803 mV and b) It = 36 pA, Ugep = +
1170 mV. C) Scaled model of the CoTTBPP in the herringbone structure (compare Figure 2.8
and [P3]). Figure adapted from [74].
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Even though the findings discussed so far include some indirect information of the
LDOS of the adsorbed molecule it is also possible to acquire more specific data via
scanning tunneling spectroscopy (STS) [96, 97]. In this technique, variation of the
tunneling current with increasing and/or decreasing bias voltage is recorded. This can
be done in different ways. The most prominent is the acquisition of local ST spectra;
however, in this method one has to rely on very good position stability of the
instrument and therefore this type of local spectroscopy is mostly performed in low
temperature STMs. In the RT experiments conducted in the framework of the thesis at
hand a special technique had to be employed, namely the continuous imaging
spectroscopy mode (CITS) [97, 98]. In CITS the STM follows a constant current
contour, acquiring an ST spectrum at each point. In this way a data set can be
recorded in which each ST spectrum is assigned to a point of a constant current STM
image. The CITS data can then be processed in different ways, e.g., as dI/dV maps
directly relating to the LDOS [74] or by averaging spectra high quality STS data can
be extracted. In the following an example for the latter will be discussed in regard to a
contrast inversion in STM images of a mixed CoTPP/2HTPP monolayer on Ag(111)
[P4]. Figure 2.13 b shows a medium resolution STM image of a CoTPP/2HTPP
mixture with a ratio of roughly 9:1 on Ag(111). The image contrast is the same as
discussed in chapter 2.2, used to evaluate the data in terms of metalation grade, i.e.,
the metalloporphyrins appear brighter than the free-base TPP.
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Figure 2.13 a)Local ST spectra reflecting the LDOS of CoTPP (blue line) and 2HTPP
(green line) are plotted. The ST spectra were extracted from CITS data of a mixed layer of
CoTPP and 2HTPP.b), ¢) Constant current STM images (both with I = 0.27 nA) of a
monolayer CoTPP on Ag (111), in b) at negative bias voltage -1 V and in c) at positive bias
voltage +1V. The apparent contrast inversion can recognized by direct comparison of the
green rectangles in b) and c¢). Figure and caption adapted from [P4].
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However, a polarity switch of the bias voltage from -1 V to +1 V results in a contrast
inversion, i.e., the 2HTPP appear brighter in Figure 2.13 (note green box). The
corresponding tunneling spectra acquired for CoTPP (bluish) and for 2HTPP
(greenish) enable to gain deeper insight into the electronic structure of the adsorbed
porphyrins. Whereas the contrast for negative bias is dominated by a prominent state
at -0.6 V of the CoTPP [56], the positive bias region from +1 V to the Fermi energy
an electronic state from the 2HTPP surmounts the CoTPP states. Considering the
contribution of the corresponding states the origin of the observed contrast inversion
becomes clear and is discussed in detail in [P4]. The existence and origin of the
HOMO peak at -0.6 eV was well investigated via UPS by the group of Michael
Gottfried [56, 99] [P4, P7], where the state was indentified as a interaction peak of the
CoTPP or more specifically the half filled d,> orbital of the central Co ion with the
Ag(111) surface. Considering the shape of the corresponding orbital one would
expect that it appears as a central bright spot in STM. However, the intramolecular
shape of different adsorbed metallo-TPP molecules in STM with negative bias
voltages was described with the elongated shape discussed above in context with
Figure 2.6 [13, 57, 71] [P6-P9] and also shown in 2.14 a, b. In [P10] we were able to
demonstrate that CoTPP on Ag(111) indeed appears as a centered spot at bias
voltages closer to the Fermi edge, i.e., at bias voltages starting from -0.4 V as
depicted in Figure 2.14 d, e [P10]. This bias dependent appearance also enabled to
discriminate the chemically very similar CoTPP from FeTPP. This is especially
remarkable since Fe and Co compexed in a tetrapyrrolic environment are assumed to
both have a half filled d,°, which is assumed to provide a dominating tunneling
channel [14, 100]. For this reason FePc and CoPc are predicted to be
undistinguishable in STM [101]. Detailed insight of the observed peculiar appearance
could be achieved by density functional theory (DFT) based simulations of the
adsorbate complex by the group of Andreas Gorling and Wolfgang Hieringer in the
framework of the SFB 583. In the corresponding calculations the experimentally
observed appearances of 2HTPP, FeTPP and CoTPP (Figure 2.14 f) were reproduced
via periodic density-functional calculations [102-104] and applying the Tersoff-
Hamann model [105, 106]. The nature of the bias dependent shape of CoTPP could be
traced back to an particular orbital of the adsorbate complex with pronounced d?
character as depicted in side view in Figure 2.14 g. Even though in some cases
simpler approaches, such as extended Hiickel Theory calculations might reproduce
the main features observed in STM [11, 13, 79, 107] in others also sophisticated

calculations neglecting the surface do not lead to satisfying agreement [108].
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2HTPP = CoTPP = FeTPP

high bias STM

low bias STM

Figure 2.14 a), b), c), d) Experimental Constant current STM images of the indicated TPP
molecules acquired at high negative bias in a) lset = 30 pA, Ugep = - 810 MV, b) lset =35 pA,
Ugap = - 1200 mV and at low negative bias in d), ) lset = 35 pA, Ugyy = - 240 mV . ¢), f)
Corresponding simulated STM images calculated for Ugs, = - 200 mV (low bias) and Ugs, =
- 1030 mV (high bias). f) Side view of orbital density of highest occupied orbital in the
Ag(111)/CoTPP adsorbate system. The Figure is adapted from [P10].

For the simulation discussed above comparison with gas phase calculations
demonstrated that the surface plays an active role and has to be taken into account to
reproduce the low bias results for CoTPP. The shape of 2HTPP with a central
protrusion and the saddle—shape for FeTPP molecules on Ag(111) and at negative
bias voltages could be assigned to orbitals closely resembling the topography of the
molecules. In addition the rotation of the phenyl rings ~ 60° out of the porphyrin
plane could be confirmed by the calculations as a precondition to reproduce the

experimental findings.

2.4 Coadsorption of small molecules

Besides the choice of the peripheral substituents and the substrate or the preparation
route for the generation of specific arrangements of large organic molecules also the
coadsorption of other organic molecules often leads to the formation of well-ordered
mixed layers [109-114]. As a novel aspect of the work at hand the influence of
coadsorbed small molecules on the supramolecular order of porphyrin arrays was
explored. In [P11] the massive rearrangement of initially square ordered CoTPP

molecules upon coadsorption of NO at RT is reported.
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Figure 2.15 STM micrographs of two ordered arrangements of CoTPP on Ag(111) after
dosage of the indicated NO dose. The tunneling parameters for the upper row are Ug,, = -
1.9V, Iy = 45 pA and for the bottom row Ugy, = - 1.9V, It = 45 pA.

In Figure 2.15 STM images of two out of at least eight ordered structures after NO
dosage are depicted. On a first glance the deviations from the “native” square order
can be discriminated, e.g., in both cases the azimuthal orientation of the CoTPP in the
supramolecular arrangement changed upon NO dosage. Another important
observation is the decreasing molecular density of the CoTPP on Ag(111) with
increasing NO dose. This would be in line with a coadsorption of NO between the

porphyrins.

Indeed XPS data by the group of Michael Gottfried (Erlangen) and LT STM data
from the group of Johannes Barth and Wilhelm Auwdérter (TU Munich) evidenced the
coadsorption and even revealed the positions of the NO in the rearranged CoTPP
phase [P11]. The overall energy minimization is proposed to be due to dipole-dipole
interactions. The presumably general nature of the rearrangement process is also
indicated by similar observations in the Systems NO/2HTPP/Ag(111) and
CO/FeTPP/Ag(111) [115]. Besides the potential to use the coadsorption of small
molecules as a tool to control the ordering in UHV one also has to consider similar
effects quite generally in the production of functional layers from large organic
molecules under ambient conditions or after exposure to small electronegative

molecules.

A different approach to influence the arrangement of porphyrins on a Cu(111) surface
was to generate monoatomic oxygen islands by dosing oxygen at room temperature
and then to evaporate different TPP molecules onto the oxygen modified surface.

Figure 2.16 summarizes the main findings.
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Figure 2.16 STM micrographs with corresponding sketches illustrating the adsorption of a)
2HTPP and c¢) CoTPP on a Cu(111) surface precovered with oxygen islands as shown in b).
The tunneling parameters are: @) Ugap = - 1.01V, lset = 21 pA, b) Ugap = - 1.66 V, lset = 40 p,
C) Ugap = - L.14V, I = 30 pA.

It was found that 2HTPP selectively occupies the surface areas free of oxygen,
whereas CoTPP is pinned to the rim of the islands. These findings indicate the
possibility to pattern a surface with porphyrins by a given template, here the oxygen

islands.

2.5 Summary and current research activities

The intramolecular conformation and supramolecular ordering of OEP, TPP and
TTBPP molecules was studied in detail. Thereby a deeper understanding of
porphyrins adsorbed on metal surfaces could be achieved. As a consequence, different
approaches to tailor the two dimensional porphyrin architectures were applied; these
include conventional concepts like the attachment of different peripheral substituents
to the macrocycle or the substrate dependence of the adsorption properties, but also
novel aspects like the in situ metalation and the coadsorption of NO with CoTPP,
which induces a sequence of ordered structures. An additional new approach to
influence the arrangement of porphyrins on a Cu(l11) surface was to generate
monoatomic oxygen islands by dosing oxygen at room temperature and then to
evaporate different TPP molecules onto the oxygen modified surface. It was found,

that the assembly of TPP molecules correlates to the given oxygen template.
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Figure 2.17 a)-e) Sketch of the simplified concept to direct the assembly of porphyrins on a
surface. a) Prestructured surface. b) Evaporation of functional molecules onto the template
shown in a). c)-e) Different scenarios of selective anchoring or functionalization of the
molecules depending on the local substrate f) Constant current STM image of Ni islands on
Cu(111) and of Cu on Ni islands on Cu(111). g) Scheme of the evaporation of 2H-
octaethylporphyrin on the composite surface shown in f). h) Constant current STM image of
the composite surface shown in f) after evaporation of a small amount of 2HOEP. In addition
to the obvious agglomeration of the porphyrins on the two islands types the insets in h) also
indicate that 2HOEP is selectively metalated on the Ni islands[83].

This observation indicates a strategy to generate templates for the adsorption of
functional molecules to realize patterning via local anchoring. Based on the findings
concerning the substrate influence (e.g. reduced mobility of 2HTPP on Cu(111) in
comparison to Ag(111)) this concept can be expanded to, e.g., composite metallic
surfaces. Indeed we successfully tested this idea on a Cu(111) surface prestructured
with Ni islands. For TPP molecules selective anchoring on top of the Ni islands was
observed (not shown here). Interestingly for the system 2HOEP on Ni/Cu(111) in
addition to the anchoring also indications for a selective metalation of the free base
porphyrin with Ni on the Ni islands was found as depicted in Figure 2.17 h [83]. The
exploration of the strategy illustrated in Figure 2.17 a-e is in the focus of currently
running and future experiments. A possible concept of how to generate corresponding
templates can be found in chapter 3 based on focused electron beam induced

processing.
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The second main aspect concerns the investigations of the electronic structure of the
porphyrin/metal adsorbate complexes. It was demonstrated that it is crucial to gain
information of the LDOS to correctly interpret the constant current STM data, as
illustrated by the contrast inversion of an intermixed 2HTPP / CoTPP layer upon
polarity change of the bias voltage. The detailed combined theoretical and
experimental investigation in particular of CoTPP on Ag(111) shed some light on the
long discussed role
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3 Fabrication and characterization of nanostructures by

means of a highly focused electron beam [P12-P16]

On a microscopic level the chemical properties of atoms or molecules are determined
by the electron configuration. Therefore, the injection or removal of electrons can be a
suitable tool to trigger chemical processes, like bond formation or dissociation. Thus
electrons can be regarded as an excellent tool to modify or engineer the properties of
different materials [116-119]. The long mean free path and the availability of electron
sources in high vacuum (HV) or UHV chambers makes this environment especially
suitable to study electron induced processes. Numerous publications investigate the
macroscopic electron induced modification of molecules adsorbed on well defined
surfaces [120-124]. One of the main effects reported is the electron induced bond
scission, leading to the dissociation of adsorbed molecules. But also the electron
stimulated desorption (ESD) was studied in detail; by the technique of electron
stimulated desorption ion angular distribution (ESDIAD) even conclusions on the
orientation of chemical bonds could be derived [123]. With the advent of extremely
small electron probes available in SEM, TEM and STM it became possible to
spatially confine the impact of the electrons [20, 28, 125, 126]. This is exploited in the
technique of electron-beam induced deposition (EBID) in which a highly focused
electron beam from an SEM or TEM is used to locally crack, e.g., metal containing
precursor molecules, resulting in the deposition of the non-volatile fragments [20-23,
28, 127]. The ideal EBID process is sketched in Figure 3.1.
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Figure 3.1 Sketch of the ideal EBID process with the precursor molecule Fe(CO)s. a)
Dosage and adsorption of the precursor molecule Fe(CO)s during local irradiation of
adsorbed molecules to the primary electron-beam and resulting secondary electrons.
b) Decomposition of the Fe(CO)s molecule exposed to electrons and desorption of the
volatile fragments (e.g., CO) and the unexposed Fe(CO)s . ¢) Pure iron deposit at the
electron exposed position after the EBID process.



Two main goals for EBID as a tool to engineer nanostructures can be immediately

formulated:
1) controlled shape and size, i.e., small deposits
i) defined chemical composition, i.e., clean deposits

Concerning point 1), lithographic attachments enable to control the path of a focused
electron beam on the substrate and thus to target arbitrary shapes of the EBID
deposits. However, size and shape of the deposited structures is limited by so-called
proximity effects, i.e., the effective broadening of the electron beam in the substrate
due to secondary effects [21, 22, 29, 127-136].

E hemispherical electron %

resolution < 3 nm

EBID specific attachments

Sc-= 1
ﬁaiiﬁ Lithographic| Heatable gas dosage
attachment | system

T [ I
Figure 3.2 Overview of the UHV apparatus, instrumental details and the operation modes: a)
Photograph of the UHV instrument (Omicron Nanotechnology, Multiscan Lab, base pressure
<2 x 10™ mbar) utilized for the FEBIP experiments in the work at hand. The UHV
compatible electron column (Gemini, Zeiss) and the hemispherical electron analyzer
optimized for AES (Omicron nanotechnology) are indicated. b) Example for STM operation:
atomically resolved 7x7 reconstruction on Si(111). ¢) Example for SEM operation: TiOy
nanotubes on silicon substrate with STM tip (colored purple). d)Local Auger electron
spectrum (AES) acquired on TiO4 nanotube depicted in e). €) Scanning Auger microscopy
(SAM) image revealing the distribution of titanium. The bright structure is a bundle of TiOy
nanotubes on a silicon sample. f) lllustration of EBID specific attachments, e.g., on the right

side the self-constructed heatable gas handling system enabling the simultaneous dosage of
two gases
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The spatial distribution of the corresponding electrons can be illustrated by the
electron interaction cone indicated in orange in Figure 3.1 (compare also Figure 3.5
and the related discussion in Chapter 3.1). Point ii) concerns the vision that using a
certain precursor molecule (e.g., organometallic compound) a pure or at least very
clean deposit can be generated (e.g., a pure metal from an organometallic precursor).
With this approach numerous compounds were utilized in the past to target the
fabrication of metallic deposits, containing Fe [137-140], W [20, 25, 28, 141-143],
Co[29, 30], Cr [28, 144], Pt [27, 33, 145-147] and Au [27, 33, 145, 148]. A common
drawback of EBID is the unintended deposition of precursor fragments [28] or
coadsorbed molecules from the residual gas [149] [P12]. A darkening of electron
irradiated areas is known since the advent of electron microscopy and can be ascribed
to the dissociation of carbon containing residual gases in the vacuum chamber,
resulting in a carbon layer appearing darker than the clean surface [150]. This
blackening obviously reduces the image quality. Consistent with these observations, it
could be shown that with improved vacuum also the image quality could be improved
due to less deposited material, and thus minimized darkening in the micrographs [127,
150, 151].

In this Habilitation thesis “surface science type* EBID experiments were conducted in
UHV to reduce the discussed contaminations from the residual gas, but also to
guarantee well defined experimental conditions [P12-P16]. Figure 3.2 illustrates the
main features of the employed experimental setup. We used an Omicron
Nanotechnology Multiscanlab UHV system with a base pressure in the low 10" mbar
regime, which allows to minimize contaminations from the residual gas and to prepare
a contamination-free surface. The instrument was financed via a so called HBFG
grant, after evaluation by the Deutsche Forschungsgemeinschaft (DFG); it was
delivered in June 2005. The central part of the instrument is an UHV-compatible SEM
column, which produces an electron-beam with a diameter of < 3 nm. A
hemispherical electron analyzer enables local Auger electron spectroscopy (AES) and
scanning Auger microscopy (SAM) with an ultimate resolution better than 10 nm.
EBID specific attachments had to be made. The two most important were a self
constructed gas handling system for the precursor molecules and lithographic
attachments (commercial: Raith, elphy Quantum, and different homemade solutions)
to control the electron-beam position on the surface. The whole setup was operable
for EBID experiments within the first months of 2006. The EBID process is very
complex and relies on manifold parameters. To allow for direct comparison some
parameters in the work at hand were kept constant like: 15 kV primary electron beam
energy and 400 pA beam current (beam diameter ~3 nm) for imaging and EBID, the

precursor flow was adjusted to a background pressure of 3 x 107 mbar, Auger
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spectroscopy (AES) and scanning Auger microscopy (SAM) were performed with 15
kV and ~3 nA electron beam, for further details on the experiments please refer to
[P13-P16].

In Figure 3.3 the basic ingredients of the experiments conducted so far are depicted.
Different precursor molecules were tested. However, in the vast majority of
experiments either Fe(CO)s or TTIP were dosed as precursors for the fabrication of
clean iron or titaniumoxide deposits, respectively. An important aspect was to
investigate the influence of the surface. Up to that point the role of the substrate in
EBID was mainly considered in respect to the corresponding electron scattering
properties of the material [21, 22]. Besides the 300 nm SiOy on Si all other surfaces
were prepared on single crystal samples. Typical surface science methods, like ion
sputtering and thermal annealing were applied to prepare the substrates. With AES
and low energy electron diffraction (LEED) the cleanliness and the long range atomic
order were characterized. In this way well defined and reproducible starting
conditions for the EBID process concerning the surface quality could be assured. Also
purification procedures for the precursor gases had to be established. The
characterization of the precursor quality was done via quadrupole mass spectromety
(QMS).

The discussion of the main results is organized in three subchapters. The presentation
of peculiar EBID results, mainly for the system Fe(CO)s on Si(001), is followed by

the report of different post treatment procedures.

Precursor molecules

b

Fe(CO),

Substrates

]
insulator semiconductor ! inert metal ! catalytic active metal

SiOx on Si

Au(111) Rh(110)

Figure 3.3 Ingredients of the FEBIP experiments in the work at hand. Precursor molecules
and targeted deposit materials: a) Ethene and benzene; targeted material: carbon. b)
Ironpentacarbonyl (Fe(CO)s); targeted material: iron. ¢) Trimethyl-methylcyclopentadienyl-
platinum (PtMe3Cp’); targeted material: platinum. d) Titanium tetraisopropoxide (TTIP);
targeted material: TiO,. €) Investigated surfaces as substrates in the EBID experiments.
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The third subchapter is devoted to the occurrence of catalytic effects already at room
temperature. A particularly novel aspect is the electron beam induced local activation
of SiOy surfaces, such that Fe(CO)s is selectively decomposed at the pre-irradiated
positions. For the latter process the label EBID does not account anymore, therefore

the more general term focused electron beam induced processing (FEBIP) is used.

3.1 Results following the “classical” EBID protocol in UHV

In Figure 3.4 a selection of nanostructures written with lithographic control in the
EBID approach are depicted. The substrate was Si(111) and different precursor
molecules were applied, as indicated in Figure 3.4. In all cases shown in the
corresponding figures the main features of the seal structure (compare Fig. 3.4 (d))
could be reproduced and are distinguishable. The contrast of the EBID deposits

appear to be different in Figure 3.4 ¢ compared to a and b.

1

Figure 3.4 Complex template realized on nanometer scale via EBID: SEM images of EBID
structures generated with a) ethane on Si(111), b) trimethyl-methylcyclopentadienyl-platinum
on Si(111) and c) iron pentacarbonyl on Si(001) template for all deposit was the seal
structure shown in d).

Apparently the fabricated structure from Fe(CO)s appears brighter than the substrate
and in addition the overall appearance of the deposit is rather discontinuous; these
observations will be discussed in detail below in context with Figure 3.6. For the
continuous structure in Figure 3.4 b the narrowest lines have a diameter below 20 nm,
which appears to be the lower limit achievable with our experimental setup and the
applied parameters. The main reason is the already mentioned effective broadening of
the electron beam due to scattering in the bulk of the sample. In Figure 3.5 this effect

is illustrated for a EBID line written with the precursor TTIP on a Au(111) surface.
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Apparently the width of the line increases with increasing electron dose. The variation
of the electron dose was realized via longer exposure times within one experimental
run, i.e., without changing the settings of the SEM. Therefore the diameter of the
electron beam can be regarded as constant and thus ruled out as a source of the
observed widening. In Figure 3.5 e a simulation of backscattered electrons (BSE) in
Ag(111) for the given experimental conditions (15 kV primary beam energy) is
depicted. The shape (side view) formed by the BSEs is commonly denoted as BSE
cone. Trajectories marked in red represent BS electrons, which exit the surface and
thus potentially dissociate adsorbed molecules. The BSEs might also trigger further
secondary electrons in inelastic processes which also account for electron induced
deposition. The distribution of BSEs exiting the surface has a narrow maximum at the
impact point of the electron beam. Assuming a certain amount of electrons needed to
fabricate a deposit visible in SEM the widening of the line simply reflects the
statistical spatial distribution of the BSEs. One successful strategy to reduce related
effects is to use ultrathin substrates and thus to effectively minimize the electron
interaction volume leading to a smaller BSE exit area. With this approach van Dorp et
al. were able to fabricate EBID deposits smaller than 1 and 3 nm with a TEM and a
SEM, respectively [25, 26]. The contrast in the SEM images in Figure 3.5, i.e., the
brighter appearance of the substrate can conclusively be explained by the higher
atomic number of gold in comparison to titanium, carbon and oxygen as the
ingredients of the TTIP precursor (higher atomic number yields more secondary
electrons and thus appears brighter in SEM [152, 153]).

Electron dose: 1.1 pC/em 17.4 pC/ecm 26.1 pCl/iem

i Au
b

BSE
’ exit area

Au(111) 200 nm

Line width: ~25 nm ~300 nm ~485 hm

Figure 3.5 Illustration of proximity effects in EBID: a) Stick and ball model of the TTIP
precursor. b)-d) SEM micrographs of lines fabricated with EBID of TTIP on Au(111).
e) Simulation of the back scattered *““electron cone” with Casino V 2.42 [154].
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The selected results discussed so far, are in good agreement with the EBID literature.
However, EBID with the precursor Fe(CO)s on Si(001) in UHV yielded relevant and
novel results as reported in detail in [P13]. In the following a short summary of the
most important findings of the latter work will be given. The deposits from Fe(CO)s
fabricated on Si(001) at room temperature appear as discontinuous structures
consisting of individual dots with a size significantly smaller than 10 nm as depicted
in Figure 3.6 a. For the shown dot array an increase of the electron dose will not lead
to a broadening of the structures as observed in Figure 3.5, but to more dots, i.e., a
higher density of dots. This can be observed in the SEM micrograph in Figure 3.6 ¢ in
which a higher dose led to the generation of an area completely packed with dots,
such that the substrate is not visible anymore. AE spectroscopy on this field and on
the area aside (not irradiated by electrons) yielded the spectra shown in Figure 3.6 d.
The iron content of these dots was determined to be >95% based on the AES data.
Before the onset of the growth of the dot structures the existence of a continuous
prerequisite layer with reduced purity was found. A possible explanation for the
formation of the clusters is a high tensile stress relative to the initial layer (probably
due to lattice mismatch), which leads to a preference for the formation of small
clusters due to an overall energy minimization, with some analogy to the Stranski-
Krastanov growth mode [155]. This hypothesis was confirmed by experiments
performed at 200 K in which the EBID structures are continuous as shown in Figure
3.6 b, due to the reduced mobility of the involved species. With the findings in [P12]
summarized above two main challenges in EBID are successfully addressed, namely
the generation of structures smaller than the “classical” limit given by the electron
scattering properties of the substrate and the usually rather poor cleanliness of the
EBID deposits.

Intensity (a. u.)

O Fe

200 400

600 800
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Figure 3.6 Results for EBID in the system Fe(CO)s on Si(001). a), b) SEM micrographs of
EBID structures (circle and cross) fabricated at the indicated temperatures. Both images
were acquired at room temperature. ¢) SEM image of four square area deposits. d) AES
spectra acquired at the positions indicated in c¢).The Figure is adapted from [13]
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In addition the approach represents a new route towards the lithographic
fabrication of (a) ultra clean nanostructures of arbitrary shape and (b) pure
metallic nanodots at defined positions with a size below 10 nm, whose density
can be controlled from individual dots to densely packed dot fields with a narrow
size distribution. It is important to note that the results of the EBID process with
Fe(CO)s on Si(001) described above depends on the cleanliness of the
ingredients, namely a well defined Si(001) surface and a purified precursor gas.
Therefore, it can be concluded that at least in this case UHV is not only mandatory to
reduce the deposition of molecules from the residual gas but also to maintain a well

defined surface condition.

3.2 Post treatment procedures

In this subchapter the effect of different post treatment procedures on EBID structures
is discussed. Figure 3.7 illustrates how ion sputtering can be employed to reduce the
size of EBID deposits. The micrographs in the first row in Figure 3.7 demonstrates
the reduction of the width of a particular line deposit from TTIP on Au(111). The
sputtering series also reveals the topography of the deposit. After the first sputtering
for 60 minutes the width is reduced from 630 to 220 nm, i.e., by 410 nm.

Figure 3.7 Effect of Ar” ion sputtering on the shape of EBID deposits: a)-c) TTIP/Au(111)
and d)-e) TTIP/Si(001). Measured line width and applied total sputter times are indicated in
the SEM micrographs. Sputtering was performed with Ar* ions with an acceleration voltage
of 1 kV and an argon background pressure of 4 x 10™° mbar.
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Even though the second sputtering was applied for additional 70 minutes the line is
just narrowed by 184 nm ,i.e., to 36 nm. This evidences that during EBID more
material is deposited close to the impact point of the electron beam as already
discussed above in the context of Figure 3.5. This finding can be exploited to reduce
the lateral size and thus the broadening of EBID deposits due to proximity effects by
sputtering. In Figure 3.7 d-e an example is given where the line width of a
corresponding EBID deposit (TTIP/Si(001)) is reduced by sputtering below the size
directly achievable via EBID with our experimental setup (compare Figure 3.4 b).

The main aspect of the post treatment by sputtering is apparently the size reduction
discussed above. In [P16] a post treatment procedure is explored, which transforms
the originally amorphous EBID deposits from TTIP on Si(001) into pure TiOy
nanocrystals. In Figure 3.8 the main findings of the study are illustrated. The two
crossing lines in Figure 3.8 a represent the starting point of the study, namely an
EBID structure consisting of titanium, oxygen but also a significant amount of carbon
as contamination (estimated by local AES). The application of TTIP for the current
EBID project was initially triggered by metal organic chemical vapor deposition
(MOCVD) studies, where the same precursor was used to produce anatase TiO,
nanoparticles in a flow reactor system [156, 157]. In those studies Berger et al. [156]
and Elser et al. [157] purified the also initially carbon contaminated particles by

heating the material in an oxygen atmosphere.

("n"e) Aisuau|

400
Kinetic Energy (eV)

ATIO, .

Figure 3.8 Morphology change and purification - post treatment of TTIP EBID deposits on
Si(001): a) SEM micrograph of as-formed EBID deposit. b)-d) EBID structure after indicated
post treatments (see text or [P16] for further details). e) AES spectrum acquired at position
marked in d) evidencing the transformation of the previously carbon contaminated deposit to
clean TiO,. The Figure is partially adapted from [16].
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But also in EBID the dosage of reactive gases like oxygen during or after the
deposition process is known to improve the cleanliness of metal containing deposits
[158-160].The idea behind this cleaning procedure is to oxidize carbon to volatile
carbon monoxide (CO) or carbon dioxide (CO,) and thereby to remove it from the
fabricated structures. In addition, heating the sample activates the migration of all
components of the EBID deposits, e.g., the migration of carbon to the surface, where
it can react with oxygen. The SEM micrograph in Figure 3.8 b evidences the
transformation of the initially continuous line deposits into distinct particles. Even
though the particles are larger and more dense at the previous positions of the EBID
structure, also the unintended generation of scattered particles away from the original
line is apparent. This can be traced back to significant deposits in the vicinity of the
impact point of the electron beam due to proximity effects. At this point it should be
noted that in the specific system, i.e., TTIP on Si(001) the contrast of deposited
material and the substrate is very weak, thus local AES data was acquired, which
verified the deposition of Ti, O and C in the proximity of the positions directly
irradiated by the electron beam. To reduce the amount of deposited material caused by
proximity effects the surface was moderately sputtered before the heating/oxygen
dosage step. The corresponding micrograph after the ion bombardment is depicted in
Figure 3.8 c. Again a transformation of the line structures after heating in oxygen
atmosphere is obvious from the SEM image in Figure 3.8 d. Now the small particles
are observed exclusively at the positions of the original EBID lines. A special
technique developed during the course of the current EBID project, allows to track the
position of a single particle during acquisition of a local AES spectrum. A
corresponding data set is shown in Figure 3.8 e. The AES spectrum is dominated by
titanium and oxygen peaks with a small shoulder assigned to carbon. Based on the
shape and local spectroscopic information it is concluded that the particles are indeed
pure TiOy nanocrystals. Consequently the described two-step post-treatment
procedure after EBID presents a new pathway for the fabrication of clean, localized

nanostructures.

3.3 Catalytic effects

A finding with particular relevance in respect to the controlled growth of pure
metallic nanostructures is the observation of catalytic decomposition of Fe(CO)s at
different surface sites already at room temperature. A sketch of the corresponding
localized catalytic processes is depicted in Figure 3.9. The first example to be

discussed is the catalytic decomposition of Fe(CO)s on clean Rh(110), which is
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illustrated in Figure 3.9 a-c and described in detail in [P14]. It was found that the
spatial selectivity of the EBID process depends strongly on the actual preparation
state of the Rh(110) sample, i.e., for a clean and well defined surface the whole
surface is covered with iron. This can be conclusively explained by the catalytic
decomposition of Fe(CO)s upon adsorption. While CO desorbs, Fe remains as a pure

deposit.

Deposition via catalytic decomposition of Fe(CO); on clean Rh(110)
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Figure 3.9 Catalytic effects in EBID with Fe(CO)s on Rh(111): Sketches of two different
decomposition routes of Fe(CO)s. a)-c) Selective decomposition of Fe(CO)s on clean Rh(110)
areas, no deposition on Ti precovered Rh surface. d)-f) Autocatalytic decomposition on
already deposited Fe: (d) Fe(CO)s dosage onto surface already covered with predeposited
Fe. (e) Autocatalytic decomposition of Fe(CO)s on predeposited Fe. (f) Enlarged Fe deposit.
(g-i) SEM and scanning Auger microscopy (SAM) images of iron deposits on Rh(110) surface
partially covered with titanium. The SAM data reveals the distribution of the material in
agreement with a)-c).
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In the following the deposition of Fe continues on the iron deposits via autocatalytic
decomposition as sketched in Figure 3.9 d-f. The latter effect was previously reported
for Fe(CO)s at elevated temperatures [151, 161], similar to the catalytic activity of the
Rh(110) surface, which was also extensively studied at elevated temperatures, e.g., for
water production from molecular hydrogen and oxygen or the reduction of NO [162-
167]. Therefore, it has to be emphasized that the catalytic processes reported here are
proceeding already at room temperature. As indicated above the whole process relies
on the quality of the surface, i.e., on a sample with reduced quality (slight carbon
contaminations, reduced long range order judged by LEED) only a minor amount of
Fe is observed on the non irradiated area. On such a sample the EBID process
becomes spatially selective again. A way to completely suppress the catalytic activity
and thus the Fe growth, is to precover the well defined Rh(110) surface with an
ultrathin titanium layer as illustrated by the SEM and the spectromicroscopic scanning
Auger microscopy (SAM) images in Figure 3.9 g-i. This finding is sketched in Figure
3 a-c and can be exploited to locally deactivate and therefore pattern the catalytic
active surface. An particularly valuable aspect of the autocatalytic growth is the
possibility to control the size of the iron deposits by the dosage of the precursor
Fe(CO)s. This concept is demonstrated in Figure 3.10 d for the system Fe(CO)s on a
300 nm SiOy on Si sample [P15]. The upper line was fabricated via EBID and appears
darker than the substrate. The bright lines demonstrate the autocatlytic growth of the
initial EBID deposit upon prolonged dosage (additional dosage time indicated in the
images, please note that the electron doses per line are identical) of the iron precursor
without further electron irradiation. The contrast inversion from the upper micrograph
to the image below indicates that the initial amount of deposited iron is very low.
Therefore one might suspect that the electrons have locally modified the substrate
itself, such that it exhibits catalytic activity. This idea is sketched in Figure 3.10 a-c
and could be simply verified by irradiation of the surface in UHV, i.e., without
Fe(CO)s. In the next step the precursor was dosed onto the irradiated sample. The
result of such a procedure is depicted in Figure 3.10 e: The bright line apparently
consists of merged iron nanocrystals, which was confirmed by AES. The proposed
mechanism is the electron induced desorption of oxygen leaving reactive vacancies
(discussed in detail in [P15]). This idea could be corroborated by similar experiments
on an ultra thin ~3 nm SiOy film prepared in situ on a clean Si(001) surface, where
charging can practically ruled out as a source for the observed effects. In addition, the
realization of the ECCL logo (electron controlled chemical lithography) with the latter
method on the ultra thin oxide support is depicted in Figure 3.10 f. Besides the well
defined continuous iron lines similar to the ones observed on the 300 nm thick SiOy

support, scattered crystals are observed on the whole surface.
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Figure 3.10 Electrons as invisible ink: a)-c) Sketch of the electron induced activation of a
SiOy surface a), such that Fe(CO)s is decomposed b) resulting in a pure iron deposit c).

d)-f) SEM images of pure iron nanostructures deposited with different electron based
techniques with the precursor Fe(CO)s on SiOy surfaces. d) Dark line in upper micrograph
was generated by conventional EBID on commercial 300 nm SiOy on Si. The brighter lines
below just differ in the additional precursor dosage time indicated in the images. e) Line
written by FEBIP on a industrial standard 300 nm SiO4 on Si sample, i.e., by exposing the
locally electron irradiated surface to the precursor for an extended period of time (here 4.5 h)
at RT. f) ECCL logo (electron controlled chemical lithography) realized on an ultra thin SiOy
layer (~3 nm thick, prepared in UHV) generated with FEBIP. Insert: detail of a horizontal
line in ECCL logo. The images in a)-e) are adapted from [15].

Obviously the preparation of the 3 nm silicon oxide layer is imperfect in the sense that
certain sites (probably oxygen vacancies) are active towards the dissociation of
Fe(CO)s. This finding is particularly interesting as a method to fabricate a large
number of iron nanoclusters scattered on a macroscopic sample, which size can be

controlled by the precursor dosage.

Overall it was evidenced that a highly focused electron beam is capable of locally
modifying the properties of a SiOy surface, such that Fe(CO)s dosed after exposure to
the electron beam decomposes first catalytically and then autocatalytically already at
room temperature (RT), leaving pure iron deposits. In a more vivid description one
might think of the process as a way to write nanostructures with electrons as an

“invisible ink”, which is then brought to visibility by a development step, i.e., dosing
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the precursor. As a consequence, both size and morphology of the generated clean
metallic nanostructures can be controlled by the additional gas dosage. It is envisioned
that the described effect might be the frontier to a whole new way to generate

functional nanostructures.

3.4 Summary, perspective applications and current project activities

The surface science approach to EBID followed in the thesis at hand yielded various
novel findings expanding the nanostructure fabrication toolbox. In particular with the
generation of pure iron nanostructures from Fe(CO)s on different substrates and with
different FEBIP protocols a hitherto existing limitation in HV based EBID could be
overcome. Also the observation of catalytic and autocatalytic effects already at RT is
a novel aspect. Even though the latter findings were all achieved with the precursor
Fe(CO)s similar effects are anticipated at least for metalcarbonyls like Co,(CO)s,
W(CO)¢ and Ni(CO)4, but also other molecules might behave alike. Explorative
results (not shown here) also demonstrate that the iron deposits act as seeds for the
growth of nanostructures like carbon nanotubes (cooperation with Prof. Nadeja
Popovska, Erlangen) and silicon nanowires (cooperation with Dr. Alois Lugstein,
Vienna). The growth of the Si nanowires [168-170] on Fe deposits on SiOy is
particularly remarkable since iron was not known to catalyze the growth of the latter.
Up to now mostly gold nanoparticles were used as catalysts for Si-wire growth even
at a significantly higher temperature than needed for our iron deposits. Generally
much effort was put in realizing the assembly of such nanostructures (e.g., [171,
172]), however EBID has the advantage to control the position of the starting point
for the nanowires and thus to address the task to arrange the Si-wires. Other ongoing
investigations concern the electrical and magnetic properties of the generated iron
structures by the group of Prof. Michael Huth (Frankfurt) with corresponding four
point probe [173, 174] and Hall sensor micrometer scaled setups. First explorative
results evidenced a metallic electron transport behavior (decreasing conductance with

increasing temperature) and an overall very high conductance.

Generally the FEBIP process relies on numerous parameters, like energy of primary
electron beam, electron beam current density, partial pressure of precursor gas,
sample temperature, dosage of additional reactive gases, presence of residual gases,
chemical nature and geometry (e.g., thickness) of the sample, condition of the surface
(e.g., roughness), lithographic parameters and scan strategy...etc.. As mentioned in
the beginning of the work at hand a set of parameters was kept constant; therefore,

also these values can be varied to further optimize the results. As a part of this we aim
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towards the exploration of different scan strategies, e.g., to agglomerate a particular
electron dose in successive irradiation events (sweeps). Hereby we immediately
experienced a serious limitation of the commercial lithographic attachment from
Raith. Therefore, we are currently developing a homemade solution based on a self
written Lab View program. The package is operable (structures depicted in Figures
3.7 d and 3.10 f were realized with the package) and will be tested with a faster
hardware to further push the writing speed for one sweep. Another construction,
which was just finished, is a dedicated gas handling UHV chamber, fully equipped
with all necessary devices to purify the precursor gases and verify their composition.
The chamber is tested and fully operable and will be mounted to the main chamber
soon. Besides the possibility to attach more gases to the chamber the device will also
enhance the overall experimental throughput since the lengthy purification and

verification of the precursors can now be performed in a separate chamber.
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4 Summary and Outlook

In this thesis the microscopic and spectromicroscopic investigation and fabrication of
nanoscaled systems is reported. In the first part porphyrin derivatives on metallic
surfaces were investigated by room temperature scanning tunneling microscopy in
ultra high vacuum. The microscopic information allowed to determine fundamental
aspects of the adsorption behavior of the molecules. The investigated porphyrins self
assembled with the macrocycle parallel to the surface in different arrangements
depending on the peripheral substituents, the chemical nature of the surface, the
sample preparation and coadsorbed small molecules. The detailed analysis of the
STM micrographs revealed some fundamental aspects of the ordering mechanisms; in
particular the role of molecule/molecule and molecule/substrate interactions could be
identified. The obtained findings point towards different strategies to tailor functional
molecular networks on metallic surfaces based on the self assembly of porphyrins or
more general tetrapyrrolic species. For example, CoTTBPP on Ag(111) was identified
to be a suitable candidate for this bottom-up approach: This molecule forms a well
defined herringbone phase, which appears to be very rigid due to the interwoven
character of the particular supramolecular arrangement.

STM imaging with submolecular resolution enabled to determine the intramolecular
conformation of individual molecules. Generally it was found that porphyrins undergo
significant deformation upon adsorption, if their macroclycle is lifted from the surface
due to the peripheral substituents. With the adsorption of porphyrins on a Cu(111)
surface prestructured with oxygen or nickel islands we successfully explored a
strategy to locally anchor and / or functionalize tetrapyrrolic molecules

A large part of the thesis focuses on a novel route to functionalize free base
porphyrins and phthalocyanines via surface-mediated in situ metalation with Fe, Co
and Ni. Hereby the metalation of the free base tetrapyrrolic species proceeds with a
yield close to 100 % upon evaporation of the corresponding metal onto the adsorbed
molecules. The metalation is especially advantageous in the case of iron porphyrins
since these compounds are difficult to handle under ambient conditions.

The local electronic structure of tetraphenyl porphyrins on Ag(111) was investigated
in detail to be able to interpret the appearance of the molecules in STM, which can
change drastically upon variation of the bias voltage. For that purpose it was crucial to
understand the underlying local density of states. This then allowed to trace back the
bias voltage dependent appearance of CoTPP to a direct orbital interaction of the
adsorbed molecule with the silver substrate and to accurately identify the different

porphyrin species in mixed layers.

51



The second part of the thesis is devoted to the maskless fabrication of pure
nanostructures with arbitrary shape by means of focused electron beam processing.
The starting point of the investigations was the technique of electron beam induced
deposition, in which a highly focused electron beam from an SEM is used to locally
dissociate adsorbed precursor molecules, leaving a deposit of the non volatile
fragments. In a more vivid picture one might think of the electron beam as a
miniaturized pen and the precursor as ink to write nanostructures. Major challenges of
conventional EBID are the rather low metal content of deposits from organometallic
precursors fabricated in high vacuum environments and the broadening of the deposits
in comparison to the electron beam diameter due to interactions of the primary
electrons in the substrate, the so-called proximity effects.

Our distinct approach was to perform EBID in an ultra high vacuum environment,
first to reduce the amount of unintended deposits from residual gases and thus to
improve the cleanliness and secondly to ensure well defined, reproducible conditions.
Indeed, using our surface science approach we succeeded to generate pure metallic
(iron) and oxidic (iron oxide and titanium oxide) nanostructures from Fe(CO)s and
TTIP precursors, respectively. For EBID with Fe(CO)s on Si(001) the generation of
extremely small iron clusters (4-8 nm) was demonstrated. This size surpassed the
usual limit of the process determined by proximity effects and could be conclusively
explained by lattice mismatch effects between the deposit and substrate.

For the generation of pure TiOx nanocrystals a novel preparation procedure,
comprising ion sputtering and a thermal treatment in oxygen atmosphere, was
explored. Another novel aspect concerns the observation of catalytic effects already at
room temperature, e.g., iron structures deposited on SiOy substrates grow upon
prolonged dosage of Fe(CO)s.

One very interesting result was the observation that SiO can be activated by electron
irradiation towards the dissociation of subsequently dosed Fe(CO)s. This novel
approach to locally deposit iron deviates from the original EBID protocol and is better
described as focused electron beam induced processing (FEBIP). Going back to the
initial vivid description one might think of the electrons as invisible ink, which is then
brought to visibility by the dosage of the precursor. Besides the microscopic
characterization with SEM the spectromicroscopic methods of local Auger electron
spectroscopy and scanning Auger microscopy were applied to determine the chemical

composition of the deposited structures.
In addition to the specific outlooks at the end of the two main chapters, it is planned to

merge the two projects presented in this thesis. The main idea is to generate templates

with the focused electron induced techniques to direct the assembly of porphyrins on
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the surface. Two routes appear to be especially promising. The first one is the
fabrication of nickel deposits on Cu(111) via EBID from the precursor Ni(CO)4, since
it was found that porphyrins tend to locally anchor or even metalate on Ni islands.
The second route is based on the finding that the adsorption of porphyrins correlates
to the position of preadsorbed oxygen on Cu(111). Based on this observation we
suggest to use the electron beam to locally desorb oxygen and thus to fabricate a
pattern, which directs the assembly of the porphyrins. Since the SEM instrument is
also equipped with a STM, the corresponding experiments will be conducted in one
UHV chamber, i.e., without breaking the vacuum. An evaporator for large organic
molecules was constructed and tested in a separate chamber and will be mounted to
the SEM / STM instrument soon.

In summary one bottom up (self assembly of porphyrins) and one top down approach
(FEBIP) to generate nanostructures were explored in UHV mainly at room
temperature. In both projects novel aspects of the fabrication techniques were reported
expanding the nanostructuring toolbox. The applied state-of-the-art microscopic and
spectromicroscopic techniques allowed to gain detailed information on the
morphology, chemical composition and the electronic structure of the investigated
systems. Some of the corresponding findings enabled new insights into fundamental
aspects of the systems like the changes in the electronic structure of CoTPP upon
adsorption on a silver surface or the assembly of ultra small iron dots (4-8 nm) in a

surface mediated process in EBID.
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