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I 

Abstract 

The growth, structure and electronic properties of rare earth silicide nanowires are 
investigated on planar and vicinal Si(001) und Si(111) surfaces with scanning tunneling 
microscopy (STM), low energy electron diffraction (LEED) and angle-resolved photoelectron 
spectroscopy (ARPES).  

On all surfaces investigated within this work hexagonal dilsilicides are grown 
epitaxially with a lattice mismatch of -2,55% up to +0,83% along the hexagonal a-axis. Along 
the hexagonal c-axis the lattise mismatch is essentially larger with 6,5%. 

On the Si(001)2×1 surface two types of nanowires are grown epitaxially. The so-
called broad wires show a one-dimensional metallic valence band structure with states 
crossing the Fermi level. Along the nanowires two strongly dispersing states at the J  point 
and a strongly dispersing state at the   point can be observed. Along the thin nanowires 
dispersing states could not be observed. Merely in the direction perpendicular to the wires an 
intensity variation could be observed, which corresponds to the observed spacial structure of 
the thin nanowires. The electronic properties of the broad erbium silicide nanowires are very 
similar to the broad dysprosium silicide nanowires. 

The electronic properties of the DySi2-monolayer and the Dy3Si5-multilayer on the 
Si(111) surface will be investigated in comparison to the known ErSi2/Si(111) and 
Er3Si5/Si(111) system. The positions and the energetic locations of the observed band in the 
surface Brillouin zone will be confirmed for dysprosium. The shape of the electron pockets in 
the k


|| space is elliptical at the M  points, while the hole pocket at the   point is showing a 

hexagonal symmetry. 
On the Si(557) surface the structural and electronic properties depend strongly on the 

different preparation conditions likewise, in particular on the rare earth coverage. At 
submonolayer coveragethe thin nanowires grow in wide areas of the sample surface, which 
are oriented in the same direction as the average substrate surface. These thin nanowires show 
a one-dimensional halfmetallic electronic structure. At higher coverage broad nanowires are 
grown on the (111) facets as disilicide monolayer nanowires. They show the for the 1×1 
monolayer reconstruction typical scharp edges along the { 011 } directions. The electronic 
structure shows all states, which occur at a disilicide monolayer on the planar Si(111), with a 
two-dimensional metallic band structure. At a further increase of the coverage similar 
nanowires arise with rounder end pieces, which can be assigned a coverage with a disilicide 
multilayer on the (111) facets. 
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Zusammenfassung 

Das Wachstum, die Struktur und die elektronischen Eigenschaften von Seltenerdsilizid-
Nanodrähten werden auf planaren und vizinalen Si(001)- und Si(111)-Oberflächen mittels 
Rastertunnelmikroskopie (STM), Beugung von niederenergetischen Elektronen (LEED) und 
winkelaufgelöster Photoemissionsspektroskopie (ARPES) untersucht.  

Auf allen hier untersuchten Oberflächen wachsen hexagonale Disilizide epitaktisch 
mit einer Gitterfehlanpassung von -2,55% bis +0,83% entlang der hexagonalen a-Achse. 
Entlang der hexagonalen c-Achse ist die Gitterfehlanpassung mit 6,5%.wesentlich größer  

Auf der Si(001)2×1 Oberfläche wachsen zwei Arten von Nanodrähten epitaktisch auf. 
Die sogenannten breiten Drähte zeigen eine eindimensionale metallische Valenzbandstruktur 
mit Zuständen, die das Ferminiveau kreuzen. Entlang der Nanodrähte können zwei stark 
dispergierende Zustände am J -Punkt und ein stark dispergierender Zustand am  -Punkt 
beobachtet werden. Bei dünnen Nanodrähten konnten keine dispergierenden Zustände 
beobachtet werden. Lediglich in der Richtung senkrecht zu den Drähten wurde eine 
Intensitätsvariation beobachtet, die der beobachteten räumlichen Struktur der dünnen 
Nanodrähte entspricht. Die elektronischen Eigenschaften von breiten Erbiumsilizid-
Nanodrähten sind denen der breiten Dysprosiumsilizid-Nanodrähten sehr ähnlich. 

Die elektronischen Eigenschaften der DySi2-Monolage und der Dy3Si5-Multilage auf 
der Si(111)-Oberfläche werden im Vergleich zum bekannten ErSi2/Si(111)- und 
Er3Si5/Si(111)-System untersucht. Die Positionen und die energetische Lage der beobachteten 
Bänder in der Oberflächenbrillouinzone werden für Dysprosium bestätigt. Die Form der 
Elektronentaschen im k


||-Raum ist an den M -Punkten elliptisch, während die Lochtasche am 

 -Punkt eine hexagonale Symmetrie aufweist. 
Auf der Si(557)-Oberfläche hängen die strukturellen und elektronischen Eigenschaften 

ebenfalls von den unterschiedlichen Präparationsbedingungen ab, insbesondere von der 
Seltenerdbedeckung. Bei Submonolagenbedeckung wachsen dünne Nanodrähte in weiten 
Gebieten der Probe, die wie die durchschnittliche Substratoberfläche orientiert sind. Diese 
dünnen Nanodrähte zeigen eine eindimensionale halbmetallische elektronische Struktur. Bei 
höherer Bedeckung wachsen breite Nanodrähte auf den (111)-Facetten als Disilizid-
Monolagennanodrähte. Diese zeigen die für die 1×1 Monolagenrekonstruktion typischen 
scharfen Kanten entlang der { 011 }-Richtungen. Auch die elektronische Struktur zeigt alle 
Zustände, die bei einer Disilizid-Monolage auf der planaren Si(111) auftreten, mit einer 
zweidimensionalen metallischen Bandstruktur. Bei weiterer Erhöhung der Bedeckung 
ergeben sich ähnlich breite Nanodrähte mit runderen Enden, die auf die Bedeckung mit einer 
Disilizid-Multilage auf den (111)-Facetten hinweisen. 
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1 Introduction 

In the last years, nanotechnology became a familiar word for progress in science. The demand 
for smaller and thinner devices, which are more efficient and powerful, makes it necessary to 
understand the physical and chemical properties on the atomic scale. Furthermore 
nanostructures are of high interest for the information technology because of their physical 
properties, which are tuneable in size and shape due to quantum size effects. This means, that 
a small change in size and/or shape of these nanostructures has a large influence on their 
properties. Since the common lithographic techniques are limited in the achievable size of the 
structures, smaller structures with atomic dimensions can only be realized by self-assembly. 
This powerful tool also allows the formation of quasi defect free nanostructures. 

The growth of self-organized nanowires is interesting not only because of their growth 
mechanism, but also because of their special physical and particular their electronic 
properties. It is known for several years that rare earth silicides nanowires grow in a self-
organized way on the Si(001)2×1 surface [PVK98]. Several studies were performed to 
investigate the formation of these nanowires and their structural and electronic properties on 
planar and vicinal Si(001) surfaces [NLK01, LiN01, PBV02, COM02, PPB05, YKL05]. It 
was reported that their growth behaviour depends strongly on the preparation conditions, as 
the rare earth coverage and the annealing temperature [PVK95, NLK01]. Two different types 
can grow on this surface, the so-called broad and thin nanowires. The broad nanowires consist 
of hexagonal DySi2, which is anisotropically strained due to the different lattice mismatches 
in the hexagonal a- and c-directions. The nanowires have an almost perfect match of the 
lattice constants in the a-direction, while the mismatch in c-direction is much higher and 
therefore limiting the width of the nanowires [PBV02, COM02]. These broad nanowires have 
an one-dimensional metallic band structure, as it was reported in references [PPB05, YKL05]. 

The nanowire formation on Si(001) is in strong contrast to the silicide growth on 
Si(111). Here, the rare earth silicides are forming thin two-dimensional films, which are 
known to have extremely low Schottky barrier heights [VKP99a, VKP99b]. For the rare earth 
disilicide monolayer on Si(111) an extremely low Schottky barrier was observed amounting 
to only 0.08 eV [VKP98, Van00]. This is the lowest known value for any metal/n-Si contact. 
At this coverage the rare earth disilicide films grow almost unstrained with the hexagonal c-
axis normal to the substrate surface. At multilayer coverages the rare earth disilicide consists 
of a similar structure but with silicon vacancies in the planar graphene-like silicon planes in 
the bulk silicide, resulting in a √3×√3R30° reconstruction [RPS95, EPB06]. The electronic 
band structure of both monolayer and multilayer was determined for erbium, ytterbium and 
gadolinium silicides to be metallic and two-dimensional [SMP93, WSP94].  

On Si(557), which is a vicinal face to Si(111) with a miscut angle of 9.5°, only 
investigations were performed concerning metal-induced nanowires and atomic chains of Au 
and Pb [RBH02, CKA03, CMZ04, TKP05]. In contrast, on vicinal surfaces with higher 
miscut angles of 12 – 15° the self-organised growth of rare earth silicide nanowires was 
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observed [HSB05]. This indicates that self-organised growth of rare earth silicide nanowires 
cab also be expected on Si(557). The faceting of the reconstructed bare Si(557) with about 
3 nm wide (111) facets gives rise to speculations on the possible formation of nanowires on 
these small facets. On the other hand, in the case of atomic Au chains a complete reordering 
of the substrate was observed. 

This work is focussing on the formation, atomic structure and electronic properties of 
rare earth silicide nanowires on Si(001)2×1 and Si(557)7×7. Since the Si(557) surface is a 
vicinal surface of the Si(111) surface, also the electronic properties of dysprosium silicides on 
Si(111) are investigated to complete the picture of this system and to compare these results to 
the electronic structure of the nanowires on its vicinal surface, the Si(557). The work is 
organised as follows: 

Chapter 2 gives a detailed introduction on the material system of the rare earth 
silicides on the different silicon surfaces. Basic physical properties and concepts are 
introduced and an overview on the state of the art of the investigations on the Si(001) and 
Si(111) surfaces is given. 

Chapter 3 provides the basic physical concepts of the experimental techniques, which 
are used in this work, such as scanning tunneling microscopy (STM), angle-resolved 
photoemission spectroscopy (ARPES) and low-energy electron diffraction (LEED). 

Details on the sample preparation method and the experimental set-ups are described 
in chapter 4 together with important aspects of the data analysis. 

In chapter 5 the experimental results on the structural and particularly on the electronic 
properties of the broad and thin dysprosium and erbium silicide nanowires on Si(001) are 
presented. The higher resolution in the ARPES measurements allows a more detailed view on 
the electronic properties of both nanowire types than previously obtained in reference 
[PPB05]. It will be shown that in the electronic band structure of the broad nanowires three 
strongly dispersing bands are crossing the Fermi level, confirming the observed metallicity by 
Preinesberger et al. and Yeom et al. [PPB05, YKL05]. For the electronic band structure of the 
thin nanowires it will be shown that no dispersing states at the Fermi level are observed, in 
contrast to the reports by Preinesberger et al. [PPB05]. This deviation in the electronic 
structure of the thin and broad nanowires indicates that the previous findings in reference 
[PPB05] were made for broad nanowires only. This chapter ends with the comparing 
consideration of broad erbium silicide nanowires on Si(001). 

In chapter 6 the electronic band structure of dysprosium disilicide on Si(111) is 
presented in comparison to the former results of references [WPP92, SMP93, RKG04], as 
wells as the band structure of the Dy3Si5 bulk structure on Si(111) in comparison to references 
[WSP94, SMS95]. This forms an important basis for the following studies of the nanowire 
formation on the vicinal Si(111) surface, the Si(557) surface. 

Chapter 7 presents the results on the growth behaviour and the electronic properties of 
different rare earth silicide nanowires grown on the Si(557) surface. The influence of the 
growth parameters, such as annealing temperature and rare earth coverage, on the formation 
of the different nanowire types, such as thin and broad nanowires on different facets of the 
substrate surface, will be discussed in detail. It will be shown that at submonolayer coverages 
half-metallic nanowires with one-dimensional electronic properties are formed. At monolayer 
coverages and above, in contrast, nanowires consisting of the well-known rare earth 
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disilicides form on the Si(111) facets, characterised by two-dimensional electronic properties. 
Finally, a comparison of the dysprosium silicide and erbium silicide nanowires formation will 
be presented. 

In chapter 8 the different dimensionalities in growth behaviour and electronic 
properties of the rare earth silicides on the different silicon surfaces will be addressed. Despite 
of the different dimensionalities of the disilicides grown on Si(001) and Si(557), similarities 
in the band structures are found and discussed. 
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Material System 

 

2 Silicon and Silicide Nanowires 

The computer technology is mainly based on crystallic silicon. Therefore, it is a well-
investigated material for semiconducting devices. In this chapter the different silicon surfaces 
are described, which were used in this work as substrates for the nanowire growth. Afterwards 
the epitaxial growth is described. The main part of this chapter gives a detailed overview 
about the state of the art of the rare earth growth on Si(001)2×1 and on Si(111)7×7 followed 
by a short look at the nanowire growth with different materials on Si(557).  

2.1 Silicon 

Silicon is one of the most frequent materials of the hard earth shell after oxygen. Si is a 
semiconducting crystal with an indirect band gap of EG = 1.12 eV [BeS05, Sze81, Mad96]. It 
is located in the group IV of the periodic system, which means its electron configuration is 
characterized by four valence electrons. It crystallizes in the diamond structure with a face-
centred cubic lattice as most elements of the fourth group of the periodic system (see figure 
2.1). The base of this diamond structure consists of two identical silicon atoms at [0,0,0] and 
[1/4,

 1/4,
 1/4]·a0. The lattice constant of silicon amounts to a0 = 5.43 Å [Kit96, DaM00].  
The different silicon surfaces are obtained by cutting the silicon crystal at different 

planes and are described by the Miller indices. The different surfaces have different properties 
due to the different reconstructions. 

2.1.1 The Si(001) surface 

For the semiconductor industry, the Si(001) surface is the most important one [Sze81]. The 
position of this surface in the crystal is shown in figure 2.1 (a). After cutting the wafer from 
the crystal each surface atom lacks two tetrahedral neighbours, yielding two dangling bonds 
per atom. As shown in figure 2.2 (a) a pair formation of neighbouring dangling bonds leads to 
a dimerisation of the atoms on the surface [AHO82, THD85, GrS62], resulting in a (2×1) 
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reconstruction compared to the unreconstructed surface unit cell with lattice constants of 
a0/√2 = 3.84 Å and 2a0/√2 = 7.68 Å [see figure 2.2 (b)]. A 2×1 LEED pattern was first 
reported by Schlier and Farnsworth [ScF59]. The reduction of the dangling bonds by a factor 
of two lowers the surface energy by 2 eV per dimer [Mön95].  

There were several studies and models concerning the symmetric or asymmetric 
nature of the dimers. Appelbaum and Hamann found theoretically that the formation of 
symmetric dimers at the surface could produce substantial subsurface strain [ApH74]. Chadi 
determined that the dimers are asymmetric [Cha79], which is supported by the fact that a 

 

 
 

Figure 2.2: Schematic model of the (2×1)-reconstruction of the Si(001) surface: (a) as cut from the 
crystal, (b) formation of dimers of the surface atoms, and (c) asymmetric dimerisation. 
 

 
 

Figure 2.1: Si crystal with diamond structure. (a) the (001) surface with two dangling bonds at every 
Si atom indicated by blue ellipses [Bec01] and (b) the (111) surface with one dangling bond per 
surface atom. Both surfaces are grey shaded [Wan02]. The Si atoms of the unreconstructed surface are 
presented larger. 
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symmetric dimer model yields a metallic surface, which was disproved by photoemission data 
[HiE79]. The asymmetric dimer structure is called buckled. Due to the shift of the covalent 
bonds, the electrons fill only the upper dangling bond, while the lower one is empty [Cha79, 
ICC80, YiC81], as shown in figure 2.2 (c). The time scale for acquisition of an STM image is 
only resulting in a time-averaged symmetric image, since the asymmetric dimers are 
switching very fast between their two possible states [SHM97]. The Si(001)2×1 surface is 
semiconducting with a Fermi level at 0.55±0.03 eV above the valence band maximum (VBM) 
[HiE79, HHC80, HHP83]. 

The Si dimer rows run along the {110} surface direction. The dimers on the next 
higher respectively next lower lattice plane run along the perpendicular direction. Since the 
cut of the wafer from the crystal results in an unavoidable miscut of a very small angle, 
monatomic steps from one lattice plane to the other lattice plane with a height of 
a0/4 = 0.138 Å will appear. The neighbouring terraces then differ in the direction of the dimer 
rows, which can be seen in the STM image in figure 2.3 (a). Hence, the almost planar 
Si(001)2×1 surface is a two-domain surface. If the dimers run parallel to the step edges, the 
terraces have much more straight step edges, which are called SA-steps according to the 
definition by Chadi [Cha87]. If the dimer rows run perpendicular to the step edges, they are 
much more frazzled and called SB-steps. 

2.1.2 The vicinal Si(001) surface 

An [hkl] vicinal surface consists of periodic terraces with the lattice plane orientation [hkl], 
which are separated by monatomic or higher steps. The terrace usually has the same 
orientation [hkl] as a stable surface. A wafer with a vicinal surface is obtained by an 
institutional little miscut angle with respect to a low index surface [BeS05]. 

 

 
 

Figure 2.3: STM images of (a) the planar and (b) the vicinal Si(001) surface [obtained in this work]. 
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In figure 2.3 (b) an STM image of the vicinal Si(001)2×1 surface is shown. This 
vicinal Si(001) surface has a miscut of 4° towards  the [110] direction, which yields narrow 
(001) terraces separated by double-atomic steps [Kap80]. The 2×1 reconstruction of the 
vicinal surface is the same as for the planar Si(001) surface. Practically all Si dimer rows run 
along the [110] direction, meaning that, they run perpendicular to the step edges, as it is 
shown in the STM image in figure 2.3 (b). On every terrace they will run in the same 
direction due to the double-atomic steps and do not change their orientation, so that the 
vicinal surface is a one-domain surface in contrast to the planar Si(001)2×1 surface.  

2.1.3 The Si(111) surface 

The Si(111) surface is a stable cleavage plane of the bulk Si crystal. The silicon atoms of the 
unreconstructed surface are forming hexagons, but with alternating heights, so that the surface 
is called buckled, as shown in figure 2.1 (b). Three of these atoms are a little higher, each 
having one dangling bond. The lattice constant of the elementary unit cell amounts to 3.84 Å 
[DaM00, KnP86]. The commercial cut wafers usually have a very slightly miscut of up to 
± 0.5°. Due to this little miscut some steps appear also on the nominally planar surface. A 
monatomic step or a silicon double layer on the Si(111) surface has the height of 
a0/√3 = 3.14 Å. 

After cutting a wafer from the crystal, the surface tends to a more energetically 
favourable state. For the unreconstructed Si(111) surface there is one dangling bond at every 
second atom or one dangling bond per elementary unit cell, as it is shown in figure 2.1 (b). 
Immediately after cleavage, the surface will reconstruct into a (2×1) reconstruction, reducing 
the dangling bonds to one half compared to the unreconstructed surface. This (2×1) structure 
was theoretically proposed by Pandey [Pan81], forming a π-bonding within a chain, and 
confirmed by Feenstra in STM measurements [FTF86].  

 

 
 

Figure 2.4: (a) Dimer adatom stacking fault (DAS) model of the 7×7 reconstruction of the Si(111) 
surface [TTT85, Mön95] and (b) detailed STM image of the clean Si(111)7×7 surface at a sample 
voltage of –2.5 V [this work]. 
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The cleavage surface reconstruction is changing irreversibly into a 7×7 reconstruction 
after annealing the sample at around 400°C [Mön95]. The Si(111)7×7 was the first surface, 
where individual atoms could be imaged by STM [BRG83]. It is presented in an STM image 
in figure 2.4 (b). 

The structural model of the 7×7 reconstruction is the dimer adatom stacking (DAS) 
model, as it is presented in figure 2.4 (a) [TTT85, Mön95]. The 7×7 reconstruction has 
7·a0/√2 = 26.88 Å unit vectors, which are seven times longer than the unit vectors of the 
elementary unit cell, but with the same directions. A 49 times larger unit cell is formed with 
only 19 dangling bonds instead of 49 in a mesh of the same size of the unreconstructed 1×1 
surface. This arrangement thus yields a much lower surface energy, which is a reason for the 
stability of this configuration. The remaining dangling bonds are connected to surface states 
within the forbidden energy gap, which pin the Fermi level at 0.72±0.03 eV above the VBM 
and result in a metallic surface [CBW94, EHV80]. 

It should be mentioned that the 7×7 reconstruction is predominantly found on a clean 
Si(111) surface after thermal treatment. The appearance of similar 5×5 or 9×9 reconstructions 
[KDH89] is not very often observed and a result of certain sample treatments.  

2.1.4 The Si(557) surface 

The Si(557) surface is a vicinal surface of the Si(111) surface and has a miscut of 9.5° 
towards the [112] direction. The surface reconstruction consists of small (111) facets, which 
are separated by a threefold step [KBC01]. The (111) facets are usually only little more than 
one 7×7 unit cell wide. The Si(557) surface has a very low amount of kinks and vacancies due 
to the very stable 7×7 reconstruction. There were some terraces observed with widths of two 
7×7 unit cells, but no other variation in width was obtained. The region of the threefold (111) 
step between the (111) facets forms a (112) facet. 

The elementary unit cell of the unreconstructed surface has a width of 52/3 atomic rows 
in [112] direction, but only one monolayer high steps. In contrast to the width of the 
unreconstructed elementary unit cell, the width of the unit cell of the reconstructed surface is 
three times larger with 17 atomic rows, consisting of a Si(111) facet with 9 atomic rows and 
the Si(112) facet with 8 atomic rows as shown in figure 2.5 (c). The Si(111) facet consists of a 
line of Si atoms (2 atomic rows) and the Si(111)7×7 unit cell (7 atomic rows). The width of 
the Si(111)7×7 unit cell is also 7 lattice constants along the steps. Therefore, the reconstructed 
unit cell of the Si(557) surface is a 3×7 reconstruction compared to its elementary unit cell, 
and therefore one of the largest known silicon surface unit cells [KBC01]. 

2.2 Epitaxial growth 

Epitaxy is a word, coming from the Greek and meaning “epi” = “on top” and “taxis” = 
“arrange”. Epitaxy is understood as growing crystalline layers of one material one top of a 
crystalline substrate. The growing structure is arranging with the underlaying structure. The 
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lattice constants of substrate and growing material should be similar, because the positions of 
the adsorbed atoms are given by the substrate underneath [Lüt95]. If the difference of the 
lattice constants is larger, usually strain will result. 

The growth of the same material as the substrate is called homo-epitaxy [BeS05]. The 
growth of different materials is called hetero-epitaxy. The chemical potential can be changed 
due to the properties of the chemical bonding of the different material [WeH79]. In this work 
hetero-epitaxy was performed. 

2.2.1 Growth modes 

Due to the different properties of the adsorbed material and the substrate there are mainly 
three different types of growth, which are presented in figure 2.6. Depending on the kinetic 
processes [BeS05] and the surface energy of the substrate σS, the surface energy of the 
adsorbed material σA, the interface energy σI and the strain energy σSt different growth modes 
occur: the Franck-van der Merwe growth mode, the Vollmer-Weber growth mode and the 
Stranski-Krastanov growth mode, which will be described in the following: 

Franck-van der Merwe growth mode 

The Franck-van der Merwe growth is also called layer-by-layer growth. It usually occurs, 
when the lattice constants of the substrate and of the adsorbate material are matching very 
well. The substrate surface energy has to be larger than the sum of the interface energy, the 
surface energy of the adsorbate and the strain energy. 

 

 
 

Figure 2.5: (a) structural model of the Si(557) surface with the facetted surface on top and the non-
reconstructed surface underneath [KBC01] and (b) detailed STM images of the clean reconstructed 
Si(557) surface with an indicated 7×7 unit cell on a (111) facet (red rhombus) [this work]. 
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StAIS σσσσ  .         (1) 
Then it is energetically more favourable, if the adsorbate is growing as a wide, closed film on 
the substrate before the next layer starts growing [FrM49]. A schematic view on this layer-by-
layer growth is shown in figure 2.6 (a). 

Vollmer-Weber growth mode 

The Vollmer-Weber growth is called island growth. It appears, when the surface energy of the 
substrate is lower than the sum of the interface energy, the surface energy of the adsorbate and 
the strain energy. 

StAIS σσσσ  .         (2) 
Here it is energetically more favourable that most of the substrate surface remains free of the 
adsorbate. Hence the adsorbate is growing within islands with free substrate surface in 
between [VoM26], as shown in figure 2.6 (c). The Vollmer-Weber growth often appears, 
when the lattice constants of adsorbate and substrate do not match well and a large amount of 
strain occurs while growing higher coverages. 

Stranski-Krastanov growth mode 

The Stranski-Krastanov growth is a combination of the Frank-van der Merwe growth and the 
Vollmer-Weber growth mode [Lüt95]. It usually appears in strained systems. The adsorbate is 
growing as a layer up to a critical growth thickness c . When growing higher coverages 
islands form due to the increasing strain energy within the layer [StK38]. The critical growth 
thickness is reached, when the surface energy of the substrate is equal to the sum of the 
surface energy of the adsorbate, the interface energy and the strain energy. Above this 
thickness it is more favourable to grow islands, see also figure 2.6 (b). 

StAIS σσσσ   for c  

StAIS σσσσ   for c .       (3) 
 
There are various epitaxial growth methods. The most known methods are molecular 

beam epitaxy (MBE) and metal organic chemical vapour deposition (MOCVD), also called 
metal organic vapour phase epitaxy (MOVPE). The growing method, which was used within 

 

 
 

Figure 2.6: Schematic diagrams of three crystal-growth modes: (a) layer-by-layer or Frank-van der 
Merwe, (b) layer-plus-island or Stranski-Krastanov and (c) island or Volmer-Weber mode. 
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this work, is a type of MBE, called reactive deposition epitaxy or diffusion-controlled solid-
state reaction [BeS05, PBD03]. Here the deposition of material is separated in time from the 
annealing of the sample. This means, the chemical reaction is not connected to the time length 
of the deposition process.  

2.2.2 Rare earth growth 

Rare Earths are base metals, which react very easily especially with silicon. As the name says, 
they are very rare elements in the earth crust. They are also named lanthanides. The chemical 
behaviour of most rare earths is similar to elements of group III, in the periodic table, hence 
they are trivalent. The different rare earth elements are only distinguishable from each other 
by the number of the 4f core level electrons. These core level electrons do not contribute to 
the chemical binding. Hence, all rare earths show a very similar chemically behaviour. 
Especially dysprosium and erbium, which are used within this work, are very similar in their 
structural, chemical and electronic behaviour, in particular, when they occur within silicides. 
All rare earth silicides can grow as a silicon-rich silicide in the AlB2 structure [BHP81, 
KnP86, WPP92, PBD03]. These rare earth disilicides are the silicides with the highest silicon 
percentage, which amounts to 66.7% [Mas96] 

2.3 Rare Earth nanowires on Si(001) 

The formation of the different nanostructures on Si(001) strongly depends on the growth 
parameters. The formation kinetics and the available amount of rare earth material have a 
strong influence on the structure formation.  

The dysprosium atoms have a high mobility on the surface, which is well-known from 
investigations on Si(001) and Si(111) [LiN01, LiN03]. The solid-state reaction leads to a 
diffusion of dysprosium into the silicon substrate at temperatures around 400°C. This view is 
supported by the fact that a disruption of the regular surface step edges could be observed at 
400°C annealing temperature, while further annealing at higher temperatures up to 500°C 
straightens the step edges again [PBD03]. 

Three types of nanostructures can be grown on the Si(001)2×1 surface, just by 
changing the preparation conditions, in particular the amount of rare earth coverage and the 
subsequent annealing temperature [PVK98]. Two different types of nanowires can be found 
and also three-dimensional clusters are observed. This work will only focus on the two types 
of nanowires with their different structural, which will be presented in detail in the following 
this section. The new results from this work mainly focussing on the electronic structure are 
presented in chapter 5.  
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2.3.1 Broad dysprosium silicide nanowires on Si(001) 

The so-called broad dysprosium silicide nanowires on the planar Si(001)2×1 surface are 
formed by depositing 1 – 2 Å dysprosium and an afterwards annealing to 550 – 600°C 
[PBV02]. The broad nanowires grow free-standing and are 2 – 10 nm wide with lengths 
exceeding several hundreds of nm [PVK98, PBV02], only limited by the terrace width of the 
silicon substrate. In figure 2.7 (a), and  (b) these nanowires are shown in an STM image. As it 
can be derived from the height contour in figure 2.7 (c) the minimum height of these 
nanowires above the substrate surface is about 4.2 Å. The next layer is growing on top of the 
broad wires, as shown in figure 2.7 (a). The height of this layer above the first layer is 2.8 Å, 
as it is presented with the height contour of figure 2.7 (c). Nanowires with heights up to 10 Å 
are observed [PVK98]. These nanowires cover the surface only fractionally with typical 
interwire distances of about 100 nm [PVK98].  

 

 
 

Figure 2.7: STM images of the broad nanowires on planar Si(001) prepared at a Dy coverage of 1 Å 
and an annealing temperature of 550°C. (a) high resolution STM image of two broad nanowires 
[PBD03], (b) overview STM image of broad nanowires [this work], and (c) Height contour taken from 
(a) to show the minimum height of a broad nanowire and the next layer on top of nanowire. In the 
inset in (a) the contrast is enhanced. 
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For lower coverages of 1 Å Dy the longest nanowires were observed. At higher 
coverages of 2 Å Dy and above, more wires and also wider wires appear. The wider wires 
consist of shorter wire segments and seem to be bundles of wires with deep parallel trenches 
between every single wire. The deep trenches inside a bundle are 2-3 Å wide and are probably 
related to the formation of dislocations in the wider wires [PBV02, DVP01]. At these higher 
coverages intersecting perpendicular grids can appear [PBV02, NLK01]. 

The well-defined shape of these broad dysprosium silicide nanowires indicates their 
epitaxial growth behaviour. The growth condition is favouring Si-rich silicides, i.e. hexagonal 
DySi2 and Dy3Si5 and tetragonal DySi2. The hexagonal Dy3Si5 is a defective form of 
hexagonal DySi2, where every sixth silicon atom is missing. The lattice constant of DySi2 
amounts in the hexagonal a-direction to 3.84 Å, and in the hexagonal c-direction to 4.12 Å 
[VKP99b]. 

It is known that these dysprosium silicides do not fit well to the Si(001) surface unit 
cell [IaP79]. The growth behaviour of the dysprosium silicide nanowires agrees well with that 
fact. The structure model of the broad nanowires is shown in figure 2.8. The lattice match of 
DySi2 in the hexagonal a-direction is almost perfect to the Si(001)2×1 substrate with a 
mismatch of less than 0.5% [SaV80], enabling very large wire lengths. The lattice mismatch 
in the perpendicular direction, the hexagonal c-direction, is much higher, about 7% [KPV98]. 
This difference in lattice mismatch is the reason for the one-dimensional growth with the 
nanowires growing very long in a-direction but limited in width due to the strong compressive 
strain in the hexagonal c-direction [PBV02, COM02, NLK01].  

The observed height difference of 2.8 Å is in good agreement with the structure model 
and also indicates that these broad nanowires consist of hexagonal DySi2 [PBV02].  

On top of the wider wires slight undulations with a periodicity of about 8 Å were 
found [PBV02], as shown in figure 2.7 (a). They can be explained by a 2×1 surface 

 

 
 

Figure 2.8: Structure model of the broad DySi2 nanowires with side views along (a) the hexagonal a-
axis and (b) the hexagonal c-axis. 
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reconstruction due to the formation of Si dimers on the wire surface. Also a different c(2×2) 
reconstruction was found [NLK01], which was related to a bundle of wires, which can be 
related to an specific ordering in the bulk phase [MPK97, LSC97]. 

The dysprosium silicide nanowires always grow perpendicular to the Si dimer rows of 
the reconstructed Si(001)2×1 surface [PVK98, PBV02, NLK01]. Due to the fact, that the 
dimer rows change their direction at every monatomic step, the nanowires also change their 
direction by 90° at these steps from one terrace to the other, as it is shown in the STM image 
in figure 2.7 (b). This effect appears due to the anisotropy of the Si(001)2×1 surface. 

2.3.2 Thin dysprosium silicide nanowires on Si(001) 

Thin dysprosium silicide nanowires were grown by depositing up to 1 Å dysprosium on top of 
the surface and subsequently annealing at 400 – 550°C [DVP01]. In figure 2.9 (a) and (b) 
STM images of thin dysprosium silicide nanowires are shown. The thin nanowires are called 
thin because of their very narrow width of only 0.8 nm. Their length can extend over several 
100 nm and is mainly limited by the width of the substrate terrace. The thin nanowires grow 
in homogeneous, well-ordered arrays with interwire distances of 2.6 nm, as it is shown in 
figure 2.9 (a) [DVP01, PBD03]. Due to this growth in two-dimensional arrays, the thin wires 
are also considered as a two-dimensional wetting layer [LiN01, LiN03] in the Stranski-
Krastanov growth mode, just before the three-dimensional growth of the broad nanowires 
begins. 

In the STM image in figure 2.9 (b) a detailed view on the thin nanowires is shown. 
The bright, straight lines (A), which appear in the STM image, are called the thin nanowire. 
This middle part is surrounded by lines of protrusions, which are shifted by half a Si surface 

 

 
 

Figure 2.9: STM images of thin dysprosium silicide nanowires on planar Si(001). (a) overview STM 
image with arrays of thin nanowires, and (b) detailed STM images of thin nanowires. (c) Height 
contour taken from (b) to obtain the height of the wire A and the surrounding protrusion chains B and 
C [DVP01]. 
 



2.3 Rare Earth nanowires on Si(001) 

16 

unit vector from one wire to the next one. Thus a non-rectangular 2×7 unit cell is a 
consequence for the structure array of the thin nanowires. In figure 2.9 (c) height contours of 
the nanowire part (A) and the protrusion chains (B, C) show the different heights of the 
different parts of the structure.  

It was reported in Ref. [DVP01, PBD03], that the height of the middle part, which is 
called the nanowire, depends strongly on the applied sample voltage. A contrast inversion was 
observed at lower voltages. The periodicity of the protrusion chains amounts to 7.7 Å, which 
can also be observed for the nanowire part at lower voltages. Furthermore, the middle part 
appears as a single chain of protrusions in the empty state image, but as a double chain in the 
filled state image [PBD03]. The different appearance of the nanowire structure leads to a 
structure model, as it is shown in figure 2.10 [PBD03, LiN01, LiN03]. It is mainly 
characterized by Si dimers, which are oriented on top of the nanowire in nanowire direction, 
but on top of the protrusions perpendicular to the nanowire direction. The Dy atoms are 
located underneath the surface. 

 

 

 
 

Figure 2.10: Structural model of the thin nanowires on planar Si(001): (a) side view in nanowire 
direction, and accordingly along the hexagonal a-axis, (b) side view along the nanowire, and 
accordingly along the hexagonal c-axis, (c) side view along the protrusion chains. 
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The very low tunneling probabilities at low voltages at the nanowires compared to the 
surrounding chains indicate a semi-metallic behaviour of the thin nanowires. 

2.3.3 Erbium silicide nanowires on Si(001) 

Erbium is a lanthanide, which is very similar to dysprosium. Thus the growth behaviour of 
erbium silicides has only little differences, which will be shown in this section. It is reported 
that erbium silicide nanowires also form on Si(001) [COM00, COM02, CYF02, Lün03, 
KSA06, ZZW06].  

The erbium silicide nanowires grow similar to the broad dysprosium silicide 
nanowires on Si(001). They form epitaxial one-dimensional nanowires along the {110} 
directions of the silicon substrate, which are up to 1 nm high and 2 – 6 nm wide. These broad 
nanowires can extend in length up to 1 µm for the erbium silicide nanowires. The one-
dimensional growth is again due to anisotropic strain between the silicide and the substrate. 
The lattice mismatch in the direction of the hexagonal a-axis amounts to -1.22 %, which is 
slightly higher compared to dysprosium [KnP86]. The mismatch along the hexagonal c-axis 
amounts to 6.5 %, and is therefore limiting the growth in width [COM02]. The structure 
model of the broad nanowires is similar to the one of the broad dysprosium silicide nanowires 
[ZZW06]. 

However, thin erbium silicide nanowires were not found, but 5×2 and 5×4 recon-
structions were found as a pre-stage just before the broad nanowire growth begins [CYF02, 
Lün03, ZZW06]. 

 

 

 
 

Figure 2.11: STM images of dysprosium silicide nanowires on Si(001), (a) broad nanowires, and (b) 
thin nanowires [PPB05]. 
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2.3.4 Rare earth nanowires on vicinal Si(001) 

Measurements of the electronic properties with STS (Scanning Tunneling Spectroscopy) 
show a metallic behaviour of the broad nanowires [NLK01]. In order to get a complete picture 
of the electronic properties of the rare earth silicide nanowires, angle-resolved photoemission 
is a nice tool to measure the band structure of the occupied states. For this method a single 
domain surface is required, because the contributions of the nanowires on a two-domain 
surface would overlap due to their perpendicular orientation.  

The vicinal Si(001) surface with a miscut of 4° towards the [110] direction exhibits 
only double atomic steps with Si dimer rows perpendicular to the step edges [ScR91]. Hence 
the nanowires grow along the step edges, as it is shown in the STM images of figure 2.11 (a) 
and (b) for the broad and thin dysprosium silicide nanowires on vicinal Si(001). A perfect 
unidirectional alignment of the nanowires was achieved. The broad nanowires on the vicinal 
surface show the same structural properties as on the planar surface, but the thin nanowires 
slightly change their appearance. They are now characterized by an asymmetric profile, where 
only on one side of the wire a protrusion chain was observed [PPB05]. 

Due to the necessity of the alignment of the nanowires for ARPES measurements, only 
vicinal samples were used in this work to observe the electronic band structure. 

2.3.5 Electronic properties of rare earth silicide nanowires on Si(001) 

First investigations on the electronic band structure of the thin and broad rare earth silicide 
nanowires were done by Preinesberger at al. [PPB05] with angle resolved photoemission 
(ARPES). The results from these investigations are shown in figure 2.12.  

In the direction along the nanowires a strong dispersion of two states crossing the 
Fermi level was found for both nanowire types [PPB05]. One state with a parabolic shape was 
obtained at the   point with an effective mass of (0.44±0.1) me and another one at the J  
point with (0.54±0.1) me, where me is the free electron mass. 

In the perpendicular direction, perpendicular to the nanowires, no dispersion could be 
observed. It was concluded that both nanowire types are metallic along the nanowire 
direction, showing a one dimensional electronic band structure. 

Since no indication for the 2×1 or 2×7 reconstruction were found in the ARPES data, 
it was also concluded, that the Dy and Si atoms underneath the surface are responsible for the 
bands at J .  

However, the assignment of the results in figure 2.12 (a) and (b) to the thin nanowires 
was not correct. It will be shown within this work, that the thin nanowires do not show the 
same metallic band structure as the broad nanowires. 
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2.4 Rare earth silicides on Si(111) 

The growth of rare earth silicides on Si(111) is driven by their very good lattice match to the 
Si substrate. The lattice mismatch of Dy3Si5 on Si(111) amounts to only -0.36%, and in 
comparison for Er3Si5 to 1.22% [KnP86, TMP96, BHP81, IPO79]. Thus the lanthanide 
silicides grow as two-dimensional epitaxial films in the Frank-van der Merwe growth mode 
(see also section 2.2.1) [KnP86, APO89].  

The growth of rare earth silicides on Si(111) is not only interesting because of their 
very good lattice match, they have the lowest Schottky barrier ever observed for n-type 
Si(111). For several monolayers rare earth silicide on n-type Si(111) the Schottky barrier 
amounts to 0.3 - 0.4 eV [TTT81, NSH81, Arn90]. For one monolayer it amounts to only 
0.08 eV [Van00, VKP99a, VKP99b]. Thus for an ohmic contact the bands are flat and not 
bent. Due to the very low height of the Schottky barrier for one monolayer dysprosium 
disilicide on n-Si(111) this arrangement is called a flat band condition [VKP99a]. It was also 
observed that the flat band condition is stable against the growth of silicon on top of the 
monolayer also for annealing up to 350°C [Van00, Wan02].  

 

 
 

Figure 2.12: ARPES data of dysprosium silicide nanowires on Si(001) [PPB05] (a) along and (b) 
perpendicular to thin nanowires, and (c) along and (d) perpendicular to the broad nanowires [PPB05]. 
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In the next subsection the different structures are explained, which appear when 
dysprosium silicides are grown on Si(111). Only these structures will be mentioned, which 
are also observed within this work.  

2.4.1 Dysprosium silicides at submonolayer coverage on Si(111) 

At coverages below one monolayer, i.e. at 2.5 Å dysprosium coverage, different silicide 
structures can be found. It was observed that the 2√3×2√3R30° and the 5×2 reconstructions 
form two-dimensional, planar islands on the silicon substrate [EPB06], which are presented in 
the overview STM image in figure 2.13 (a). These structures are described in the following.  

The 2√3×2√3R30° superstructure 

The appearance of the 2√3×2√3R30° superstructure on the Si(111) surface, as shown in figure 
2.13 (b) and (c), is characterized by triangular, 50 Å wide domains separated by linear 
dislocations. This superstructure can be observed from very low coverages up to almost one 
monolayer. The appearance on the planar Si(111) surface is observed predominantly at 
coverages around 0.5 ML dysprosium in comparison to other superstructures [EPB06]. 

The unit vectors of the unit cell of the 2√3×2√3R30° reconstruction are 
2√3·a0/√2=13.16 Å long. The unit cell is indicated by a red rhombus in figure 2.13 (b) and (c). 
Due to the lower electronegativity the dysprosium atoms are imaged in the empty states image 
appearing as ring-like structures, while at negative voltages the silicon atoms are imaged due 
to their higher electronegativity, appearing in a wind-mill-like structure with three wings, 
which seem to rotate. Every dysprosium hexagon is surrounded by three silicon windmills. 

As shown in the structure model in figure 2.14, one unit cell contains six Dy atoms, 
which are saturating all 12 dangling bonds of the unreconstructed Si(111) surface in the area 
of the 2√3×2√3R30° unit cell. Thus each trivalent dysprosium atoms saturates with two of its 

 

 
 

Figure 2.13: STM images of 2√3×2√3R30° reconstruction of dysprosium silicide on Si(111). (a) The 
overview shows the appearance of the 2√3×2√3 reconstruction in comparison to the other occurring 
reconstructions. (b) filled state image with windmill-like protrusions, (c) empty-state image with rings 
of Dy atoms. The unit cell is indicated in red. 
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three bondings the two silicon dangling bonds, and contributes with the remaining one to a 
benzene-like hybrid orbital. In this way a stable structure is obtained [WPG97, EPB06]. Six 
silicon atoms are bonded to two dysprosium atoms, while the other six silicon atoms have 
only one neighbouring dysprosium atom. In the area between two hexagons two silicon atoms 
with one neighbouring dysprosium atom and one silicon atom with two neighbouring atoms 
are located. This yields two asymmetric bondings, which can be related to the windmill-like 
shape of the three bright protrusions. The asymmetric bonding is tangentially aligned, thus the 
propeller wings seem to rotate. The deep holes in the corners of the unit cell and in the centre 
of every windmill in the STM image (see figure 2.13) are related to the three silicon atoms 
with only one neighbouring dysprosium atom. 

The unit cell rotates by 60° at the linear dislocations, which are aligned in [ 211 ] 
direction. These linear dislocations also appear differently at different tunneling polarities. At 
positive sample voltages they show a meander-like structure and at negative sample voltages 
they appear as slightly undulating lines. The bonding within the dislocation areas is 
structurally different, because here only one silicon atom bonds to one dysprosium atom. An 
alternating chain of asymmetric bonding configurations of the silicon atoms gives rise to the 
different contrast [EPB06]. 

The 5×2 superstructure 

At coverages around 0.3 Å a chain-like structure becomes visible. This structure shows a 5×2 
reconstruction, as it is shown in figure 2.15. Close to one monolayer this superstructure 
occurs more often in areas between the islands of the more dominant 1×1 reconstruction. The 
chains are directed towards the [ 110 ] [EPB06].  

 

 
 

Figure 2.14: Structure model of the 2√3×2√3R30° reconstruction. 
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The 5×2 reconstruction was not observed in this work and is thus not explained in 
detail here. 

2.4.2 Dysprosium silicides at monolayer coverage on Si(111) 

All rare earth silicides can grow epitaxially on the Si(111) surface as a silicon-rich silicide in 
the AlB2 structure [BHP81, Ian79, KnP86, PKW92, WPP92]. The typical reconstruction of 
the dominant structure at monolayer coverage of dysprosium has a 1×1 unit cell. It is well 
known, that this 1×1 structure grows in two-dimensional islands, characterized by very flat 

 

 
 

Figure 2.15: STM images of the 5×2 reconstruction, (a) empty state image and (b) filled state image. 
The 5×2 unit cell is marked in red. 
 

 

 
 

Figure 2.16: STM images of the 1×1 reconstruction [EPB06]. (a) shows an overview on the 1×1 
reconstruction, which is covering the surface almost completely. The edges of this monolayer structure 
are indicated by red dotted lines. (b) detailed STM image showing the empty states. The unit cell is 
indicated by a solid red line. 
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terraces with straight edges in the { 110 } directions [RPS95, RPS96, WSP96], as it is shown 
in figure 2.16.  

The structure model of the 1×1 structure is shown in figure 2.17. A monolayer of 
hexagonal DySi2 consists of a surface with buckled silicon hexagons and a dysprosium layer 
underneath the surface. The STM image in figure 2.16 (b) predominantly shows the dangling 
bonds of the uppermost silicon atoms. In the empty-state image the states of the silicon layer 
underneath the surface contributes to the tunneling current, so that the complete structure of 
the surface bilayer with buckled hexagon becomes visible [TWP94].  

Forming of these flat terraces with the very straight edges and its sharp corners 
indicates a significant lateral diffusion of the dysprosium atoms into the silicon during the 
silicide formation. The density of Si dangling bonds has a minimum for the observed edge 
orientation, which could be observed for the ErSi2 monolayer as well [EPB06, RPS95, 
WSP96].  

In every case very unusual and extreme tunneling conditions are necessary to obtain 
atomic resolution on these very flat terraces. It should be mentioned, that these DySi2 islands 
can be identified much more easily by watching for sharp corners with the typical angles of 
the hexagonal symmetry and clearly straight edges, particularly on stepped and vicinal 
surfaces, as the Si(557) surface (see chapter 7).  

2.4.3 Reconstruction of dysprosium silicides at multilayer coverage on 
Si(111) 

At multilayer coverages the dysprosium silicides grow epitaxially and have a √3×√3R30° unit 
cell. The Dy3Si5 islands in STM images (see also figure 2.18) of the multilayers are 
characterized by a round shape of their edges. Linearly aligned edges could not be obtained. 
But for the double layer it was observed, that the Dy3Si5 islands have edges predominantly 
aligned in { 110 } directions but with softer corners [EPB06]. This difference could be 
explained by the structure of the √3×√3R30° unit cell. The √3×√3R30° structure model is 
shown in figure 2.19. The topmost layer is again a buckled graphite-like silicon layer, which 
is followed by a dysprosium layer underneath. But the next silicon layer is planar and has 

 

 
 

Figure 2.17: Structure model of the DySi2 monolayer with its 1×1 reconstruction, characterised by a 
buckled surface layer. 
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almost the same structure as the topmost layer, but every sixth silicon atom is missing 
[BFG90, LHV96, LHH96]. In this way the strain due to planarization could be reduced. The 
vacancies in the second layer have a strong influence on the tunneling probabilities.  

In the detailed STM image in figure 2.18 (b) three bright triangles are found with three 

 

 
 

Figure 2.19: Structure model of the Dy3Si5 multilayer with a √3×√3R30° reconstruction, 
characterised by a buckled surface layer and planar bulk layers with  Si vacancies. 
 

 

  
 

Figure 2.18: STM images of the √3×√3R30° reconstruction. (a) overview STM image with round 
edges of the √3×√3R30° multilayer structure indicated by the red dashed line. (b) detailed filled state 
image with the √3×√3R30° unit cell (red line). 
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protrusions and dark holes in between. The vacancy is located in the centre of the bright 
triangle, which corresponds to a position underneath a lower silicon atom of the topmost layer 
[EPB06]. This is in contrast to the results on the √3×√3R30° erbium silicide structure, where 
the orientation of the buckled top layer is opposite to the substrate Si(111) double layer, so 
that the vacancy is located underneath a higher silicon atom of the topmost silicon layer 
[WPP93]. 

As mentioned above, at thicker layers the Dy3Si5 islands show a round shape without 
the appearance of sharp corners and straight edges. This behaviour can be attributed to a 
density of the silicon dangling bonds at the edges, which is almost independent of the edge 
orientation. But for the double layer of dysprosium silicide it was observed that the top layer 
has an influence on the shape, so that the corners are softened only by the planar vacancy 
layer underneath and the edges are almost predominantly aligned in the { 110 } directions. 
However, with a higher amount of planar vacancy layers the influence of the top layer without 
vacancies decreases [MGV96, EPB06]. 

2.4.4 Electronic structure 

The electronic structure of the DySi2 monolayer and Dy3Si5 multilayer was not investigated 
up to now. Because of the similarities between erbium and dysprosium and thus erbium 
silicides and dysprosium silicides, which has already been mentioned in this work, the 
electronic band structure of erbium silicide shall be presented here, to compare the known 
results from erbium silicides to the electronic findings of dysprosium silicides. 

 

  
 

Figure 2.20: Electronic band structure of ErSi2 monolayer on Si(111). (a) Band dispersions along the 
 M , and K M  symmetry lines, (b) Brillouin zone for ErSi2 with determined electron pockets 
(green) and hole pockets (yellow) [WPP92, SMP93]. 
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ErSi2 monolayer on Si(111) 

It was found, that erbium disilicide on Si(111) is reconstructing in the hexagonal AlB2 
structure with alternating hexagonal Er planes and buckled graphite like Si planes along the 
[0001] direction [WPP92], which is similar to the dysprosium disilicide monolayer [EPB06]. 

The electronic band structure is shown in figure 2.20, as it was by Wetzel et al. 
[WPP92, SMP93]. To identify the mentioned bands and states, the blue markers provide an 
orientation in the band structure and in the surface Brillouin zone. Around the M  points two 
bands were found [see figure 2.20 (a)]. At a binding energy of only 0.1 eV one band has its 
minimum at the M  point and is crossing the Fermi level close to M  (marker 1). The second 
band has its minimum at 1.65 eV binding energy at the M  point (marker 2). From the M  
point to   it disperses to lower binding energies and is crossing the Fermi level close to the 
  point (marker 4). The results in the form of the surface Brillouin zone are shown in figure 
2.20 (b), characterized by small electron pockets around the M  points (marker 1) and a hole 
pocket around the   point. An almost circular shape for the hole pocket was suggested, while 
the shape of the electron pocket could not be determined. 

The shape of the hole and electron pockets will be studied in more detail as shown in 
chapter 6. 

Er3Si5 multilayer on Si(111) 

The defective ErSi2 multilayer is called in this work Er3Si5. The structural properties are very 
similar to the Dy3Si5 [EPB06]. The Er3Si5 multilayer consists also of alternating hexagonal Er 
planes and graphite like Si planes, which are parallel to the substrate surface, but with Si 
vacancies in the sublattices. This multilayer therefore reconstructs to a √3×√3R30° structure 
[PKW92]. 

The electronic band structure was investigated by Wetzel et al. [WSP94, SMS95] and 
will be shortly explained in the following. In figure 2.21 the findings are shown and the 
interesting features are again indicated by blue markers. The surface Brillouin zone of the 
multilayer structure is by a factor of 1/√3 smaller than the one for the monolayer, but also 
hexagonal [see figure 2.21 (b)]. The boundaries of the Brillouin zone of the multilayer 
√3×√3R30° structure is rotated by 30° and marked by the dashed lines, while the boundaries 
of the Brillouin zone of the monolayer 1×1 structure is indicated by the solid lined hexagon. 
The positions of the bands are therefore described using of the labels  , M , K  of the 
monolayer Brillouin zone and in addition to these labels using of the labels ' , 'M , and 'K  of 
the smaller Brillouin zone of the multilayer. Due to the rotation of the multilayer Brillouin 
zone compared to the monolayer Brillouin zone the directions of high symmetry from the 
monolayer case are  M  =  'M 'K ,  K  =  'M ' , and K M  = ' 'M , respectively. 

In figure 2.21 (a) the band structure of the multilayer is shown. At the M  = 'M  point 
an electron pocket is observed. This band has a minimum at a binding energy of 0.2 eV 
(markers1, 5). Due to the periodicity of the smaller multilayer structure this band appears at 
the M  = 'M  point and again at 'M . The second band at the M  point has a maximum at a 
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binding energy of 0.5 eV (marker 2, 5) and shows a minimum at the 'K  point at 0.7 eV. It is 
dispersing to lower binding energies and is reaching the Fermi level close to   (marker 4). 

The surface Brillouin zone with the resulting electron pockets at all 'M  points and the 
hole pockets at all '  points is presented in figure 2.20 (b).  

2.5 Interesting Questions 

In this work the band structure of dysprosium and erbium silicide nanowires on Si(001) and 
Si(557) will be presented. 

One aspect of this work is to study the unexpected similarity of the obtained band 
structures of the two different types of dysprosium nanowires on Si(001) despite of their 
strong structural differences. The more two-dimensional growth in ordered arrays of the thin 
nanowires is in strong contrast to the free standing broad nanowires. Thus the band structure 
will be studied in more detail to look for differences between the thin and broad nanowires. 
To show the analogy for all rare earth, which have very similar structural, electronic and 
chemical behaviour, the similarity of the band structure of erbium silicide nanowires will also 
be addressed in this work. As it was concluded from the ARPES data in [PPB05], the one-
dimensional electronic structure of the thin and broad nanowires will be tested by 
investigating the Fermi surface. 

Due to the recent investigations of nanowires and atomic chains on the Si(557) surface 
with different materials like Au and Pb [ACK01, RBH02, CCZ04, SRM04] and on vicinal 
Si(111) with higher miscut angles [HSB05], the interesting question appeared, if the 
deposition of rare earths on the facetted Si(557) would result in the formation of nanowires 
with different structural and electronical properties compared to the nanowires on Si(001) or 

 

  
 

Figure 2.21: Electronic band structure of Er3Si5 multilayer on Si(111). (a) Band dispersions along the 
 M  =  'M 'K , and  K M  =  'M ' 'M  symmetry lines [WSP94]. (b) Brillouin zone for 
ErSi2 with determined electron pockets (green) and hole pockets (yellow) [WLP08, SMS95]. 
 



2.5 Interesting Questions 

28 

if the layer-by-layer growth, which is known from rare earths on the planar Si(111), would 
take place on the small (111) facets of the Si(557) substrate surface, resulting in nanowires 
with two-dimensional electronic behaviour. 

In that context, also the electronic band structure of the DySi2 monolayer and the 
Dy3Si5 multilayer on Si(111) has to be studied by ARPES measurement, in comparison to the 
known electronic properties of erbium silicides [WPP92, SMP93, WSP94, SMS95]. 

In order to investigate all these interesting properties of the different structures on the 
various surfaces, different experimental methods are used, which will be presented in the next 
sections of this thesis before the results will be discussed in chapters 5-8. 
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Experimental Methods and Set-ups 

 

3 Experimental Methods 

In this chapter the applied experimental methods are described. All the methods are surface 
sensitive and thus well-suited for the investigation of the structural and electronic properties 
of nanostructures on surfaces. In the section 3.1 the basics of photoemission spectroscopy are 
described, while in section 3.2 the theoretical background for investigations with scanning 
tunnelling microscopy are introduced in short terms. In section 3.3 the low energy electron 
spectroscopy is described. 

3.1 Photoemission Spectroscopy 

Photoemission or Photoelectron Spectroscopy (PES) is an experimental technique based on 
the photoelectric effect, which was first observed by Hertz in 1887 [Her87] and explained 
theoretically by Einstein in 1905 [Ein05].  

3.1.1 PES in short terms 

 

 
 

Figure 3.1: Schematic set-up of a typical photoemission experiment on nanowires. 
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A typical photoemission experiment is carried out by irradiating a sample surface with 
monochromatic light with the energy hνE  . The electrons of the filled states of the sample 
can be excited by the photons, either into the empty states of the sample (inner photoelectric 
effect) or into the vacuum (outer photoelectric effect) depending on the energy of the photons. 

The kinetic energy of the outcoming electrons Ekin depends on the frequency of the 
incoming light  , but not on the intensity: 

ABkin ΦEhνE          (3.1) 

with the Planck constant h, the binding energy of the electrons EB relative to the Fermi level 
EF and the work function AΦ . 

The electrons can be detected using an electrostatic analyser, allowing to detect their 
kinetic energy Ekin and momentum p


. The electrons leave the sample under the polar angle 

Θ  and the azimuthally angle φ as shown in figure 3.1. From these angles the direction of p


 

is obtained. Since the spectrometer and the sample are electrically connected the measured 
energies of the electrons can be determined with respect to the Fermi level [IbL90, Hüf95].  

The outgoing electrons can be excited directly by the photons or by secondary effects 
within the sample. The directly excited electrons are called photoelectrons or primary 
electrons. Every measured spectrum consists of contributions from the photoelectrons and the 
secondary electrons, and unfortunately statistical noise. The development of synchrotron light 
sources with their very high intensities improved the signal-to-noise-ratio and further allowed 
to choose the optimum photon energy. The energetic contribution in a spectrum is shown in 
figure 3.2. The primary electron will be excited by the incoming photons from the valence 
band at binding energies of a few eV, or from a core level with binding energies ranging from 
some eV (e.g. Dy-4f core level) to much higher values (e. g. the Si-2p core level doublet at 

 

 
 

Figure 3.2: Correlation between the distribution of the energy levels of the electronic states inside the 
solid bulk and the distribution of the photoelectrons in the photoemission spectrum [LDB87]. 
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99 eV). They leave the sample without any energy loss, so that the spectrum displays the 
density of states of the sample. The secondary electrons are loosing their energy partially 
within the bulk due to different effects, which can be used as well for analysing the sample 
structure [DeS96]. A very important parameter for photoemission experiments is therefore the 
electron mean-free path Λ . It describes the average distance, which an electron can travel 
before an inelastic energy-loss process occurs. Figure 3.3 shows that the mean-free path is in 
the order of a few Ångström, which corresponds to only a few atomic layers and has a 
minimum at a kinetic energy of around 50 eV. The dependence of the mean-free path on the 
kinetic energy is almost similar for many materials. Thus it is possible to adjust the surface 
sensitivity by varying the kinetic energy of the electrons. The photoemission intensity can be 
described by 

 cos)E(-d
0 eII(d) .        (3.2) 

The distance of the electron from the sample surface is d, the total intensity I0, and   the 
angle between the direction of the emitted electrons and the surface normal. 

3.1.2 Angle-resolved Photoemission 

Angle resolved photoemission (ARPES) is a very direct method to obtain the electronic band 
structure of solid materials. As shown in figure 3.1, the spatial distribution of the 
photoelectrons is measured by varying the angles Θ  and φ. Thus it is possible to get 
information on energy and momentum of the outgoing electrons, which lead to information on 
the energy and momentum inside the material. Due to the conservation of the surface-parallel 
component of the momentum of the electron k


|| at the transition from an electron through the 

substrate surface into the vacuum, it is possible to obtain k


|| as follows: 

k


|| 










sin
cossinΘE2m

1
kine


       (3.3) 

The kinetic energy Ekin is measured and the angles Θ and φ are set, while m is the mass of an 
electron. By setting energy and angular distribution in context, the band structure can be 
obtained. In this process the surface-perpendicular component k


 remains undetermined, due 

 

 
 

Figure 3.3: The electron mean-free path Λ  as a function of the energy [Zan89]. 
 



3.2 Scanning Tunneling Microscopy 

32 

to the fact that there is no conservation of the momentum perpendicular to the surface. 
Additional information is needed to obtain this value. At low photon energies (below 100 eV) 
the momentum of the incoming photon is negligible compared to the momentum of the 
electron.  

In low dimensional systems, as they are investigated within this work, the electronic 
structure is characterized by a negligible dispersion along the surface normal. The electronic 
dispersion relation E( k


||) can therefore presented as a function of k


||. 

3.2 Scanning Tunneling Microscopy 

The first scanning tunneling microscope (STM) was invented by Gerd Binning and Heinrich 
Rohrer in 1981 [BRG82b, BRG82A]. Since its development, this technique has established 
very well for characterization and investigation of solid materials and their surfaces and has 
become a powerful tool, which is essential in the new age of nanotechnology. For their 
invention Gerd Binnig and Heinrich Rohrer received the Nobel price in 1986. The big 
advantage of this investigating technique is the possibility to image the surfaces directly in 
real space with atomic resolution. This helps to identify local defects or other non-periodic 
dislocations, which may have an influence on the physical properties. STM allows the study 
of surface reconstructions, surface defects, and adsorbates and their reconstructions.  

The main principle of scanning tunneling microscopy is shown in figure 3.4 
[BRG82b]. It is based on the tunneling effect combined with the possibility to scan with a 
sharpened, conducting tip within a short distance d over the sample surface without touching 
the sample itself. If there is a voltage VT applied between sample and tip, it is possible that 
electrons tunnel from the sample to the tip or vice versa, and a small tunneling current IT is 
measured in the range of a few pA up to several nA. The vacuum gap between sample and tip 
should be small, only a few Å, so that the electron wave functions of tip and sample overlap 
as they decay exponentially in the vacuum gap, see also figure 3.5. One of the first STM 
measurements was the determination of the (7×7) reconstruction of the Si(111) surface 
[BRG83], which had been predicted from low-energy electron diffraction (LEED) [ScF59], 
but was still under controversial discussion. 

In this chapter the theoretical aspects of STM will be introduced, followed by a 
presentation of the operational modes of STM.  

3.2.1 Theory of STM 

The basics of STM imaging can be understood qualitatively by a one-dimensional 
approximation. But up to now, there is no theory for STM based on assumptions for realistic 
three-dimensional surfaces. Inelastic effects are in most cases neglected. The most common 
theory to describe the tunneling process between the metal tip and the semiconducting surface 
is Bardeen’s tunneling matrix element together with the Tersoff-Hamann approximation for 
the tip. The complete description of the tunneling effect goes far beyond the scope of this 
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work. The main arguments will be presented here to allow a better understanding of the STM 
data in this work. For an intensive course into the theoretical background on the principles of 
STM several textbooks are suggested [Wie94, Bai95, GüW94, Che93, Blü98]. 

3.2.2 One-dimensional tunneling 

In the simplest case the tunneling from a metal tip through a vacuum barrier into a conductive 
sample surface can be described by the one-dimensional model with a potential barrier V0 of a 
finite height, as can be seen in figure 3.4. Considered classically, an electron with an energy 
E < V0 cannot exist within the barrier behind the barrier. In contrast, in a quantum mechanical 
description there is a possibility that the electron can tunnel from the tip into the sample 
surface or vice versa. The quantum mechanical tunneling effect is usually described by the 
Schrödinger equation: 

Ψ(x)EΨ(x)V(x)
x2m 2

22












 

      (3.3) 

with a potential barrier V(x) = V0, at 0 ≤ x ≥ s, and V(x) = 0 elsewhere. The solution of this 
equation is given by the electron wavefunction: 

 

 
 

Figure 3.4: Operational principle of the STM from [BRG82b]: A metal tip is scanned across a 
conductive sample in a distance s by the help of a piezo tripod px,y,z. The control unit (CU) controls the 
tunneling voltage VT and the tunneling current IT and is adjusting the voltage of the piezo in z-
direction. The measured tip height ss   (dashed line) depends on the topography of the surface (A) 
and on the electronic properties (B, C) and is additionally influenced by the geometry of the tip. 
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κxeΨ(0)Ψ(x)  ,        (3.4) 



E)2m(V
κ


 . 

The decay constant κ  depends on the work function and is real inside the barrier and 
imaginary outside. Hence the electron wavefunction Ψ(x)  is decaying exponentially inside 
this rectangular potential barrier. 

If the distance between tip and sample is reduced to a few Å, there will be a significant 
overlap of the wave functions of sample and tip. This means that the electrons of the tip can 
tunnel into the sample or vice versa. This is shown schematically in figure 3.5. If additionally 
a bias voltage is applied between tip and sample, the Fermi levels are shifted and a finite 
current can be measured. This voltage and current are called the tunneling voltage VT and the 
tunneling current IT. If VT > 0, the electrons tunnel from the occupied states of the tip into the 
empty states of the sample, and if VT < 0, the electrons tunnel from the occupied states of the 
sample into the empty states of the tip. 

The current density j behind the barrier can be calculated by using a transmission 
coefficient through the barrier, as demonstrated in quantum mechanical textbooks [Nol97]. 
The current density j depends exponentially on the tip-sample distance s, and also on the 
applied tunneling voltage VT, since κ  depends on the electron energy E = eVT: 

2κκej  .         (3.5) 

The statement that an STM is imaging the topography of the sample surface is only 
correct within restrictions. Mainly electrons near the Fermi level contribute to the tunneling 
current, while all electrons contribute to the atomic structure of the surface. A typical value 
for V - E = 4 eV implies that κ  is about 1 Å-1. When there is a change in the tip-sample 
distance of around 1 Å, a change of almost one order of magnitude for the tunneling current is 
the consequence. That means, that the top atom of the tip mainly contributes to the tunneling 
current. Scanning over the sample surface with this high sensitivity of the measured current  
IT in vertical direction results in an STM image obtained in the topographic mode. 

 

 
 

Figure 3.5: One-dimensional tunnelling trough a potential barrier [Iva05]. 
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On the other hand the tunneling of the electrons depends on the empty and filled states 
in the sample and in the tip and on the possible wave functions within the barrier. The 
structural effects cannot be separated from the electronical effects easily. Additional 
information is needed for the correct interpretation of an STM image. However, this 
dependence allows to investigate the local electronic structure. This method is called scanning 
tunneling spectroscopy (STS). The investigation of the local electronic properties can be done 
by obtaining the derivative dIT/dVT, which scales with the local density of electronic states. 
Another possibility is the voltage dependent topographic mode. Here STM images of the 
same area of the sample surface are measured with different voltages. This allows to 
chemically identify non-equivalent atoms [Blü98] or to study the electronic structure [Wie98]. 

3.2.3 Tunneling according to Bardeen 

Tunneling in a three-dimensional arrangement with three-dimensional potentials of sample 
and tip is a very complicated process. In addition the tunneling itself is not a direct and 
unidirectional process, but a transition of electrons and holes between states of the tip and 
states of the sample, because the wave functions of the atoms in the tip and in the sample 
superimpose partially. Hence they may be described by quantum mechanical perturbation 
theory. The tip and the sample will be considered as independent systems and the tunneling 
process as a transition of a carrier from a certain state of the one system to a state of the other 
system [TeH83, Che93]. Hence the tunneling current will be a solution of the time-dependent 
Schrödinger equation 

      s
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,   (3.6) 

with the states of the tip t
μΨ  with the energy t

μE  and analogous by the states of the sample 
s
νΨ  with the energy s

νE , the applied tunneling voltage VT, the Fermi distribution f(E) and the 
transition matrix element μνM . The sum will extend over all possible states in the tip and in 
the sample, but only elastic processes will be taken into account due to the δ -function. The 
Fermi distribution allows only tunneling from filled states into empty states. The Fermi 
distribution came close to a step function at room temperature and at the typical energy ranges 
of some eV. The approach based on Bardeen uses a parameterisation of the transition matrix 
element μνM : 
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The integral is taken over an arbitrary plane S


 between the system of the tip and the system 
of the sample [Bar61].  

Replacing now the sum by an integral over all states in tip and sample and modifying 
the transition matrix element M for all tip and sample states, the tunneling current amounts to 
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,    (3.8) 

Here the sρ  and tρ  are the electronic density of states of the sample and the tip. 
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3.2.4 Approximation by Tersoff-Hamann 

The most commonly used approximation of the matrix element and the tunneling current was 
expressed by Tersoff and Hamann [TeH83, TeH85]. The main assumption is made of the tip, 
which is characterized by a local spherical potential well being geometrically and 
electronically isotropic and having a contribution to μνM , which is mainly determined by 
wave functions with s-orbital shape. The density of states of the tip tρ  will be assumed as 
constant. The tunneling current then will be interpreted as an energy integral over the local 
density of states s.locρ  of the sample surface at the position R


 of the top most atom of the tip 

for a given energy: 

  
TeV

0
Flocs,tT dεεE,RρρI


       (3.9) 

The distance of tip and sample is not directly included, but the local density of states 
decreases exponentially into the vacuum. The tunneling voltage VT influences the tunneling 
current IT being the upper limit of the integral. 

A usual STM-tip barely meets the assumptions made by Tersoff and Hamann. Many 
STM images are influenced by tip changes in geometry, the geometry itself and also by the 
electronic structure of the tip. But this assumption is the most elementary and common 
assumption. 

Chen showed theoretically with the help of s-, p- and d-wave functions, that for some 
surfaces the experimental observed resolution and atomic wave amplitude can be achieved 
only with STM tips, which have specific wave functions of a higher angular momentum   
[Che91, Che93]. 

3.2.5 Constant current mode 

The scanning tunneling microscope can be operated in many different ways, so that the 
scientist can obtain real-space images of the sample surface as well as electronic information 
depending on the operation mode. 

The STM used for all STM measurement within this work is operated in constant 
current mode. While the tip is scanning over the sample surface, the tunneling current is 
measured and compared to a given value. A feedback slope is adjusting the distance between 
tip and sample, so that the tunneling current stays constant. This is shown schematically in 
figure 3.5. 

The tip sample distance depends on the tunneling voltage and the reference value for 
the tunneling current. A typical value for this distance is 1 nm, and decreasing the tip sample 
distance about 1 Å increases the tunneling current by about a factor of 10, as shown in section 
3.2.1. The STM signal is the height of the tip over the sample surface, but this does not only 
represent the topography of the sample. The same height in this signal represents the same 
integrated local density of states of the sample at the position of the tip for the energy integral 
from E = EF up to E = EF + eVT. This means, that the electronic states with higher energy 
contribute stronger to the current than states with lower energy. 
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The advantages of the constant current mode are obvious. Because of the steady 
readjustment of the height from the tip over the sample surface, a very stable and fast scan is 
possible, so that the surface and also the tip will not be disturbed. Tunneling currents used in 
this work are 100 pA – 1 nA. 

3.2.6 Voltage-dependent imaging 

An STM image is always a composition of the structural and electronic and thus also 
chemical properties and features. In this way, voltage-dependent imaging is a very good tool. 
As mentioned above in section 3.2.1, the tunneling current depends not only on the height 
difference, but also mainly on the local density of states.  

When a low bias voltage is applied to the sample, the STM measures a contour of the 
constant density of states due to EF [TeH83, TeH85]. The tunneling probabilities can depend 
stronger on the applied sample voltages, especially when semiconductors or molecules are 
observed, where the localized orbitals play a stronger role. STM images taken at very low 
voltages sometimes show different heights or different appearance of the same structure. 
Lower heights at lower voltages can indicate lower tunneling probabilities and then a lower 
metallicity of the observed structure. The influence of the tunneling probabilities near the 
Fermi level and in the case of semiconductors the influence of the localized orbitals is 
reduced at higher voltages. Above voltages of 2 V the obtained image mainly shows the 
topography of the sample surface. 

In this work, the observed atoms on the surfaces are mainly silicon and dysprosium 
atoms. Silicon is an element of group IV in the periodic system, while the rare earth 
dysprosium is trivalent. Silicon has a higher electronegativity, resulting in a polar bond, so 
that electrons will be pulled towards the silicon atoms. Hence the dysprosium atoms appear 
preferentially at positive sample voltages due to their lower electronegativity, or when they 
are positioned clearly higher than the surroundings.  

3.3 Low Energy Electron Diffraction 

This technique is called shortly LEED, and is mainly used for analysing the structural 
properties of surfaces of solid materials and/or thin layers. It is a very easy method to obtain 
information about the surface reconstruction, the lattice constant of the surface and of the 
underlaying bulk layers. The sample will be hit by an electron beam with electrons with 
energies in the range of 20 eV up to 500 eV. This corresponds to wave lengths of around 
0.1 nm, according to the interatomic distances in the crystal lattice. Because of the very little 
penetration depth of the electrons into the sample material, LEED is a very surface sensitive 
method. Thus only the diffraction pattern of the first atomic layers will be obtained. The low 
energies of the electrons and the aim to obtain the structural properties from clean surfaces, 
require ultra high vacuum conditions for this diffraction method, too.  
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 In this work LEED was used in addition to STM and ARPES measurements, because 
of the different way of this method for obtaining the structural properties and because of its 
very short experimentally required time for receiving results, which allows a short view to the 
“quality” of the prepared sample. Details on this method are given in reference [ErK79]. 
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4 Experimental details 

In this chapter the sample preparation method will be explained in section 4.1. The 
experimental set-ups for the different experimental methods are presented in section 4.2 for 
the ARPES measurements and in section 4.3 for the STM measurements. 

4.1 Sample preparation 

The sample holders for STM and ARPES are shown in figure 4.1. They consist of two 
molybdenum blocks, which are electrically isolated by small ceramic pieces. The sample is 
cramped between the Mo blocks and Mo pieces, which are screwed to the Mo blocks. 
Molybdenum is used in order to avoid contamination due to Ni from stainless steel parts, 
since a contamination of the sample by Mo atoms was not observed. The sample is heated by 
passing a direct current trough the wafer. For STM the electrical connection was done over 
two pins, where the sample holder was sticked on, and for photoemission the sample holder 
was connected for every single heating with two cupper stickers by touching electrically 
insulated parts of the sample holder. 

The Si wafers used within this work were grown commercially by the Czrochalsky 
method [WeH79], chemically etched and mechanically polished. The samples were cut from 
the wafer by marking with a diamond scriber and breaking along the scribing line. The sample 
was then rinsed with ethanol and water. After mounting on the sample holder, as shown in 
figure 4.1, the sample was brought into vacuum. The n-type Si(001) and Si(111) samples 
were phosphorus doped with a resistivity of 1 – 10 Ωcm (MaTech). The p-type Si(557) 
samples were boron doped with a resistivity of 1 – 20 Ωcm.  

In the UHV the samples were outgassed at 600 – 800°C for several hours. For cleaning 
the sample surface from the oxide layer the samples were annealed several times for 10 s up 
to 1200°C, which is a usual procedure. The surface reconstructions will be achieved by a slow 
cooling down between 800°C and room temperature, to provide enough time, which is 
necessary for the defect-free formation of the surface reconstructions. The sample temperature 
was controlled by an infrared pyrometer with an accuracy of ±20°C. 

To avoid contamination of the samples and adsorption of defect atoms ultra high 
vacuum conditions are required. The base pressure in the UHV chamber was 5·10-11 mbar and 
was not leaving a maximum pressure of 10-10 mbar during the whole flashing procedure and 
evaporation process. Excellent ultra high vacuum conditions are prerequisite for the 
investigation of rare earth silicides in order to prevent oxidation. 

The growth of the different silicides was done by evaporating the dysprosium or 
erbium onto the silicon substrate. The evaporators used in this work are electron beam 
evaporators, where an electron beam coming from a tungsten filament heats up a tungsten 
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crucible. A schematic drawing of an evaporator is sketched in figure 4.2. The amount of rare 
earth exposure was determined using a quartz-crystal microbalance with an accuracy of 
±20%. After the evaporation process the sample was annealed at the desired temperature 
between 450 – 800°C. The rare earth exposures were determined using a quartz-crystal 
microbalance with an accuracy of ±20%.  

The evaporators are the same for all measurement set-ups and are mounted to the 
preparation chamber, that it was possible to measure the thickness rate by a quartz-crystal 
thickness rate monitor with an accuracy of ± 20%. In every set-up a LEED system was 
installed to check the surface structures by a short snapshot. 

 

 
 

Figure 4.1: Sample holder for ARPES and STM. 
 

 

 
 

Figure 4.2: Schematic drawing of a evaporator [Lös07]. 
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4.2 Photoemission 

4.2.1 Synchrotron radiation 

Synchrotron radiation is emitted by charged elementary particles, e.g. electrons, when they 
are accelerated. It is electromagnetic radiation, which is generated by accelerating electrons 
with a velocity close to the velocity of light in a storage ring by a magnetic field. The 
emission of the electromagnetic light, the synchrotron radiation, occurs in forward direction 
tangentially to the electron trajectory.  

The photoemission experiments were performed with synchrotron radiation at the 
Berliner Speicherring für Synchrotronstrahlung BESSY II [Bes08]. BESSY II is a 
synchrotron light source of the third generation. It was built only for the generation of 
synchrotron radiation. The use of an undulator offers a very high brilliance [KEF83]. At 
BESSY II the synchrotron radiation is generated as follows: The electrons are emitted by 
thermal emission and accelerated by a anode potential of 100 keV. Then they are accelerated 
to higher energy up to 50 MeV in a microtron, before they are injected to the vacuum 
synchrotron ring. They are again accelerated by alternating fields of a cavity resonator until 
the end energy of 1.7 GeV, which corresponds to a velocity of the electrons amounting to 
99.999995% of the light velocity. After reaching the end energy the electrons are injected into 
the storage ring [Bes08]. 

The experiments for this work were performed at the beamline U125/2-SGM (Berliner 
Universitäten Strahlrohr – BUS). The undulator 125/2 is a hybrid type undulator with 32 
periods (32 mm long) of alternating magnets, which can generate light of the energy between 
10 – 600 eV [MKS99, Bes08]. The experiments were performed at a photon energy of 41 eV 
due to the optimum effective cross section to obtain the studied valence band structure and the 
shortest mean-free path of a free electron in a solid of around 5 Å. 

4.2.2 Monochromator 

The monochromators is shown schematically in figure 4.3. It has a spherical grating, which is 
optimised for high energy resolution. A variable entrance angle and a moveable exit slit are 
used, which allow a fixed focus operation and minimises grating imperfections. 

The optical path is sketched in figure 4.3. The synchrotron radiation is focussed on the 
entrance slit by a horizontal water-cooled cylindrical mirror M1. The at a small angle (11° – 
16°) turnable, plane mirror M2 varies the incident angle on the grating. The monochromators 
has three spherical gratings with a radius of 41 m and n = 700, 1100 and 2200 lines/mm, to 
provide an energy range of 35 – 500 eV. Due to the possibility to move the exit slit about 
±500 mm along the beam there are ranges without significant grating imperfection at 40 –
 50 eV, 70 – 90 eV and 150 – 190 eV. The beam is focussed by two exchangeable toroidal 
mirrors M4x to three different end stations [MKS99]. Here the 10° outlet line was used. 
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4.2.3 Electron-energy analyser 

To obtain the surface properties it is necessary to investigate the sample surfaces inside ultra-
high vacuum (UHV) with a pressure below 10-10 mbar due to avoid adsorbates from the 
residual gas, which are changing the surface properties. The ARPES experiments were done 
at two different set-ups, which are different in the form of the analyser. The first set-up was 
equipped with a Scienta SES-100, which will be explained in the following, and the second 
one with a toroidal analyser, which will be explained in section 4.2.5. 

4.2.4 ARPES set-up: Scienta 

Most of the energy distribution curves were analysed by a Scienta SES 100 electron-energy 
spectrometer with a working range of Ekin = 1 – 1500 eV and an energy resolution of 
< 3 meV. The spectrometer consists of a spherical analyser with a radius of 100 mm and a 
microchannel plate for a two-dimensional detection of both energy and angle [Gam08]. 

A typical microchannel plate detector is a combination of millions of small electron 
multipliers, which are arranged parallel to each other on a two-dimensional array. A usual 
electron multiplier consists of many serially arranged dynodes. An electron, which hits the 
first dynode, is exciting there secondary electrons, which are accelerated to the next dynode. 
This process is continued over all dynodes and a signal of 104 – 107 electrons per incoming 
electron can finally be detected [Pru94]. The electron multipliers inside a microchannel plate 
detector instead consist of small lead glass tubes with a surface treatment, which is optimised 
for emitting secondary electrons. Every tube is a continuous dynode. The whole microchannel 

 

 
 

Figure 4.3: Optical beam path inside the spherical monochromators at beamline U125/2-SGM with 
grating (red), mirrors (blue) and slits (green) [MKS99]. 
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plate has metallic surface coatings on front and back side, which act as electrodes for the 
electron multiplier channels. Hence a microchannel plate allows to take several spectra 
simultaneously, which results in a strong reduction of measurement time [Wiz79]. 

The experimental set-up consist of two chambers, which were connected by a valve, as 
shown in see figure 4.4. The chambers are vertically arranged and a manipulator is 
transferring the sample quickly from the preparation chamber into the analyser chamber. The 
manipulator allows a positioning of the sample in the three translation directions by 
micrometer screws and to rotate the sample around two perpendicular axes. The angle Θ can 
be varied over a range of 360°, which allows the measurements of the energy distribution at 
different exit angles. To measure in the direction along the wires or perpendicular the sample 
holder can be rotated by the angle φ. The manipulator has the possibility to heat the sample 
directly heating up to a current of 3 A. 

Both chambers are equipped with a cooling trap, which can be filled with liquid 
nitrogen, combined with a titanium sublimation pump. The upper preparation chamber is 
pumped continuously by a turbomolecular pump and the measurement chamber by a ion 
getter pump. An electrical feedthrough in the preparation chamber can be moved inside the 
chamber to connect its two copper sticks with the electrodes of the sample holder to heat up 
the sample. This treatment is necessary due to the high current of 11 A, which is required for 

 

 
 

Figure 4.4: Schematic drawing of the ARPES set-up with Scienta analyser[Lös07]. 
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heating up the sample to 1200°C.  
The analyser chamber was connected to the beamline. The position of the sample 

towards the beam and the analyser was controlled by a small window in the direction to the 
analyser. 

Measurement 

The sample was prepared as described above in section 4.1. After sample preparation the 
sample was transferred into the analyser chamber, the angle was set and the position of the 
sample was controlled through the small analyser window. The valves of the beamlines were 
opened, and a fine tuning of the position sample-beam-analyser followed. The measurement 
was started and the obtained spectra usually required more than one loop to obtain an 
acceptable signal-to-noise ratio. In one position the analyser allows to measure an angular 
range of 7.5°. In order to allow a sufficient overlap the angle was at the manipulator had to be 
changed by 5° for the next data set. Usually a total an angular range of 52.5° was measured. 

Analysing 

A measurement series for an angular range of 52.5° consists of more than 300 single spectra. 
To obtain the total valence band structure, it is necessary to overlap the different 7.5° wide 
data sets. These spectra can be presented as a series of spectra. Even better is a presentation, 
which allows to see every important band. For this purpose the single spectra are set together 
into a greyscale picture as it is done in the present work. Some of the states at the Fermi level 
are very weak compared to the rest of the spectra. Thus it was favoured to present the data in 
a quasi three-dimensional relief map using illumination by a virtual light source. The bright 
appearance in an image is not always equal to a high intensity, due to the fact that dark 
positions correspond to shadows and bright colours to reflections. It is possible, that the 
position of a band or state seems to be shifted due to this way of presentation. For the 
determination of the unfiltered position of the bands the binding energy was related to the 
Fermi level. 

The measured angles were set to zero at the symmetry point of the surface Brillouin 
zone related to  . This was performed by evaluating the angular distances and by 
comparison to other known band structures. The given symmetry points are therefore 
comparable for all measurements of the same sample orientation.  

The error given in this work amounts in the energy distribution curves to 0.1 eV. 

4.2.5 ARPES set-up: Toroidal analyser 

This set-up consists of two main chambers and two small chambers, the analyser chamber, the 
preparation chamber, a transfer cube and a load lock, as it is shown in figure 4.5. The load 
lock allows changing easily the sample and is connected to the preparation chamber. The 
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preparation chamber is equipped with a number of gadgets for sample preparation due to the 
broad variety of use of this set-up for investigations in many different fields of physics, 
biology and chemistry. Only the experimental gadgets, which are used in this work, are 
mentioned. The evaporators are installed in the preparation chamber, so that it was possible to 
obtain a thickness rate with a similar quartz-crystal microbalance as used in the other 
experiments. The sample heating was done by the above mentioned two copper sticks from an 
electrical feedthrough. 

After preparing the sample, it was transferred to the transfer cube for mounting to the 
manipulator. The manipulator allows to vary the position in the three different translation 
directions and in addition it was possible to rotate the sample around three perpendicular axes, 
the angle Θ to rotate towards the beam, φ to rotate the sample by 360° to obtain an energy 
surface and ε to position the sample. The sample was aligned to the beam and set into the 
centre position by a laser alignment system. 

The big advantage of the toroidal analyser system is the possibility to rotate the sample 
while measuring it around 360° to obtain energy surfaces. For this purposes the sample was 
measured at the same time by a full Θ range of 180° followed by a 1° step in φ. The method 
of operation is shown in figure 4.6. Furthermore it was possible to measure the energy 
distribution curve in a wider range than in the Scienta system. The acquired data were 
analysed by a program, which was written in Igor especially to analyse the data of the toroidal 

 

 
 

Figure 4.5: Toroidal analyser at BESSY II [Huw08]. 
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analyser. In this program it is possible to change from kinetic energy to binding energy by 
setting the Fermi level by hand or by fitting the Fermi edge. The data for the energy surface 
were transformed to k


|| space having the round shape. The analysis of data taken at one 

specific φ also allowed to drive band dispersion curves. 
The characteristic chamber system was equipped with turbomolecular pumps, ion 

getter pumps, cooling traps and titanium sublimation pumps. The vacuum system and the 
partially motorised motion are controlled by a LabView program. The data acquisition 
software is also written in LabView [Tor08].  

In this work only energy distribution curves and constant energy azimuthal scans were 
obtained with the toroidal analyser. 

4.3 Experimental STM set-up 

In this work a home-built STM was used. The STM chamber was initially developed to carry 
out ballistic electron-emission microscopy (BEEM) experiments. After many improvements 
and design changes for a better isolation against vibrations and a corrected tunneling current 
detection, the last big improvement was done by Norman Tschirner during his diploma thesis 
[Tsc05]. He connected a versatile preparation chamber including a LEED apparatus to the 
already existing STM chamber. 

4.3.1 The scanning tunneling microscope 

The STM chamber is containing the microscope (see figure 4.7) itself and a tip-heating stage 
with a tip storage. The STM head is built using a sectorised piezo tube for scanning [BiS86]. 
The STM is equipped with a walker, which carries the STM head including the tip towards 
the sample in order to reach the piezo scan range. The “walk” towards the sample is done by 
applying a sawtooth voltage to three crossed pairs of shear piezos with sapphire balls 
underneath, sliding on a polished stainless steel plate. This approach can initially be 

 

 
 

Figure 4.6: Toroidal analyser at BESSY II [Huw08]. 
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controlled manually by observing the tip through an optical microscope. When the tip and its 
mirror image on the reflecting sample surface are almost touching each other, an automatic 
approach follows.  

Next to the walker an in-situ preamplifier for the tunneling current is mounted. The 
bias voltage is applied to the sample. The tunneling current is measured at the tip.  

The electronic control was also home-built, consisting of three units: The main control 
electronics with the feedback loop and the computer interface, the high-voltage amplifier with 

 

 
 

Figure 4.7: Schematic drawing of the STM [Lös08]. 
 

 

 
Figure 4.8: STM set-up: In front the preparation chamber with the evaporators, the sample storage and 
behind the STM chamber. 
 



4.3 Experimental STM set-up 

48 

a xyz-plane correction unit for the piezo signals, and a control unit for walker operation 
generating a very sharp sawtooth voltage for the shear piezos. All operations can be 
controlled by a conventional computer. For tunneling always the constant-current mode is 
used.  

The microscope unit is hung on three springs and damped by eddy current breaks for a 
good vibration isolation against the environment.  

The sample preparation is performed inside the preparation chamber (see figure 4.8). 
The transfer of the sample within the preparation chamber and into the STM chamber is done 
by two different transfer rods. The preparation chamber is equipped with an evaporation stage 
for four evaporators with shutters, a quartz-crystal connected with a thickness rate monitor, a 
load lock for an easily sample exchange, a sample storage, a LEED system and a quadrupol 
mass spectrometer. 

4.3.2 Tip preparation 

The quality of a tip is a strongly discussed issue at STM measurements. The theory usually 
assumes an atomically thin tip, which cannot be produced. The best resolution on planar 
surfaces was obtain by tips with a sometimes very crazy shape. For the observation of a 
stepped surface or a three-dimensional structure a very sharp tip is needed. Only a sharp tip 
can scan easily into deep holes. The tips used in this work were made from tungsten wires by 
electro-chemical etching in NaOH [IBB90]. As a result of the etching process an oxide layer 
is covering the tip. This is removed inside vacuum by electron beam bombardment on the tip 
[Che93, EWC99]. 
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Results and Discussions 

 

5 Electronic properties of nanowires on Si(001) 

The structural properties of the rare earth silicide nanowires on Si(001) have already been 
discussed in section 2.3. Now mainly the electronic properties and the band structure will be 
discussed. For comparison ARPES data of the clean Si(001)2×1 surface will be presented in 
the first section. In section 5.2 the band structure and the electronic properties of the broad 
nanowires will be discussed in detail and in section 5.3 the results on the other wire type, the 
thin nanowires will be presented, which are in contrast to the first data presented in reference 
[PPB05]. In the fourth part of this chapter the electronic properties of the erbium silicide 
nanowires will be described.  

First investigations of the electronic structure of dysprosium silicide nanowires were 
reported by Preinesberger et al. [PPB05]. These experiments were performed at both 
nanowire types and show a strong dispersion of electronic states along the nanowires, which 
are crossing the Fermi energy. This demonstrates one-dimensional metallicity. The electronic 
structure of broad dysprosium silicide nanowires was also investigated using STS by Nogami 
et al., who found a metallic behaviour [NLK01]. 

5.1 Band structure of the clean vicinal Si(001)2×1 surface 

The ARPES measurements require nanowires, which are aligned in one direction. Hence only 
the data of the vicinal Si(001) surface will be described in this work. The clean vicinal 
Si(001)2×1 surface is characterized by Si dimer rows, which run along the [110] direction, 
which is perpendicular to the edges of the doubleatomic steps (see figure 5.1). This surface is 
very sensitive to electron migration, which appears when the substrate is heated by direct 
current heating. It can straighten the surface step, if the current flows along the step edges. In 
the case of perpendicular flow the steps were more frazzled and kinks and also monatomic 
steps can occur.  

In order to decide which features in the electronic band structure of the dysprosium 
silicide nanowires differ from the band structure of the vicinal Si(001)2×1 surface, it is 
necessary first to analyse ARPES data of this clean surface, which are shown in figure 5.2.  
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Due to the experimental limitations it was not possible to rotate around the 001  point 
in both directions, since the rotation occurred around the surface normal. Thus it was not 
possible to reach the 001  point when measuring along the nanowires, because the angle was 
varied around the )4(

001
  point. The )4(

001
  point is related to the average of the substrate 

surface, which is 4° off the original 001  point. This notation will not be used in the following 
(see Ref. [Joh90, JUM90, UhH91, ESK90]).  

 

 
 

Figure 5.1: Filled state STM image of the clean vicinal Si(001)2×1 surface, taken at a sample voltage 
of -1.5 V and a tunneling current of 500 pA. 
 

 

 
 

Figure 5.2: ARPES data of the bare vicinal Si(001)2×1 surface (a) along and (b) perpendicular to the 
step edges, which corresponds to the directions (a) perpendicular to the Si dimer rows and (b) along 
them, respectively. The photon energy amounts to hν  =  41 eV. 
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The typical value for the Fermi level of the Si(001) surface of 0.6 eV above the bulk 
valence band maximum on n-type silicon can be derived from the data in both directions, 
along the step edges and perpendicular to the step edges [Mön95, MKK81, DaM00]. 

The most extended experimental study on the electronic structure of Si(001) was done 
by Johansson et al. [JUM90, DaM00]. Several studies are concerning the same question, but a 
band in the band gap due to the dangling bonds of the Si dimer atoms was not found 
[DaM00]. In the ARPES spectra presented here along and perpendicular to the step edges 
[figure 5.2 (a) and (b)] the valence band maximum could be observed at 0.54 ± 0.1 eV 
binding energy and the semiconducting character could be confirmed, but surface states were 
not found. 

5.2 Band structure of broad nanowires on Si(001) 

5.2.1 Structural properties 

The STM images of the broad nanowires on vicinal Si(001) are shown in figure 5.3. The 
nanowires grow parallel to the step edges and are therefore perfectly aligned in the same 
direction on the vicinal Si(001) surface.  

It is shown in figure 5.3 (a) that on vicinal Si(001) the nanowires can grow in bundles 
at higher annealing temperatures of 600°C. Due to the formation of the silicide the periodicity 
of the steps can change, as it is shown in the detailed STM images in figure 5.3 (a) and (b). 
The height contour in figure 5.3 (c) is taken from (b). The height contour shows the height of 
a freestanding nanowire compared to the substrate surface. The height of 3.9 Å of this broad 
nanowires is in good agreement with former results and the structure model, which was 
shown in section 2.3.1.  

5.2.2 Band structure 

The ARPES data in figure 5.4 show the valence band structure of the broad dysprosium 
silicide nanowires on the vicinal Si(001)2×1 surface. As mentioned above, these broad 
nanowires grow at coverages of 1 – 2 Å Dy and an annealing temperature of 600 – 700°C.  

In figure 5.4 (a) the spectra parallel to the broad nanowires are shown. The difference 
between the spectra of the clean silicon surface and the spectra of the broad nanowires is 
obvious. The band gap between the valence band maximum and the Fermi level is filled by 
strongly dispersing bands. The band structure of the clean surface is suppressed and the Dy-4f 
peak is located around a binding energy of 4.6 eV.  

Three strongly dispersing bands could be clearly observed, which are crossing the 
Fermi level indicating metallicity. The band with the highest intensity has its minimum at the 
centre of the Brillouin zone, at the   point and a binding energy of around 0.35 eV. The two 
other dispersing bands are located at off-normal directions. They are centred at the boundary 
of the Brillouin zone, around the J  point at k


|| = 0.82/Å. They are laying one above the other 
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and are both crossing the Fermi level. The upper one has its minimum at almost the same 
binding energy as the dispersing band at   at 0.35 eV. The lower band has the same centre, 
the J  point, but the minimum is located at 0.6 eV binding energy.  

The described bands have an almost parabolic shape, so that a free-electron-like 
dispersion is assumed. A quantitative analysis of these bands shows effective masses of 
(0.55±0.1) me for the upper band at the J  point as well as for the band at the   point, and of 
(0.72±0.1) me for the lower band at J .  

The electron filling of the bands, when a filled band is set to 1, is obtained by 
measuring the extension of the filled states in k


|| direction. It amounts to (0.26±0.05) for both 

small bands at   and J , while the lower band at J  is filled by (0.47±0.05). This corresponds 
to an almost completely filled (0.99±0.15). This band filling indicates an even number of 
electrons per unit cell. Because of the valencies of dysprosium and silicon, such a situation 

 

 
 

Figure 5.3: STM images of broad dysprosium silicide nanowires on Si(001) (a) filled-state image of a 
bundle of nanowires prepared at 1 Å Dy and 600°C (VT = -2.5 V, 0.2 nA), (b) filled-state image of a 
free-standing nanowire prepared at 0.5 Å Dy and 550°C (VT = -2.5 V, 0.1 nA), (c) height contour taken 
from (b) along the blue line. The image in (b) is filtered in order to increase contrast on the different 
terraces. 
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can only be achieved when two dysprosium atoms contribute , as e. g. in the nanowires with 
double height displayed in figure 2.8. 

These results are in contrast to the former investigation from [PPB05] and [YKL05]. 
Preinesberger et al. [PPB05] observed only one band at the J  point with 0.54 me as effective 
mass. This effective mass is lower than the one observed here for the lower band at J . The 
observed derivations can be related to better resolution in the present experiments. Yeom et 
al. found with gadolinium silicide nanowires on Si(001) two dispersing bands at the J  point, 
but no dispersing band at the   point. Yeom et al. noted [YKL05] similar, but slightly higher 
values for the effective masses of the two bands at the J  point (0.91 me for the lower band 
and 0.63 me for the upper band). The electron filling of the both bands amounts to only 0.65. 

The existence of a symmetry point at J  indicates a periodicity of 3.8 Å corresponding 
to a nominal (n×1) structure on the surface. On top of the broad nanowires a 2×1 
reconstruction was observed, and also the Dy and Si atom chains underneath the surface have 
a lattice constant of 3.8 Å [PBV02]. The symmetry of the bands is thus in nice agreement 
with the periodicity. 

The appearance of dispersing bands crossing the Fermi level is a clear indication of a 
metallic surface. In this case, we conclude, that the nanowires are metallic in the direction 
along the nanowires. To use these nanowires as interconnects, it is not only necessary to 
know, that these nanowires are metallic in nanowire direction.  

It is also important to know the states in the band structure in the perpendicular 
direction. In figure 5.4 (b) the ARPES data are taken in the direction perpendicular to the 
broad nanowires. A dispersion of bands in this perpendicular direction could not be observed. 

 

 
 

Figure 5.4: ARPES data of the broad nanowires on Si(001) taken (a) along and (b) perpendicular to 
the nanowires, which corresponds to the directions (a) along and (b) perpendicular to the step edges, 
respectively. The nanowires were prepared with 1 Å Dy and an annealing temperature of 600°C. The 
photon energy amounts to hν = 41 eV. 
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At the Fermi level only an intensity variation is visible. This variation would correspond to a 
periodicity in real space of around 15 Å. This factor agrees well with the observation, that the 
thin dysprosium silicide nanowires have a 2×4 periodicity on vicinal Si(001), as it was 
reported from Preinesberger et al. [PPB05]. On planar Si(001) this periodicity was also 
observed [LiN03]. The appearance of thin nanowires between the broad nanowires was 
observed in the whole range of annealing temperature. However, more detailed experiments at 
different photon energies are required to solve this issue. 

The ARPES data for the broad nanowires are in rather good agreement with former 
results on the broad nanowires from Preinesberger et al. [PPB05] and Nogami et al. [NLK01]. 
Nogami reported, that the broad nanowires are metallic by using STS. Preinesberger 
presented ARPES data of dysprosium silicide nanowires and observed a dispersion of one 
band at the   point and one band at the J  point. He and his colleagues found no dispersion 
of bands in the direction perpendicular to the nanowires, but also no intensity variation. The 
conclusion was made, that the broad nanowires are metallic. This conclusion was confirmed 
in this work. The present results give more precise information on the valence band structure 
of the broad dysprosium silicide nanowires. The occurrence of two bands at the J  point is 
shown in more detail due to the higher resolution in the ARPES measurements. The same 
bands, which are described above, also appear at the different preparation conditions in the 
0.5 – 2 Å Dy coverage range and at annealing temperatures between 550 – 650°C. 

In figure 5.5 the energy surface of the broad dysprosium silicide nanowires is shown 
for a binding energy of 0.03 eV. It supports clearly the conclusions drawn from the energy 
distribution curves: The electronic band structure of the broad nanowires is one-dimensional 

 

 
 

Figure 5.5: Energy surface at 0.03 eV binding energy of broad dysprosium silicide nanowires 
prepared with 1 Å Dy and an annealing temperature of 600°C. The photon energy amounts to 
hν = 41 eV. 
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along the nanowire direction. At lower temperatures or lower coverages of dysprosium no 
indication of such one-dimensional features in an energy surface was found.  

5.3 Band structure of thin nanowires on Si(001) 

5.3.1 Structural properties 

The STM images in figure 5.6 show thin dysprosium silicide nanowires prepared at 1 Å Dy 
coverage and different annealing temperatures. In section 2.3.2 the thin dysprosium silicide 
nanowires were described in detail. The observation of only thin nanowires covering the 
silicon surface was restricted to annealing temperatures lower than 500°C. As it is presented 

 

 
 

Figure 5.6: STM images of thin nanowires on planar and vicinal Si(001) prepared with 1 Å Dy at 
different annealing temperatures: (a) 450°C, (b) 500°C on vicinal Si(001), (c) 500°C on planar 
Si(001), and (d) 550°C on vicinal Si(001). 
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in figure 5.6 (a), also at 450°C single broad nanowires were found between the thin nanowires 
on the vicinal Si(001). The amount of broad nanowires at this low annealing temperature is 
negligible. At higher annealing temperatures more broad nanowires are observed between the 
thin nanowire arrays indicated by arrows in figure 5.6 (b), (c), and(d). It should be noted, that 
for the ARPES measurements, which do not resolve the electronic structure in a local position 
on a substrate, but on the average substrate surface, it is necessary to prepare a sample surface 
with thin nanowires only. This occurs only at annealing temperatures lower than 550°C. 

5.3.2 Band structure 

The thin nanowires show a different band structure, as it is presented in figure 5.7 (a) and (b), 
compared to the ARPES data for the broad nanowires. These results differ much from the first 
results from Preinesberger et al. [PPB05]. He reported on dispersing states from thin 
nanowires practically identical as those of the broad nanowires. The results taken in this work 
show a completely different situation. The results shown in figure 5.7 (a) and (b) will be 
explained and the reason for this big difference will also be commented in the following. 

As it was explained in detail in chapter 2.3.2 the thin nanowires will be prepared with 
a coverage of up to 1 Å Dy and an annealing temperature between 400 - 550°C [PBD03]. At 
this high temperature already broad nanowires are formed, too. Photoemission is a method, 
which takes an average over the sample surface, in contrast to STM, where the electronic 
density is measured locally. To be sure, that measured photoelectrons are coming only from 

 

 
 

Figure 5.7: ARPES data of the thin nanowires on Si(001) (a) along and (b) perpendicular to the 
nanowires, which correspond to the directions (a) along and (b) perpendicular to the step edges. The 
nanowires are prepared with 1 Å Dy and an annealing temperature of 500°C. The photon energy 
amounts to hν = 41 eV. 
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thin wires on the surface, it is necessary, that the surface is covered only by the thin 
nanowires without any broad nanowires in between. As it was observed from several STM 
images, for example in figure 5.6, the broad nanowires also occur at lower density at 550°C, 
and even at 500°C. Lowering the annealing temperatures reduces the amount of broad 
nanowires on the surface. For ARPES measurements on the thin dysprosium silicide 
nanowires the influence of the broad nanowires needs to be excluded. The temperature was 
thus lowered to 500°C, because at these temperatures almost no broad nanowires were 
observed in the STM measurements, in agreement with references [PBV02, PBD03, PPB05]. 
The coverage of dysprosium was not lowered to make sure, that the surface is covered 
completely with the thin wires, so that the influence from the clean surface or a different 
reconstruction, which may occur at lower coverages, can be minimised. 

At an annealing temperature of 500°C the ARPES spectra [figure 5.7 (a) and (b)] show 
some differences compared to the spectra of the clean Si(001)2×1 surface, but the bulk related 
states are still visible. Just a beginning dispersion could be obtained around the )4(

001
  point at 

a binding energy of 0.6 eV in figure 5.7 (a).  
At lower binding energies in the band gap of the Si(001)2×1 surface an additional very 

weak band can be observed. The intensity is too low to decide, if there is a dispersing band or 
electronic state at all reaching the Fermi level. If there are already existing broad nanowires at 
this low annealing temperature, their contributions to the spectra should be seen. The possible 
contribution from the very small amount of broad nanowires at this low annealing 
temperature is too low to be resolved. If this weak structure is originating from the thin 
nanowires, it should disappear with higher annealing temperatures or higher coverages of 
dysprosium. It can be concluded, that the thin nanowires are non-metallic in nanowire 
direction due to fact that no bands crossing the Fermi level were observed. 

The Dy-4f peak can clearly be observed at a binding energy of around 5.1 eV, which is 
0.5 eV higher than for the broad nanowires. At the )4(

001
  point the strong dispersing band 

from the clean silicon surface is still visible with its maximum at around 1 eV binding energy. 
A new band is observed at the )4(

001
  point at a binding energy of 0.8 eV, which is dispersing 

slightly downwards. This band is located at the valence band maximum of the Si(001)2×1 
surface. 

In the direction perpendicular to the nanowires the earlier described intensity variation 
at the Fermi level could again be observed clearly. Almost all bands from the clean silicon 
surface are suppressed or eliminated and the Dy-4f peak appears in this direction at the same 
binding energy of 5.1 eV compared to the spectra along the nanowires, of course.  

As it was mentioned in section 5.2.2, this intensity variation corresponds to a 
periodicity in real space of 15 Å. For the thin nanowires a 2×4 structure was found on the 
planar and vicinal Si(001) surface [LiN01, LiN03, PPB05], which agrees well with the found 
periodicity. Due to the appearance of thin nanowires at annealing temperatures up to 700°C 
between the broad nanowires [PBV02], it can be assumed, that the thin nanowires are 
responsible for this intensity variation. 

In figure 5.8 (a) – (h) results are presented to demonstrate the dependence on the 
annealing temperature. On the left side, which is figure 5.8 (a), (c), (e) and (f), the ARPES 
data in the direction along the nanowires are shown and on the right side, in figure 5.8 (b), (d), 
(f) and (h) the ARPES data in the perpendicular direction are shown.  
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At slightly higher annealing temperatures at 520°C a change becomes clearly visible in 
the ARPES data (see figure 5.8 (c)). A parabolic band is visible with its maximum at the )4(

001
  

point at the Fermi level, which is dispersing downwards in the direction to the J  point. It is 
superimposed with another state at the )4(

001
  point, which has its minimum directly under the 

Fermi level. This state can already attributed to the broad nanowires, since also first 
indications of the parabolas around the J  point are observed. It can be seen clearly, that the 
spectra is symmetric around the )4(

001
  point.  

In the direction perpendicular to the nanowires the spectra have not changed much 
compared to the spectra at 500°C annealing temperature [see figure 5.8 (b) and (d)]. The 
variation at the Fermi level has a higher average intensity compared to the rest of the band 
structure. The bands from the silicon substrate are suppressed a little more, but a clear change 
between the data at 500°C annealing temperature compared to those at 520°C cannot be 
observed in the direction perpendicular to the nanowires. 

In figure 5.8 (e) and (f) the ARPES data are shown, which are taken from nanowires 
prepared at the annealing temperature of 550°C. The same bands appear in the spectra, as they 
were observed in the spectra from nanowires prepared at 600°C [in figure 5.8 (g) and (h)], 
where the broad nanowires are grown (see also section 2.3.1). The only difference can be 
found in the lower intensity of these bands in the spectra in figure 5.8 (e) and (f) compared to 
the bands in the spectra of the broad nanowires in figure 5.8 (g) and (h), as well as in figure 
5.4 (a) and (b). This effect can be explained by the increasing amount of broad nanowires on 
the surface, which contributes more to the band structure. At the J  point the two parabolic 
bands are observed with their minimum at 0.35 eV and 0.6 eV as well as the parabolic band 
with its minimum at 0.35 eV at the )4(

001
  point.  

It should be noted, that the first ARPES results from Preinesberger et al., which were 
assigned to the thin nanowires, were taken at 550°C. As it was shown in the STM images 
from figure 5.6, the growth of the thin nanowires is already accompanied by the growth of 
broad nanowires at these temperatures. Thus the dispersing bands crossing the Fermi level 
have now to be assigned to appearance of the broad nanowires.  

It has to be concluded, that the thin nanowires are non-metallic in nanowire direction 
because no band was found crossing the Fermi level. This is in contrast to the broad 
nanowires, which show a clearly one-dimensional metallic electronic structure. The 
observations by Preinesberger et al. have to be corrected due to their high annealing 
temperature of 550°C, it was not possible to reach the point, where the contribution of the 
broad nanowires are negligible. It was shown that the observed states at J  and )4(

001
  stem 

from the broad nanowires. 
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Figure 5.8: ARPES data of the broad nanowires on Si(001) (a), (c), (e), (g) along and (b), (d), (f), (h) 
perpendicular to the step edges. The ARPES data are taken with nanowires prepared with 1 Å Dy 
coverage at different annealing temperatures: (a) and (b) at 500°C, (c) and (d) at 520°C, (e) and (f) at 
550°C, (g) and (h) at 600°C. The photon energy amounts to hν = 41 eV. 
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5.4 Band structure of erbium silicide nanowires on Si(001) 

The valence band structure of the broad erbium silicide nanowires is very similar to the 
results obtained for dysprosium silicide nanowires on the Si(001) surface. In figure 5.9 the 
results of the measurements on the broad erbium silicide nanowires are presented.  

Before going into the details of the observed valence band structure of the erbium 
silicide nanowires, it should be mentioned, that the growth of thin erbium nanowires was not 
observed with STM [Lün03]. Hence an influence of the thin nanowires can be excluded. Only 
a preliminary stage was observed at very low coverages. At higher coverages or higher 
annealing temperatures the broad erbium nanowires appear. The areas of the preliminary stage 
decrease for the benefit of the growth of the broad nanowires.  

5.4.1 Broad erbium silicide nanowires 

The broad erbium nanowires grow at similar, but slightly lower annealing temperatures than 
the dysprosium silicide nanowires. The growth of clusters was also observed at slightly lower 
annealing temperatures, compared to the dysprosium clusters. It is assumed, that these 
clusters do not have a strong influence in the valence band spectra, since they only cover a 
small fraction of the surface. 

The three strongly dispersing states crossing the Fermi level are again observed in the 
spectra taken along the nanowire direction [figure 5.9 (a)]. The parabolic band at the )4(

001
  

again has its minimum at 0.35 eV binding energy. The two parabolic bands at the J  point 
appear slightly different from the case of dysprosium. Their minimas are similar at 0.35 eV 

 

 
 

Figure 5.9: ARPES data of the broad erbium silicide nanowires on Si(001) (a) along and (b) 
perpendicular to the step edges. The nanowires are prepared with 2 Å Er and an annealing temperature 
of 550°C. The photon energy amounts to hν = 41 eV. 
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and 0.6 eV, respectively. But they seem to be not really centred around the J  point. The upper 
band has its minimum slightly right from the J  point on the way to the )4(

001
  point. The lower 

band has its minimum slightly left from the J  point. The parabolic band underneath these 
both parabolas at the Fermi level is split into two bands at its minimum. The apparent shift of 
the both parabolas at the J  point may be a result of the superposition of another electronic 
state. 

Due to the very similar shape of the dispersing bands similar effective masses are 
obtained: (0.55±0.1) me for the upper band at the J  point as well as for the band at the   
point, and of (0.72±0.1) me for the lower band at J . Also an almost complete electron filling 
of the bands is observed, indicating an even number of electrons. 

The Er-4f peak is located at 4.5 eV, which is a similar binding energy compared to the 
Dy-4f peak in the ARPES data from the broad dysprosium silicide nanowires.  

The spectra perpendicular to the nanowires are presented in figure 5.9 (b). It seems to 
be very similar to the spectra of the broad dysprosium silicide nanowires [figure 5.4 (b)]. The 
intensity variation within the band gap of the Si(001)2×1 surface is again visible, but is has 
not the same intensity. The states from the clean substrate surface appear weaker than for the 
dysprosium silicide nanowires. 

5.4.2 Overview on the valence band spectra at different preparation 
conditions 

The highest contribution of the broad erbium silicide nanowires to the valence band spectra is 
observed at an annealing temperature of 550°C and a coverage of 2 Å Er. Depending on the 
annealing temperature they can be observed at different coverages, as it shown in figure 5.10. 

At 1.6 Å Er coverage the annealing temperature should be exactly 550°C [figure 5.10 
(g) and (h)]. At lower annealing temperature the contribution to the spectra is decreased. In 
figure 5.10 (a) and (b) the valence band spectra is shown from a sample treatment with 1.6 Å 
erbium coverage and an annealing temperature of 500°C. The situation here is similar to the 
dysprosium silicide nanowires at 500°C annealing temperature, as it is presented in figure 5.8 
(a) and (b). Hence it can be assumed, that the formation of the broad nanowire is not 
completed at this low temperature. In the spectra parallel to the nanowires (figure 5.10 (a)) 
only a beginning dispersion is observed with very low intensity. The dispersing state at the   
point is always superimposed with a band, which has its minimum at the J  point and a 
binding energy of 1.3 eV. This superposition makes it difficult to decide, if this state is still a 
part of the spectra from the broad nanowires.  

In the perpendicular direction [figure 5.10 (b)] the spectra shows a very low intensity 
at the Fermi level, too. In contrast to the thin dysprosium silicide wires, which already grow at 
this annealing temperature, the intensity variation has not the same contribution to the spectra 
at preparation conditions just before the broad nanowires grow massively on the surface.  

At an annealing temperature of 600°C [figure 5.10 (m), and (n)] the spectra along the 
nanowires and perpendicular to the nanowires appear very similar to the one of the bare 
surface (figure 5.2). The intensity at the Fermi level is very low and in the direction parallel to 
the nanowires only a very weak dispersion is observed. It can be assumed, that now the 
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formation of clusters dominates, while a contribution of the clusters to the spectra is not 
expected. 

At the coverage of 2.0 Å Er the dispersing states at   and J  in the direction along the 
nanowires are observed for a wider range of annealing temperatures, from 500 - 600°C [see 
figure 5.10 (c), (i) and (o)]. In the spectra in the perpendicular direction the intensity variation 
is observed as well, as it is presented in the figure 5.10 (d), (j) and (p). The two bands at the 
Fermi level around the J  point have the same angular shift, as it was already described in 
section 5.4.1. The intensity of the observed features in the spectra, which are ascribed to the 
broad nanowires, has their highest contribution to the spectra at only 500°C. The intensity of 
these features decreases towards 600°C, which can be explained again as a result of the 
formation of erbium silicide clusters. The surface is covered more and more with these 
clusters, thus reducing the amount of broad nanowires. 

At higher coverages of 2.4 Å Er the situation is similar again, as shown in figure 5.10 
(e), (f) for 500°C and (k), (l) for 550°C The typical features, the three dispersing states in the 
direction along the nanowires and the intensity variation in the perpendicular direction are 
observed at 500°C and 550°C. But these features are more intense at the higher annealing 
temperature of 550°C. It can be assumed that the amount of erbium is too high to completely 
order the surface. Therefore a higher annealing temperature is required to reduce the erbium 
density on the surface by the formation of clusters. 
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Figure 5.10: ARPES data of the broad erbium silicide nanowires on Si(001) depending on the 
preparation conditions. The photon energy amounts to hν = 41 eV. 



5.4 Band structure of erbium silicide nanowires on Si(001) 

64 

 



6 Electronic properties of thin dysprosium silicide films on Si(111) 

65 

6 Electronic properties of thin dysprosium silicide 
films on Si(111) 

The thin rare earth films on the Si(111) surface are of special interest due to their very low 
Schottky barrier on Si(111), which amounts to 0.3 – 0.4 eV for the multilayered RE3Si5 on n-
type Si [TTT81, APB90, TGP94, VKP98, VKP99a, Van00]. For the RESi2 monolayer on 
Si(111) an extremely low Schottky barrier was observed of only 0.08±0.05eV [VKP98, 
Van00]. This is the lowest known value for a metal/n-Si contact. 

The growth of two-dimensional, epitaxially grown thin rare earth silicide films was 
studied extensively with different experimental methods [BFG90, PKW92, VLN, WPP93, 
WSP94, RPS95, SWP95, WSP96, LHV96, WPG97, RPS97, VKP99a, VKP99b, RKG04, 
EPB06] and with calculations of the band structure [ALC93, SPW92, SMP93]. Many of these 
studies were focussing on erbium and only some on dysprosium or other rare earths. Even 
though it is assumed in general for the rare earths and their silicides as well, that they show 
very similar behaviour, the band structure of dysprosium silicide films on the Si(111) surface 
was not investigated up to now. For the structural and chemical properties studied with core-
level photoemission and scanning tunneling microscopy it was concluded, that the 
dysprosium silicide films are very similar to the erbium silicide films, particularly on Si(111) 
[EPB06]. 

The motivation to this part of this work came from the necessity of comparing the 
ARPES results of the dysprosium silicides on the Si(557) surface to the electronic structure of 
the dysprosium silicides on the Si(111) surface. 

In this chapter the electronic properties of the dysprosium silicide films on Si(111) are 
studied and compared to previous findings for the erbium silicide films. In section 7.1 the 
band structure of the DySi2 monolayer on Si(111) will be discussed. In section 7.2 the ARPES 
results of Dy3Si5 multilayer on Si(111) are shown. 

6.1 Band structure of the DySi2 monolayer coverage on Si(111) 

In figure 6.1 (a) an energy surface scan is presented for 2.5 Å dysprosium coverage and an 
annealing temperature of 550°C. It was reported [VKP99a, VKP99b, Van00, EPB06, 
Wan02], that the DySi2 monolayer is grown at these preparation conditions on the Si(111) 
surface and that it is the dominating superstructure, which is found as a monolayer film 
covering the whole substrate surface. The energy distribution curves are shown in figure 6.1 
(b) along the direction of  M  and (c) along  K M . For comparison of the ARPES results 
the Brillouin zone of DySi2/Si(111) is shown in figure 6.1 (d), which is derived from former 
results on the similar ErSi2/Si(111) system shown in figure 6.1 (e) [WPP92]. For a better 
indication the mentioned features are marked by numbered markers. 
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The energy surface [figure 6.1 (a)] is in nice agreement with former results of 
ErSi2/Si(111) from Wetzel et al. and with recent experiment on YSi2/Si(111) and Gd2/Si(111) 
from ref. [RKG04]. The   point is obtained as a hole pocket but with a nice hexagonal shape 
with smaller extension in direction of the M  point. The electron pockets at binding energies 
0.1 eV are clearly observed. The shape of these electron pockets is elliptical with the long 
radius towards the   points and the short radius towards the K  points. These results are 
confirmed by the energy distribution curves, which show a flat parabolic shape along the 
direction of  M  [figure 6.1 (b)] and a small and vertical band along the K M  direction 
[figure 6.1 (c)]. The appearance of these hole and electron pockets was calculated for YSi2 on 
Si(111) in Ref. [RKG04]. Our experimental findings confirm these calculations almost 
completely. The only difference between these calculations and the considerations of ref. 
[WPP92] is the threefold symmetry, as observed in the energy surface in figure 6.1 (a). 

The appearance of the bands in the energy distribution curves along the direction of 
 M  is in nice agreement with [WPP92, SMP93]. At the M  point one band is observed at 
0.1 eV binding energy (marker 1), showing a flat parabolic shape. At a binding energy of 
1.7 eV a second band occurs at the M  point. It is dispersing towards lower binding energies 
and is crossing the Fermi level around the   point (marker 4).  

In the direction along K M  the appearance of the electron pocket at the M  point is 
different. The parabola is that thin, that it seems to be a vertical line in the band structure 
[marker 1 in figure 6.1 (c)] in contrast to [WPP92, SMP93]. The band coming from the Fermi 
level around the   point dispersing downwards to higher binding energies has a minimum 
close to the K  point at a binding energy of 1.6 eV (marker 3), before it has a local maximum 
on the way to the M  point, which is in nice agreement to the previous results from references 
[WPP92, SMP93]. 

Since the states discussed here are within the silicon band gap, the electronic band 
structure of DySi2 monolayer on Si(111) is two-dimensional. 

6.2 Band structure of the Dy3Si5 multilayer coverage on Si(111) 

The Dy3Si5 multilayer on Si(111) is the so called bulk silicide structure on Si(111). The 
multilayer silicide structure consists of the same alternating hexagonal Dy planes and 
graphite-like Si planes, but with vacancies in the Si planes. Thus the reconstruction is not 1×1, 
but a √3×√3 structure. Hence the Brillouin zone is by a factor √3 smaller. 

In figure 6.2 the ARPES results of the Dy3Si5 multilayer on Si(111) prepared at 8.4 Å 
Dy and an annealing temperature of 600°C are shown. For comparison the Brillouin zone is 
schematically drawn [figure 6.2 (d)] and former results for Er3Si5/Si(111) are shown [figure 
6.2 (e)] from ref. [WSP94]. The notation of the Brillouin zone of the monolayer 
reconstruction is partially left for a better indication of the smaller Brillouin zone. Again 
numbered markers are set for comparison between ARPES spectra, Brillouin zone and former 
results. 
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Figure 6.1: ARPES results of the DySi2 monolayer on Si(111) prepared with 2.5 Å Dy and an 
annealing temperature of 550°C (a) energy surface at a binding energy of 0.03 eV, (b) energy 
distribution curve along  M  and (c) along  K M . The photon energy amounts to hν = 41 eV. (d) 
Brillouin zone of DySi2/Si(111), (e) former results of ErSi2/Si(111) [WPP92]. 
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The energy surface [figure 6.2 (a)] with its clearly observed electron pockets at the M  

and M  points is in nice agreement to the Brillouin zone, which can be formed by using the 
results of [WSP94]. The electron pocket observed here show again a more ellipsoidal shape 
with the long axis towards  . Also the hole pocket around   is visible, which again has a 
hexagonal shape. 
In the energy distribution curves [figure 6.2 (b) and (c)] some of the former findings were 
confirmed. In the direction along  M  the spectra has not changed much. The first parabolic 
band at the M  point is clearly observed, but the second band at the M  point with a local 
maximum at a binding energy of 0.5 eV is observed with much lower intensity. In the 
direction along M K M  the spectra shows more bands. Due to the smaller Brillouin zone, the 
K  point of the monolayer Brillouin zone is now the first M  point (markers 5 and 6). The 
states, which appear at the K  point (markers 5 and 6), should occur at the next M  = M  
point again (markers 1 and 2). The band at a binding energy of 0.7 eV at the K  point could 
not be observed. 

The results of the DySi2 monolayer and of the Dy3Si5 multilayer are in nice agreement 
with the former results of [WPP92, WSP94, RKG04] and are therefore a good proof for the 
transferability and similarity for the structural and electronic properties of dysprosium and 
erbium. 
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Figure 6.2: ARPES results of the DySi2 monolayer on Si(111) prepared with 8.4 Å Dy and an 
annealing temperature of 600°C. (a) energy surface at a binding energy of 0.1 eV, (b) energy 
distribution curve along  M  and (c)  K M . The photon energy amounts to hν = 41 eV. (d) 
Brillouin zone of Dy3Si5/Si(111), (e) former results of Er3Si5/Si(111) [WSP94]. 
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7 Nanowires on Si(557) 

Rare earth silicide nanowires are also forming on the Si(557) surface [Wan08]. These 
nanowires show a very different growth behaviour as compared to the rare earth silicide 
nanowires on Si(001), resulting in different structural and electronic properties. The variety of 
these nanowires depends strongly on the preparation conditions as the rare earth exposure and 
the post-growth annealing temperature. 

After a short introduction on the electronic properties of the bare Si(557)7×7 surface 
in section 7.1, the different dysprosium silicide nanowires formed at the different growth 
conditions will be discussed in detail. The nanowires growing at submonolayer coverages on 
the Si(557) surface will be presented in section 7.2, while sections 7.3 and 7.4 treat the 
nanowires growing in the monolayer and multilayer range, which are similar to the silicide 
films on Si(111). Afterwards the results for the growth of erbium silicide nanowires on 
Si(557) are discussed in section 7.5. 

7.1 Electronic properties of the bare Si(557) surface 

The electronic properties will be described using the symmetry points of the non-
reconstructed Si(111) surface Brillouin zone, e.g. the 111  point, or the 111M  point as well as 
the 557  point indicating the surface normal. These points will be used for every sample 
preparation in the following, also when the structural analysis shows, that the symmetry has 
changed due to massive atomic rearrangements at the substrate surface. 

7.1.1 Structural properties of the bare Si(557) surface 

STM results of the clean Si(557) surface are shown in figure 7.1. This surface reconstructs by 
separation into two facets, the (111) facet and the (112) facets, as already discussed in section 
2.1.4. It is a very nice reconstruction, because of its low density of kinks and defects. In figure 
7.1 (a) an overview is given of the sample surface. It shows (111) terraces aligned parallel in 
[ 011 ] direction. The (111) facets show the typical 7×7 superstructure for Si(111) surfaces, as 
it is shown in the detailed STM image in figure 7.1 (b). The angle of the terraces with the 7×7 
superstructure can be obtained by analysing a height contour. This is presented in figure 7.1 
(d) and shows an angle of 10°±1° towards the average (557) substrate plane. This surface 
reconstruction was first observed by Kirakosian et al. [KBC01] and the proposed surface 
structure model is shown in figure 7.1 (d) for comparison. Due to this stable surface 
reconstruction the (111) terraces are rather homogeneous with widths of one or sometimes 
two unit cells of the 7×7 superstructure. The (111) facets can be several hundred nm long. 
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Due to the little miscut of the used wafer in other directions, which technically cannot be 
avoided, the (111) terraces are occasionally interrupted by larger steps, which run across the 
aligned (111) facets [see also figure 9.1 (a)]. 

 

7.1.2 Electronic properties of the bar Si(557) surface 

For acting as a reference, ARPES data were also taken from the clean Si(557) surface. The 
ARPES data presented in figure 7.2, taken parallel and perpendicular to the step edges, show 
similar features in the band structure as reported for the Si(111)7×7 surface [UHN85].  

 

 
 

Figure 7.1: (a) overview STM image of the clean reconstructed Si(557) surface with the expected 
facets and a high step due to a little miscut of the wafer taken at -2.5 V, 0.1 nA, (b) detailed STM 
image of the reconstructed Si(557) surface with an indicated 7×7 unit cell, (c) structural model of the 
Si(557) surface with the facetted surface on top but without reconstructions on the facets and the non-
facetted surface underneath [KBC01], and (d) height contour along the blue horizontal line in (b) 
showing the angles of the (111) terraces (red) and (112) terraces (green) towards the average (557) 
plane. 
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Figure 7.2: ARPES data of the bare Si(557)7×7 surface: (a) along and (b) perpendicular to 
the step edges. The photon energy amounts to h  = 41 eV. 
 

 
 

Figure 7.3: Energy scan at 0.2 eV binding energy showing mainly a hexagonal feature around 
the 111  point related to the Si(111)7×7 surface state. The 111  point is located 10° off the 

centre, the 557  point, in agreement with the angle between the (111) and (557) surfaces. 
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The typical band gap of the Si(111)7×7 surface can be observed with a valence band 
maximum of about 0.7 eV below to the Fermi level, as it is indicated by green dashed lines 
[UHN85].  

The blue arrows in figure 7.2 (a) and (b) mark weakly dispersing states from the 
Si(111)7×7 surface, which are located at 0.2 eV and 0.8 eV binding energy [UHN85]. The 
state at 0.8 eV has almost the same intensity over almost the whole angular range. The state at 
0.2 eV, in contrast has its maximum intensity close to the 557  point. In the spectra taken at 
angles varied parallel to the step edges, and in the spectra in the perpendicular direction the 
maxima are found at about 10° away from the 111  point. In figure 7.3 the corresponding 
energy surface image at 0.2 eV binding energy is shown. The surface state with hexagonal 
symmetry is observed clearly around the 111  point, which is located ≈ 10° off the 557  point. 

7.2 Thin dysprosium silicide nanowires on Si(557) 

For the submonolayer coverages of 0.5 – 1 Å Dy and an annealing temperature of 600 – 
700°C dysprosium silicide nanowires grow at the surface, which rearrange the whole surface, 
as it is shown in two typical examples in figure 7.4 (a) and (b).  

7.2.1 Structural properties 

Figure 7.4 shows linear structures (in the following called thin nanowires) on a wide range of 
the Si(557) plane itself and small (111) terraces with 7×7 and 2√3×2√3R30° reconstructions. 
The red line in figure 7.4 (c) is indicating the (111) terraces, which have the typical angle of 
≈ 10° towards the average (557) surface. The terraces of the thin nanowires are indicated by 
green lines in figure 7.4 (c). These linear structures are located on different terraces, but every 
single terrace is parallel to the average (557) surface. Thus the initial faceting of the bare 
Si(557) surface disappears completely, when the chain-like nanowires are forming along the 
[ 101 ] direction. 

These thin nanowires show several similarities to the thin nanowires on Si(001) 
[PBD03]. The dysprosium silicide structures on Si(557) observed here consist of slightly 
corrugated lines with atomic chains in between. The total widths of these nanowire structures 
amount to about 2 nm, which is similar to the width of the thin nanowires on Si(001) 
[PBD03].  

The periodicity of the atomic chains along the chain direction as well as of the 
corrugation of the line-like nanowire amounts to 0.76 nm. This periodicity corresponds to 2a0 
of the Si substrate in [ 101 ] direction, which is the same repetition rate as for the thin wires on 
Si(001) [PBD03, LiN03]. Due to the many similarities of the thin nanowires on Si(557) and 
on Si(001) it can be concluded that the different amplitudes in the corrugations of the line and 
the atomic chain are related to a different orientation of the Si dimers on top of the silicide, as 
it was proposed for the structure model of the thin wires on Si(001) (see also section 2.3.2) 
[PBD03]. 
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The wide areas of the chain-like nanowires on the (557) terraces are separated by 
(111) facets with different structures. In the STM image in figure 7.4 (a) a bare Si(111) 
surface terrace is observed with the typical 7×7 reconstruction, which is about three 7×7 unit 
cells wide. But also other structures are indicating Si(111) facets. In the STM image in figure 
7.4 (b) a 2√3×2√3R30° superstructure is observed. In figure 9.4 (d) a detailed image of this 
part of the surface shows the typical windmill-like protrusions, which are a characteristic 

 

 
 

Figure 7.4: STM images of the thin nanowires grown by depositing (a) 0.5 Å Dy on the Si(557) 
surface and subsequent annealing at 650°C (VT = -2.5 V, IT = 0.5 nA), and (b) 1 Å Dy and 700°C 
(VT = -1.0 V, IT = 0.5 nA). (c) Height contour taken along the blue line in (b) to show the angle 
between the (111) terrace, the nanowires, and the average substrate surface. (d) detailed STM image of 
a (111) facet with a 2√3×2√3R30° reconstruction (1 Å Dy and 600°C, VT = + 1.5 V, IT = 0.2 nA). The 
2√3×2√3R30° unit cell is indicated by solid red lines and the typical dislocation lines are indicated by 
dashed red lines. 
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feature of the 2√3×2√3R30° submonolayer dysprosium silicide reconstruction, as it was 
described in detail in section 2.4.1 [EPB06].  

7.2.2 Electronic properties – One-dimensional band structure 

The chain-like nanowires show considerable differences in their electronic structure compared 
to the bare Si(557) surface. The ARPES data were taken along the nanowire [see figure 7.5 
(a)] and perpendicular to the nanowires [see figure 7.5 (b)], which corresponds to the 
direction along and perpendicular to the step edges, respectively, of the bare Si(557) surface. 

In the spectra parallel to the nanowires [see figure 7.5 (a)], a strong dispersion of states 
is observed, which is just reaching the Fermi level at the boundaries of the Brillouin zone at 
the 111M  points. The appearance of these electronic states corresponds to a periodicity of 
0.38 nm, in contrast to the structural periodicity of the nanowires of 0.76 nm. This astonishing 
result can be discussed on the basis of the similar structure of the thin nanowires on Si(001) 
[PBD03]. The structure model on Si(001) contains atomical chains of dysprosium atoms, 
which are encaged by a silicon hexagon structure. The dysprosium chains and the subsurface 
Si lattice have the same 0.38 nm periodicity as it is observed in figure 7.5 (a), but the surface 
of the silicon cages has a periodicity of 0.76 nm due to the formation of silicon dimers. 
Hence, the electronic features at the 111M  points can be related to the dysprosium or silicon 
atoms, which are located underneath the surface with the periodicity of 0.38 nm. In contrast to 
the ARPES results, the appearance in the STM image is dominated by the silicon surface 
dimers with 0.76 nm periodicity. 

 

 
 

Figure 7.5: ARPES data of thin nanowires on the Si(557) surface at submonolayer coverage (0.5 Å 
Dy, 700°C annealing temperature) (a) along and (b) perpendicular to the step edges, taken at a photon 
energy of hν  = 41 eV. 
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The spectra taken at the perpendicular direction do not show any nanowire-related 
dispersion close to the Fermi energy, as it can be seen in figure 7.5 (b). Thus, it can be 
concluded, that the nanowires have a one-dimensional electronic structure and a coupling of 
the electronic states from neighbouring nanowires is negligible. Since the dispersing 
electronic states in the direction along the nanowires are reaching but not crossing the Fermi 
level, but form a parabola typical for a band maximum at the Fermi energy, a half-metallic 
behaviour in nanowire direction is concluded. 

The energy surface taken at a binding energy of 0.03 eV is shown in figure 7.6. In the 
direction perpendicular to the nanowires these states are observed as straight lines at the 
boundary of the surface Brillouin zone at around 0.8 Å-1. These ARPES results nicely 
confirms the discussion of the one-dimensionality of the states observed at the 111M  point in 
the energy distribution curves in figure 7.5. 

7.3 Monolayer dysprosium coverage on Si(557) 

The nanowires grown at dysprosium coverages of 2 Å, i. e. close to one monolayer, show a 
very different growth behaviour compared to the thin nanowires formed at submonolayer 
coverages.  

 

 
 

Figure 7.6: Energy surface of the thin nanowires on Si(557) prepared with 0.25 Å Dy coverage and 
subsequent annealing at 550°C at the binding energy of 0.03 eV, taken at hν  = 41 eV. 
 



7.3 Monolayer dysprosium coverage on Si(557) 

78 

7.3.1 Structural properties 

At monolayer coverages the nanowires grow on the Si(111) terraces along the [ 101 ] 
direction, as shown in figure 7.7. These nanowires are slightly wider than those at 
submonolayer coverages. The widths amount to 3 – 5 nm, while the lengths are sometimes 

 

 
 

Figure 7.7: STM images of the nanowires grown in the monolayer range (VT = -2.5 V, IT = 0.5 nA). 
(a) Overview STM image of 2 Å Dy with 700°C annealing temperature aligned along the [ 101 ] 
direction. (b) detailed STM image with the endpieces of nanowires marked by the dotted lines, 
indicating the straight edges of the 1×1 reconstructed DySi2 monolayer along the typical {110} 
orientation. (c) Height contour taken from the STM image in (b) along the blue line to show the angle 
between the (111) terraces with the broad nanowires and the average substrate. 
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exceeding 1000 nm. The length is only limited by the very rarely observed crossing steps, 
which are shown in figure 7.1 (a). 

As it is indicated by the dotted red lines in figure 7.7 (b), the end pieces of these 
nanowires show clear straight edges along the { 011 } directions. These straight edges are 
well-known from the hexagonal DySi2 monolayer islands grown on the Si(111) surface, as 
they are described in section 2.4.2 [EPB06]. It should be noted that the rare earth disilicide 
islands on Si(111) generally exhibit almost perfect boundaries parallel to the { 011 } 
directions of the Si(111) substrate underneath. These { 011 } directions correspond to the 
natural cleavage planes of the silicide [TWP94, RPS95, RPS96, WSP96], where the density 
of dangling bonds is minimized [EPB06]. 

The c-axis of this DySi2 monolayer is normal to the Si(111) surface. The linescan, 
shown in figure 7.7 (c), shows that the angle between the nanowire facet and the average 
surface amounts to 10±1°. Hence it can be concluded, that these nanowires consist of 
hexagonal DySi2.  

The width of the nanowires at monolayer coverages is not limited by the width of the 
(111) terraces of the Si(557) surface reconstruction. The initial (111) facets of the clean 
reconstructed surface is only around 3 nm wide, while some of these broad nanowires have 
widths of 5 nm. But also on the bare Si(557) surface some (111) facets with widths of two 
7×7 unit cells were observed (see also figure 7.1). 

As it was described in section 9.2.1 the thin nanowires are formed by rearranging the 
substrate surface strongly. At monolayer coverage broad nanowires are grown on (111) facets 
with some thin nanowires in between (see figure 7.7). The important parameters seem to be 
the mobility of the silicon and dysprosium atoms given by the annealing temperature and in 
particular the amount of deposited dysprosium. This was already observed for the thin and 
broad nanowires on Si(001). At lower coverage and lower annealing temperature the thin 
nanowires with a different reconstruction are formed, since here only 6/14 monolayer of 
dysprosium is required (see also the structure model for the thin nanowires on Si(001) in 
section 2.3.2). At higher coverages the broad nanowires appear, since here more Dy is 
required, which furthermore has to diffuse laterally at the free-standing nanowires [PVK98, 
PBD03]. 

In contrast to the nanowires on Si(001) the annealing temperatures for the broad 
nanowires at monolayer coverage and the thin nanowires at submonolayer coverage are 
similar, between 550 – 700°C. Thus the growth behaviour depends only on the dysprosium 
coverage. 

Due to the lack of atomic resolution on the broad nanowires observed here, a clear 
assignment on the structure was not possible. It is assumed, that the (111) facets are covered 
by a DySi2 monolayer, but another experimental method, such as ARPES, is needed for 
confirmation of the structural analysis. 

7.3.2 Electronic properties – Two-dimensional band structure 

ARPES data along and perpendicular to the broad nanowires at monolayer dysprosium 
coverages are shown in figure 7.8 (a) and (b), respectively. A very strong dispersion can be 
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observed in both directions with bands crossing the Fermi level, which are indicating the 
metallicity of these nanowires. The Dy-4f peak is located at a binding energy of 4.4 eV in 
both directions. 

In the spectra along the nanowires parabolic bands crossing the Fermi level are found 
at off-normal directions, and a wavy dispersion around the surface normal, the 557  point, is 
visible at around 1 eV. In the spectra in the perpendicular direction a parabolic band around 
the Fermi level could be observed. The angle of highest symmetry in dispersion is the 111  
point, which is located around 10° away from the 557  point. This angle corresponds to the 

 

 
 

Figure 7.8: ARPES data of the nanowires grown at monolayer coverage (2 Å Dy and annealing at 
700°C) taken at a photon energy of hν  = 41 eV, (a) along the nanowires, and (b) perpendicular to the 
nanowires. (c) Shows the DySi2 Brillouin zone with the directions of measurement (red arrows) and 
the specific points (blue markers) and (d) the band structure of ErSi2 on Si(111) from references 
[SMP93, WPP92] for comparison. 
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one between the (111) facet and the (557) surface. It can thus be concluded, that the electronic 
structure is defined almost exclusively by the properties of the (111) facets. A very weak 
contribution of those bands at the 111M  points is obtained, which were observed for the thin 
half-metallic nanowires at submonolayer coverage [see figure 7.5 (a)]. No significant 
contribution of other bands or states with a different symmetry could be observed. Hence it is 
assumed that almost no silicide forms on the other facets of the broad nanowires, which could 
be the (112) facet. 

It is supposed from the STM results that the nanowires at monolayer coverage consist 
of DySi2, which is grown on the (111) facets. Hence the ARPES results should show the band 
structure of DySi2/Si(111), but tilted around ≈ 10°. It is further assumed that the structural and 
electronical properties of DySi2 monolayer can be compared to former results of the 
ErSi2/Si(111) monolayer system [SMP93, WPP92]. Due to the very similar structural and 
chemical properties of DySi2 and ErSi2, their electronic structure should be also very similar. 

The question if the electronic properties of the DySi2/Si(557) nanowires agree with the 
ErSi2/Si(111) monolayer is now discussed in detail by comparing the measured ARPES data 
in both directions [figure 7.8 (a) and (b)] with those of the ErSi2/Si(111) system [figure 7.6 
(d)]. For this purpose, figure 7.8 (c) shows the ErSi2 Brillouin zone with the electron (green) 
and hole (yellow) pockets derived from figure 7.8 (d) and the directions of the present ARPES 
measurements (red arrows). The blue numbered markers show the significant points in the 
spectra in both directions and also the correspondingly points in the Brillouin zone and the 
known erbium data from the planar (111) surface. 

Marker 1 in figure 7.8 (a) and (b) indicates the clearly obtained parabolas at the 111M  
points with their electron pockets. The parabolas appear slightly different due to a slight 
sample tilt, which could not be avoided: The angular rotation of the sample is not completely 
centred and thus the 111M  point is not always completely hit within these experiments. A 
second band has its minimum at the 111M  point at a binding energy of 1.7 eV (marker 2). This 
band is passing the 557  point, which is indicated by marker 3. As shown in figure 7.8 (b) it 
crosses the Fermi level around the 111  point with the hole pocket (marker 4). At the given 
photon energy, the 557  point is 55% on the way from the 111  point to the 111M  point 
(marker 3), while marker 5 is indicating the same band from marker 2 on its way from the 

111  point to the 111K  point. 
The agreement of the spectra taken at the direction perpendicular to nanowires is 

obvious. There is the hole pocket around the 111  point with the band coming from the 111M  
point at higher binding energies. This band is hitting marker 2 at its minimum, marker 3 at the 

557  point and the markers 4 next to the 111  point. 
In the direction parallel to the nanowires the spectra seem to be different in the first 

moment. However, due to experimental limitations it was only possible to change the angle 
around the surface normal, i. e. around the 557  point, so that it was not possible to pass the 

111  point. The 111M  points are clearly observed due to the appearance of the electron pockets 
at the Fermi level and the second band at 1.7 eV. On the way from the 111M  point to the 557  
point the markers 5 (55% on the way from 111  to 111K ) and 3 (55% on the way from 111  to 

111M ) are passed resulting in the observed wavy band structure around 557  point, as it is 
shown in figure 7.8 (a). 
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Due to the excellent agreement of the structural and electronic properties of the 
dysprosium nanowires with the DySi2/Si(111) and the ErSi2/Si(111) system, respectively, it is 
obvious that DySi2 nanowires grow on the (111) facets of the Si(557) surface. In addition the 
structural assumptions made from the STM data could be confirmed. A two-dimensional 
electronic structure with its sixfold symmetry was observed, which is assigned to the broad 
nanowires. One-dimensional features, which are assigned to the thin nanowires, could be 
observed as well, but at very low intensities. Thus the other facets are almost free of silicide 
states. The driving force of almost exclusively forming the broad nanowires at the monolayer 
range is the negligible lattice mismatch of DySi2 on the (111) facets, because the hexagonal c-
axis with its higher mismatch is normal to the (111) facet. Furthermore the amount of 
embedded Dy atoms into the silicide structure is higher compared to the assumed structure of 
the thin nanowires forming at submonolayer coverages. The appearance of thin nanowires 
between the broad nanowires at DySi2 monolayer coverage show that the amount of 
dysprosium was not reached to obtain DySi2 nanowires only. 

The energy surface, which is shown in figure 7.9, nicely confirms the above 
discussion. It is taken at a binding energy of 0.03 eV and thus shows the typical Fermi surface 
of DySi2 as displayed in figure 7.8 (c). The surface Brillouin zone is indicated by an orange 
hexagon, which is slightly distorted due to the tilt of the (111) terraces away from the surface 
normal by ≈ 10°. Thus the 111  point is shifted away from the centre at 557 . The electron 

 

 
 

Figure 7.9: Energy surface at a binding energy of 0.03 eV of broad nanowires at monolayer coverage 
on the Si(557) surface prepared at 1.0 Å Dy and an annealing temperature of 600°C. The surface 
Brillouin zone is indicated by the orange hexagon. The photon energy amounts to hν = 41 eV.  
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pockets at the 111M  points and the hole pocket at the 111  point are clearly observed. They 
have a similar shape in the Fermi surface for the broad DySi2 nanowires as for the DySi2 
monolayer on Si(111) (see section 6.1).  

At lower coverages, as it is shown in figure 7.10, the one-dimensional features of the 
thin nanowires are also observed (red vertical dotted lines), in superposition with the 
contributions of the broad DySi2 nanowires. The one-dimensional features pass the 111M  
points at the boundary of the surface Brillouin zone, as it was also observed in the energy 
distribution curves in figure 7.8 (a). This is also supporting the structural observations with 
STM that the thin and the broad nanowires can exist at the same time on the sample. 

7.4 Multilayer dysprosium coverage on Si(557) 

Nanowires can also grow on the Si(557) surface at larger coverages of around 3 Å. Due to the 
higher amount of available dysprosium a coverage on the (111) facets with only one 
monolayer DySi2 is not possible any more. 

 

 
 

Figure 7.10: Energy surface at a binding energy of 0.03 eV of the broad DySi2 monolayer nanowires 
on the Si(557) surface at a coverage of 0.5 Å Dy and an annealing temperature of 550°C. 
Contributions of the monolayer band structure are indicated by the orange hexagon and the faint 
additional contributions of the thin nanowires are indicated by the red dotted lines. The photon energy 
amounts to hν = 41 eV. 
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7.4.1 Structural properties 

The STM images presented in figure 7.11 (a) and (b) show nanowires at multilayer coverages 
on the Si(557) surface. While in figure 7.11 (a) an overview of the Si(557) surface covered by 
3 Å Dy shows the high density of these nanowires, figure 7.11 (b) gives a detailed view of 
these wires. As it is marked by the dashed line the endpieces are much rounder for the 
nanowires grown at higher coverages compared to the wires grown at monolayer coverage. 

This is similar to the growth of Dy3Si5 multilayer islands on Si(111) [EPB06]. As the 

 

 
 

Figure 7.11: STM images of the nanowires grown in the multilayer range and again aligned along the 
[ 101 ] direction. (a) Overview STM image and (b) detailed STM image of 3 Å Dy and 700°C 
annealing temperature. In (b) the round endpieces of the nanowires are marked by the dotted line, 
indicating the round edges of the √3×√3 reconstruction. (c) Height contour along the blue line in (b) to 
show the angle between the (111) terraces with the broad nanowires and the average substrate. 
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DySi2 monolayer, the Dy3Si5 multilayer structure consists of a buckled surface plane of Si 
atoms followed by a plane of Dy atoms. However, the difference is the bulk structure 
underneath, consisting of defective graphene-like silicon sheets, which are completely flat. In 
order to relax the strain due to the flatness of this graphene-like sheet, every sixth silicon atom 
is missing, i. e. the bulk structure has vacancies in the Si plane, which results in a √3×√3R30° 
reconstruction [EPB06, IaP79, BHP80], as it was already described in section 2.4.3. In 
contrast to the case of the DySi2 monolayer, here the density of dangling bonds does not vary 
much any more with the orientation of the edge, resulting in a rather round island shape on 
Si(111).  

Since also for the nanowires on Si(557) the { 011 } edge orientations are not favoured 
any more, it is assumed that these nanowires consist of a Dy3Si5 multilayer structure at higher 
coverages. This view is in nice agreement with recent results from transmission electron 
microscopy on dysprosium silicide nanowires grown on vicinal Si(111) with higher miscut 
angles of 12° and 15° [HSB05]. 

However, due to the lacking atomic resolution it is not possible to decide on the STM 
data alone on the structure of these nanowires. Thus again ARPES experiments were 
performed. 

7.4.2 Electronic properties – Two-dimensional band structure 

In figure 7.12 (a) and (b) ARPES results are shown. In both directions, along and 
perpendicular to the nanowires, a strong dispersion of many different bands is observed. If the 
nanowires consist of Dy3Si5 at higher dysprosium coverages, a similar band structure should 
be obtained as for the Er3Si5/Si(111) system. The Brillouin zone of Dy3Si5 is shown in figure 
7.12 (c). For a better comparison of the features and bands in the measured spectra with the 
Er3Si5/Si(111) multilayer system, the dispersion is sketched in figure 7.12 (d) [WSP94]. It 
should be mentioned, that the expected Brillouin zone at this higher coverage is by a factor of 
√3 smaller than the Brillouin zone of the monolayer coverage due to the larger unit cell of the 
√3×√3R30° reconstruction. 

The positions and bands, which are mentioned in the following, are again marked by 
blue points and numbers for a better indication, and the directions of the ARPES 
measurement are indicated in figure 7.12 (c) by red arrows. Specific points of the √3×√3R30° 
reconstruction are marked by e.g. M , in contrast to M  for the 1×1 reconstruction. The 
Brillouin zone of Dy3Si5 is characterized by electron pockets at the M  points. For Er3Si5 
they have a minimum at 0.2 eV [markers 1, 5 in figure 7.12 (d)]. A second strongly dispersing 
band has a maximum in the direction from 111  to 111M  at M = M  with a binding energy of 
0.45 eV (marker 2) and a minimum at K  with a binding energy of 0.75 eV. This band is also 
dispersing parabolically along 111  – K . In figure 7.12 (a) it is indicated by marker 6 at the 
M  point with 0.5 eV binding energy. The positions of marker 2 and 6 are identical due to the 

convolution of the Brillouin zones. Thus the second band at M  has a saddle point and is 
reaching the Fermi level next to 111  at the hole pocket (marker 4). 

The Dy 4f peak is located at the binding energy of 4.2 eV, which is 0.2 eV under the 
position of the same peak at monolayer coverages. 
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Not only bands from the Dy3Si5 structure are visible in the spectra, shown in figure 
7.12 (a) and (b). For a better identification of the different contributions, which are assigned 
to the Dy3Si5 multilayer or to other structures, the regions of low binding energies in figure 
7.12 (a) and (b) are magnified in (e) and (f), respectively. First the contributions will be 
described, which correspond to the Dy3Si5 system. The bands are marked by red lines in the 
grey scale spectra. The contributions, which could not be identified, are marked by yellow 
lines. 

In the spectra parallel to the nanowires [figure 7.12 (a) and (e)] a nice agreement 
between the contributions of the Dy3Si5 structure and the Er3Si5 band structure can be found. 
Marker 1 shows the electron pocket at the M  point with its minimum at a binding energy of 
0.15 eV. The additional band at M  (marker 5) is not resolved clearly, because of the strong 
contributions from the yellow marked structure. 

The dispersion of the lower band has its maximum at this M  point at around 0.5 eV 
(marker 2, 6). Marker 3 shows the minimum of this dispersion at the 557  point with a binding 
energy of 0.6 eV. Also at the M  points, between the M  point and the 557  point (at marker 
6) the binding energy amounts to 0.5 eV.  

The spectra perpendicular to the nanowires are shown in figure 7.12 (b) and (d). At the 

111M  point the minimum of the upper band is located at 0.2 eV (marker 1). The local 
maximum of the lower band is located at 111M  with a binding energy of 0.5 eV (marker 2). 
This band has its minimum at 0.9 eV, located close to the 557  point (marker 3). For 
Er3Si5/Si(111) it is located at slightly higher energies at 0.7 eV [WSP94] but the difference is 
within the accuracy of the experiments. The hole pocket around the 111  point is marked by 
number 4. Thus in both directions relative to the nanowires a nice agreement of the ARPES 
data with the Er3Si5 band structure could be obtained. 

In the spectra along both directions there are more intense bands and states visible, 
which do not correspond to the Dy3Si5 structure. These intense bands are marked by yellow 
lines in the grey scaled images in figure 7.12 (e) and (f). In the spectra in the direction along 
the nanowires a very clearly observed state is visible at the M  point. At a binding energy of 
1.4 eV this state has a minimum. A second minimum is located at the 557  point at 0.9 eV 
binding energy. The maximum in between the 557  point and the M  point has a binding 
energy of 0.16 eV. In the spectra in the direction along the nanowires also some additional 
bands with a lower intensity are visible. These bands are marked by a dashed yellow line. 
Electron pockets are located at the 557  and on both sides of the M  point with minima at 
binding energies from between 0.15 – 0.3 eV. The electron pocket at 21° has a higher 
intensity than the others. Another band is running from one M  point to the other one with its 
minimum at 1.6 eV.  

Also in the direction perpendicular to the nanowires additional bands with higher 
intensity could be observed in the spectra shown in figure 7.12 (b) and (f).These additional 
features are marked by yellow line in the grey scaled image in figure 7.12 (f). A total of 4 
electron pockets are visible in these spectra at a binding energy of 0.4 eV. Two of these 
electron pockets are located on the left and right side of the 111  point inside a hole pocket. 
The other two electron pockets are located around the 111M  point. In addition two parabolic 
states have their minimas at 111M at a binding energy of 1.4 eV and 2.0 eV. 

 



7 Nanowires on Si(557) 

87 

 

 

 
 

Figure 7.12: ARPES data of the nanowires grown at multilayer coverage (3 Å Dy and annealing at 
700°C) taken at a photon energy of hν  = 41 eV, (a) along the nanowires, and (b) perpendicular to the 
nanowires. (c) Shows the DySi2 Brillouin zone with the directions of measurement (red arrows) and 
the specific points (blue markers) and (d) the band structure of Er3Si5 on Si(111) from references 
[SMP93, WSP94] for comparison. (e) Grey-shaded detailed section of (a), and (f) grey-shaded detailed 
section of (b), focussing on the low binding energies indicating the states from Dy3Si5 by red lines and 
blue markers and the additional bands, which cannot be assigned to a specific silicide, by yellow lines. 
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In conclusion a nice agreement between the multilayer nanowires on Si(557) and the 
known Er3Si5/Si(111) system could be obtained. However, in both directions the intensity of 
the corresponding states is not dominant. The electron pocket at the M  point (marker 5) 
could not be observed at all, but it is suppressed by intense yellow-marked states. 

The energy surface of broad Dy3Si5 multilayer nanowires is shown in figure 7.13. The 
situation of the discussion above is now clear: the surface Brillouin zone, as it is shown in 
figure 7.12 (c) and already measured for Dy3Si5/Si(111) (see section 6.2), is clearly observed. 
The 111M  points are formed at the same positions as for the monolayer, but the M  points are 
rotated by 30° and located closer by a factor of 1/√3 to the 111  point. The hole pocket around 
the 111  point shows very low intensity, so that it was difficult to decide, if there is a band at 
all.  

The ARPES data shown in this Fermi surface plot are supporting the conclusions, that 
at higher coverages from 3 Å Dy the broad nanowires do not longer consist of a DySi2 
monolayer, but of a Dy3S5 multilayer. The band structure of these broad nanowires is 
therefore defined by this multilayer reconstruction and has two-dimensional properties. 
Interestingly no dominating contributions from other structures are observed. Thus it can be 
assumed that the preparation conditions in figure 7.12 were not ideal for the formation of a 
pure sample only containing Dy3Si5 nanowires. 

 

 
 

Figure 7.13: Energy surface at a binding energy of 0.1 eV of the nanowires at multilayer coverage 
prepared with 5 Å Dy and 700°C annealing temperature. 
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7.5 Erbium nanowires on Si(557) 

Due to the very similar electronic and chemical properties of erbium and dysprosium similar 
results are expected for the growth of the erbium silicide nanowires on the Si(557) surface. In 
the following, ARPES results are presented for different coverages of erbium silicide on 
Si(557). 

7.5.1 Submonolayer coverage of erbium on Si(557) 

The one-dimensional band structure at submonolayer coverages of erbium appears slightly 
different compared to the dysprosium silicide nanowires at this submonolayer coverage. In 
figure 7.15 the development of the band structure along the step edges / nanowires is shown at 
a coverage of 1 Å erbium for different annealing temperatures. The interesting features are 
again indicated by blue markers.  

At an annealing temperature of 600°C the band structure mainly shows features of the 
clean Si(557) surface, as it was shown and explained in detail in section 7.1.2. The surface 
states at a binding energy of 0.2 eV and 0.8 eV are still visible and are indicated by blue 
arrows. The only indication of erbium is the Er-4f peak at a binding energy of about 6.0 eV, 
which is superimposed by some dispersing bands. At higher annealing temperatures the band 
structure is changing.  

At 700°C and even more at 800°C the same strong dispersing states at the 111M  point 
as for the submonolayer dysprosium coverage become visible. These states are again just 
reaching the Fermi level indicating a half-metallic behaviour. At 700°C annealing temperature 
the surface states of the 7×7 reconstruction are still visible (blue arrows).  

The erbium 4f-core level peak is observed for 700°C annealing temperature at around 
5.7 eV binding energy. For the spectra from 800°C annealing temperature the peak is shifted 
to 5.5 eV binding energy. Such a shift of the 4f core level was observed for some rare earths 
(Dy, Er, Gd, Lu) at different coverages [VKP99b]. 

It can be concluded, that there are erbium silicide nanowires at submonolayer 
coverage, which have a similar structural behaviour as the thin dysprosium silicide nanowires. 
Thus the system of the thin erbium silicide nanowires on Si(001) is not applicable here for 
comparison. On Si(001) only a pre-stage structure was found and no thin erbium silicide 
nanowire, as it was explained in detail in section 5.4.  
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Figure 7.15: Band structure of erbium silicide nanowires with 1 Å Er coverage and annealing 
temperatures of (a) 600°C, (b) 700°C and (c) 800°C. The ARPES data are taken along the nanowires. 
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7.5.2 Monolayer and multilayer coverages 

At higher coverages of around 2 Å erbium the one-dimensional band structure is 
superimposed with the typical bands and features of the ErSi2 band structure, as it is shown in 
figure 7.16. The typical parabolas around the 111M  point are marked by number 1. These 
electron pockets have minima at 0.1 eV. The second band at the 111M  point has its minimum 
at a binding energy of 1.8 eV (marker 2). Also the wavy dispersion of this band around the 

557  point can be observed clearly. The minimum at the 557  point is at around 0.75 eV 
binding energy (marker 3) and the maximum at 0.6 eV (marker 5). A nice agreement between 
the ErSi2 and the DySi2 band structure could be obtained. However, a pure ErSi2 monolayer 
band structure could not be observed.  

At coverages around 3 Å erbium the spectra in the direction along the nanowires still 
show features of the one-dimensional band structure from the submonolayer. In figure 7.17 
two ARPES data sets at different annealing temperatures are shown. Some features of the 
clean surface are also visible. The typical bands and states show the same position in energy 
and angle as for the ARPES data at 1 Å Er coverage at 800°C in figure 7.15 (c). The highest 
intensity of these one-dimensional band structure features is observed at 1 Å Er coverage at 
800°C. It is not clear at the moment why no features from Er3Si5 were observed. 

In principle similar band structures are obtained for erbium silicide nanowires as well 
as for dysprosium silicide nanowires. The differences are only small. At a coverage of 1 Å 
and an annealing temperature of 600 - 700°C the erbium silicide nanowires show a one-
dimensional half-metallic band structure, while the dysprosium silicide nanowires already 
show the typical two-dimensional band structure of the monolayer coverage. Also at higher 

 

 
 

Figure 7.16: Superposition of the band structure along the nanowires of the ErSi2 monolayer and the 
erbium silicide nanowire at submonolayer coverage, prepared with 2 Å Er and 700°C annealing 
temperature. 
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coverages at 3 Å Dy no one-dimensional band structure was observed, in contrast to 3 Å Er 
coverage. Such slight differences were also observed for the lower coverages of erbium and 
dysprosium on the Si(001) surface. Here, at similar preparation conditions the erbium silicide 
shows only an early form of the so-called thin nanowires and also the so-called thick wires 
(see also section 6.4) [Lün03]. At higher coverages a cluster formation is assumed, which 
does not contribute to the band structure near the Fermi level in the direction parallel to the 
nanowires. 
 

 

 
 

Figure 7.17: One-dimensional band structure of the thin erbium silicide nanowires on Si(557) 
prepared with 3 Å erbium and an annealing temperature of (a) 500°C , and (b) 700°C. 
 



8 Dimensionality of nanowires on Si(557) 

93 

8 Dimensionality of nanowires on Si(557) 

The electronic structure of DySi2 or ErSi2 monolayer nanowires and of Dy3Si5 multilayer 
nanowires on Si(557) was found to be two-dimensional. For submonolayer coverages of Dy 
or Er only a one-dimensional dispersion along the nanowires was observed. The growth of 
nanowires with a two-dimensional electronic structure is in contrast to the growth of rare 
earth nanowires on Si(001), where always one-dimensional dispersions were found. But there 
are also some similarities of both nanowire types on the different substrate surfaces. First they 
grow in a very similar growth mode. They are characterized by the same hexagonal structure, 
but the hexagonal c-axis has a different orientation on the surface, as shown in figure 8.1.  

For the growth of dysprosium silicide nanowires on Si(001) the c-axis is in plane with 
the surface. Only a weak coupling, if there is any, from one rare-earth layer to the next one of 
the structure is the consequence of this wire growth. There is always a distance between the 
wires, which would have to be overcome for a stronger coupling. A one-dimensional band 
structure is a consequence.  

 

 
 

Figure 8.1: Structure model of dysprosium silicide nanowires on Si(001) and Si(557). (a) side view on 
Si(001) and (b) on Si(557), (c) top view on Si(001) and (d) on Si(557). The dangling bonds are 
indicated as light blue ellipses. The hexagonal c-axis is oriented along {111} direction. 
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For the growth on Si(557) the c-axis is perpendicular to the (111) facet, where the 
DySi2 nanowires grow on. Thus a hexagonal symmetry of the silicide structure follows with a 
two-dimensional electronic structure. This different dimensionality of nanowires found by the 
same disilicide component underlines the important influence of the substrate orientation for 
the resulting electronic structure. 

Several spectral features can be found in both disilicide nanowire systems. The 
electron-like dispersions around J  for Si(001) and M  for Si(557) are very similar, while for 
Si(001) a double parabola is observed. Around   only on Si(001) an electron-like parabola is 
found. It can be speculated that these features at Si(001) are due to quantum size effects when 
the DySi2 layer is confirmed to a thin stripe, projecting the 111M  parabolas from the two-
dimensional band structure to the parabolas at J  and   (see figure 8.2). However, detailed 
theoretical studies are required in order to address this issue. 

 

 

 

 
 

Figure 8.2: Model of the band structure of dysprosium silicide nanowires (a) on Si(001) and (b) 
Si(111). 
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9 Conclusions and Outlook 

In this work a detailed investigation on the formation and electronic structure of rare earth 
silicides on planar and vicinal Si(001) and Si(111) surfaces was performed. In contrast to the 
manyfold studies on planar and vicinal Si(001) and on planar Si(111), the growth behaviour 
and the properties of the growth behaviour of the rare earth silicides on Si(557), which is a 
vicinal Si(111) surface, was mainly unknown.  

On the vicinal Si(001) surface nanowires grow with similar structural properties as on 
planar Si(001). The present results give a more precise information on the valence band 
structure of both types of nanowires. It was shown that the so-called broad rare earth silicide 
nanowires exhibit a one-dimensional metallic electronic band structure with strongly 
dispersing bands crossing the Fermi level. Due to the higher energy resolution than in 
previous studies it was possible to show that there are one dispersing band at the   point and 
two dispersing bands at the boundary of the surface Brillouin zone at the J  point. The 
effective masses for the parabola at the   point amount to (0.55±0.10) me and at the J  point 
to (0.55±0.10) me for the upper parabola and to (0.72±0.1) me for the lower parabola. The total 
band filling is almost 100%, which means the band is filled completely with an even number 
of electrons.  

In contrast to the broad nanowires no dispersing bands could be observed for the thin 
nanowires close to the Fermi energy. It is therefore concluded that the thin nanowires are non-
metallic. Perpendicular to the nanowire direction an intensity variation, which may indicate a 
weak dispersion or an interference effect, could be observed practically in all cases. This 
intensity variation can be assigned to the periodicity of the thin nanowires. To clarify the 
origin of this variation further ARPES measurements at different photon energies are 
necessary. 

The broad erbium silicide nanowires on Si(001) have a similar valence band structure 
as the broad dysprosium silicide nanowires. Since no thin erbium silicide nanowires were 
observed, its electronic structure was not investigated. 

The DySi2 monolayer on Si(111) exhibits a similar electronic structure as the 
ErSi2/Si(111) system, confirming most aspects of previous results. The obtained energy 
distribution curves and the positions of the electron pockets at the M  points in the surface 
Brillouin zone and of the hole pocket at the   point could be confirmed. But the shape of the 
electron pockets at the M  points was found to be elliptic with the long axis towards the   
point and the hole pocket at   was found to have hexagonal symmetry, in contrast to 
previous studies. 

Also the Dy3Si5 multilayer on Si(111) shows the similar electronic band structure as 
the Er3Si5/Si(111) system. The energy distribution curves again confirm previous results. The 
positions of the electron and hole pockets in the surface Brillouin zone were also confirmed, 
but again the shape of the electron pockets was found to be elliptic, while the hole pocket 
around the   point has a hexagonal shape. 
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On Si(557) also nanowire growth of rare earth silicides was expected due to recent 
studies on Pb nanowires and Au atomic chains on Si(557). Indeed it was observed that the 
rare earth silicide growth occurs on Si(557) as nanowires. Again different types of nanowires 
are observed depending strongly on the preparation conditions, such as material exposure.  

For submonolayer coverages of dysprosium and erbium thin chain-like nanowires 
were observed with similar structural appearance as the thin nanowires on Si(001). These thin 
nanowires are found to grow on wide areas parallel to the average substrate surface separated 
by (111) terraces. In the energy distribution curves along the nanowires bands just reaching 
the Fermi level at the boundary of the Brillouin zone at the M  points were observed, 
indicating a half-metallic behaviour. The energy surface shows clearly an electron 
confinement perpendicular to the nanowires indicating the one-dimensionality of these thin 
nanowires. However, in order to clarify the atomic structure of these thin nanowires on 
Si(557) and thus the origin of the electronic bands reaching the Fermi level more detailed 
studies are necessary. 

Another nanowire type, the broad nanowires, was observed to grow on the (111) facets 
at higher coverage. It was concluded from the STM data that two different structures were 
found depending on the material coverage. At monolayer coverage the nanowires consist of 
DySi2, which was confirmed by the electronic structure agreeing well with the electronic 
structure of DySi2 and ErSi2 on Si(111). The energy distribution curves show bands crossing 
the Fermi level along and perpendicular to the nanowires indicating metallicity. Similar 
electron pockets at the M  points and hole pockets at the   points were observed in the 
energy surface as on the planar Si(111) surface, but shifted by 10° due to the different surface 
orientation. Thus it was concluded that the broad DySi2 nanowires have a two-dimensional 
metallic valence band structure. 

At multilayer coverage the nanowires consist of Dy3Si5 grown on the (111) facets. 
They differ from the broad nanowires at monolayer coverage only by their thicker material 
coverage and are therefore characterised by a different reconstruction. In the energy 
distribution curves not every band related to the Dy3Si5 multilayer could be observed due to 
the strong contributions of additional states, which could not be assigned up to now. On the 
other hand, the energy surfaces reflected nicely the typical Dy3Si5 multilayer structure. 

The results obtained for erbium silicide nanowires are similar to the dysprosium 
silicide nanowires. Thin erbium silicide nanowires show the similar bands at the M  points 
reaching the Fermi level indicating the one-dimensional half-metallic behaviour, and the 
broad ErSi2 monolayer nanowires show similar contributions in the band structure as 
dysprosium disilicide monolayer nanowires. An electronic structure of Er3Si5 multilayer 
nanowires could not be obtained. It was assumed that for the case of erbium the formation of 
clusters is already favoured at lower annealing temperatures and lower coverages than for 
dysprosium. 

It can be concluded that structurally and electronically very different nanowires can be 
prepared in a self-organised way on various silicon surfaces using different rare earth 
coverages. However, applications of the nanowires investigated in this work in devices 
require a protection against the ambient atmosphere. Thus the opportunities to overgrow the 
nanowires e. g. with silicon while freezing their structural and electronic properties should be 
explored in detailed future studies. 
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