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Abstract

In the framework of this thesis the surfactant-mediated heteroepitaxial growth of Ge on
different Si surfaces has been investigated by means of low-energy electron microscopy,
low-energy electron diffraction, spot-profile analysing low-energy electron diffraction,
x-ray standing waves, grazing-incidence x-ray diffraction, x-ray photoemission electron
microscopy, x-ray photoemission spectroscopy, scanning tunneling microscopy, scanning
electron microscopy, transmission electron microscopy, and density functional theory
calculations. As surfactants gallium, indium, and silver were used.

The adsorption of Ga or In on the intrinsically faceted Si(112) surface leads to a
smoothing of the surface and the formation of (N×1) reconstructions, where a mixture
of building blocks of different sizes is always present. For both adsorbates the overall
periodicity on the surface is strongly dependent on the deposition temperature and
the coverage. For the experimental conditions chosen here, the periodicities are in the
range of 5.2 ≤ N̄ ≤ 6.5 and 3.4 ≤ N̄ ≤ 3.7 for Ga and In, respectively. The (N×1)
unit cells of Ga/Si(112) and In/Si(112) are found to consist of adsorbate atoms on
terrace and step-edge sites, forming two atomic chains along the [11̄0] direction. In the
Ga-induced structures two Ga-vacancies per unit cell (one in the terrace and one in the
step-edge site) are found and a continuous vacancy line on the surface is formed. In
the In/Si(112) structure only one vacancy per unit cell in the step-edge site exists and,
thus, a continuous adsorbate chain on the terrace sites is present.

The adsorption of Ga or In on Si(112) strongly influences the subsequent Ge growth.
Ge deposition on the Ga-terminated Si(112) surface leads to the formation of Ge
nanowires, which are elongated along the Ga chains and reach lengths of up to 2000 nm
for a growth temperature of 600◦C. On In-covered Si(112), both small dash-like Ge
islands and triangularly shaped islands are found, where the latter ones are terminated
by (111), (013) and (103) side facets as well as a (112) top facet. Ga and In have a
contrary impact on the Ge diffusion on the Si(112) surface. While Ga reduces the
diffusion for Ge atoms, compared to the growth on the bare Si(112) surface, In increases
the diffusion.

For the first time Ag was employed as surfactant material for Ge growth on Si.
On a completely (

√
3×√3)-R 30◦-Ag covered Si(111) surface a drastic increase of the

diffusion length for Ge and, thus, the growth of huge Ge islands (sizes of several μm)
is observed. Their density is about three orders of magnitude lower as compared to
the growth on the clean Si(111) surface. At a coverage of around 90 bilayers (layer
thickness of around 28 nm) the islands are coalesced and a closed Ge film is formed.

Ag deposition on both, Si(112) and Si(113), induces the formation of a regular array
of nanometer-scale facets along the [11̄0] direction, the sizes of which are dependent on
the growth temperature and a maximum periodicity perpendicular to [11̄0] of 55 nm is
determined. On Si(112) the array consists of alternating (111) and (113) facets, whereas
on Si(113) alternating (111) and (115) facets are found. Subsequently deposited Ge
grows nicely along the direction of the facets. Thereby, Ge nanowires with lengths of
up to 600 nm and aspect ratios of up to 10:1 are formed.



Kurzfassung

Im Rahmen dieser Arbeit wurde das Surfactant-modifizierte, heteroepitaktische Wachs-
tum von Ge auf verschiedenen Si-Oberflächen mit Hilfe von niederenergetischer Elektro-
nenmikroskopie, hochauflösender und konventioneller niederenergetischer Elektronenbeu-
gung, stehenden Röntgenwellen, Röntgenbeugung unter streifendem Einfall, Röntgen-
Photoemissions-Elektronenmikroskopie und Spektroskopie, Rastertunnelmikroskopie,
Raster- und Transmissionselektronenmikroskopie, sowie Dichtefunktionaltheorie Rech-
nungen untersucht. Als Surfactant-Materialien wurden Ga, In und Ag verwendet.

Die Adsorption von Ga und In auf der anfangs facettierten Si(112) Oberfläche führt
zu einer Glättung der Oberfläche und zur Ausbildung von (N×1) Rekonstruktionen,
wobei jeweils eine Mischung aus Einheitszellen verschiedener Größen existiert. Für beide
Adsorbate ist die Gesamtperiodizität sowohl von der Depositionstemperatur als auch von
der Bedeckung stark abhängig. Für die gewählten experimentellen Bedingungen variieren
die mittleren Periodizitäten zwischen 5.2 ≤ N̄ ≤ 6.5 für Ga und 3.4 ≤ N̄ ≤ 3.7 für In.
Die (N×1) Zellen von Ga/Si(112) und In/Si(112) bestehen jeweils aus Adsorbatatomen
auf Terrassen- und auf Stufenkanten-Plätzen, wobei zwei parallele, atomare Ketten
entlang der [11̄0] Richtung gebildet werden. In der Ga-induzierten Struktur lassen
sich zwei Fehlstellen pro Einheitszelle finden (eine auf einem Terrassen-, die andere
auf einem Stufenkanten-Platz), wodurch eine durchgängige Fehlstellenlinie gebildet
wird. Die In/Si(112) Struktur beinhaltet nur eine Adsorbat-Fehlstelle pro Einheitszelle,
weshalb eine durchgängige Adsorbatkette auf dem Terrassenplatz vorzufinden ist.

Die Ge-Deposition auf der Ga-terminierten Si(112) Oberfläche führt zur Ausbildung
von Ge-Nanodrähten entlang der Richtung der Ga-Ketten, welche Längen von bis zu
2000 nm bei einer Wachstumstemperatur von 600◦C erreichen. Auf In-bedecktem Si(112)
konnten sowohl kleine zigarrenförmige Inseln als auch Inseln mit dreieckigem Grundriss
gefunden werden, wobei letztere (111), (103) und (013) Seitenfacetten und eine (112)
Topfacette aufweisen. Während Ga die Diffusionslänge für Ge-Atome im Vergleich zum
Ge-Wachstum auf der reinen Oberfläche reduziert, vergrößert In die Diffusionslänge.

Zum ersten Mal wurde Ag als Surfactant-Material für das Wachstum von Ge auf Si
genutzt. Auf einer komplett (

√
3×√3)-R 30◦-Ag bedeckten Si(111) Oberfläche wurde

eine drastische Erhöhung der Diffusionslänge und somit das Wachstum von Ge-Inseln
einer Größe von mehreren μm beobachtet, deren Dichte etwa drei Größenordnungen
geringer ist als beim Wachstum auf der reinen Si(111) Oberfläche. Bei einer Bedeckung
von etwa 90 Bilagen (Schichtdicke von etwa 28 nm) sind die Inseln komplett zusammen
gewachsen und eine geschlossene Ge-Schicht ist entstanden.

Die Ag-Deposition auf Si(112) und Si(113) bewirkt die Ausbildung einer regelmäßigen
Anordnung von Nanofacetten entlang der [11̄0] Richtung. Die Größen der Facetten
sind stark abhängig von der Wachstumstemperatur, wobei eine maximale Breite von
etwa 55 nm gefunden werden konnte. Auf Si(112) bilden sich abwechselnde (111) und
(113) Facetten aus, wohingegen auf Si(113) (111) und (115) Facetten beobachtet werden.
Anschließend aufgebrachtes Ge wächst entlang der Facetten, wodurch Nanodrähte mit
Längen bis zu 600 nm und einem Längen-zu-Breiten-Verhältnis von bis 10:1 entstehen.
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Chapter 1

Motivation

Following Moore’s law, which predicts a doubling of the complexity of integrated circuits
every 18 or 24 months [Moo65, Moo06], most of the progress in microelectronics has been
based upon the down-scaling of the device sizes over the last decades. Unfortunately, the
scaling reached the limits of classical physics with the 130 nm CMOS (complementary
metal-oxide-semiconductor) generation and quantum mechanical effects have to be
taken into consideration [LIM10].

Up to that point, device down-scaling was sufficient to deliver performance im-
provement [Kuh09]. An increase of the switching frequency was achieved by a raised
drain saturation current in MOSFET (metal-oxide-semiconductor field-effect-transistor)
structures. Since the 32 nm generation has been reached a few years ago, new materials
must be utilized and combined with traditional CMOS technology based on silicon
(Si) [Lun03, TAB+09, ZNL+11]. This step is needed as the drain saturation current
of very small MOSFET structures is not dependent on the gate length, but is rather
determined by the injection velocity of the charge carriers into the channel [Nat94].

In addition to the use of materials with a high dielectric constant (high-k materials)
as gate materials [HZS+11], the introduction of channel materials with higher charge
carrier mobilities is possible, leading to further improvements of the device performance.
Germanium (Ge) or a few III/V compound semiconductors, e.g., gallium-arsenide
(GaAs), are considered for this purpose [Lun03]. Ge shows the highest hole mobility
(1900 cm2V −1s−1 at room temperature; Si: 450 cm2V −1s−1)1 of these materials and
is therefore well-suited for p-type2 MOSFETs [LIM10], the first realization of which
was presented in 1999 [RKH+99]. Not surprisingly, a mobility enhancement of up to
10 times has already been shown for complete Ge channels compared to strained Si
channels in p-type MOSFETs [LLC+01, LFB+05]. The electron mobility in some of
the compound semiconductors are higher than in Ge and would, thus, be better suited
as n-type MOSFETs. However, due to the similarity of the lattice structures, Ge is
technologically much better compatible with existing Si-technology.

Another possible application in microelectronics is the use of Ge as a base material

1Data taken from: http://www.ioffe.ru/SVA/NSM/Semicond (April 2011).
2P-type means that the charge carriers inside the channel are positively charged (holes).
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Chapter 1: Motivation

in hetero-bipolar transistors (HBT) [Kas96, HKF+04]. In this case, also the higher
charge carrier mobility of Ge and, thus, a possibly higher switching rate is desired.
The need and the challenges of systems working in a THz-regime have already been
discussed [YCK+09, SSM+10] and HBTs working at 500GHz [KLC+06] and even above
600GHz3 [YCK+09] have been demonstrated recently.

The most challenging task for Si-based structures is the implementation as opto-
electronic components, i.e., devices which are detecting or emitting light. Here, either
Erbium (Er) doping of Si or SiO2 films, band-gap-engineered SiGe layers, or Ge
nanoislands can be utilized [HKF+04]. Possible applications range from Ge p-i-n
photodetectors [MCA02, AHL+07], GeSi photodiodes [MCA02], optical waveguides
[MCA02, Sor10], optical modulators [LPJ+07], and opto-couplers [LNK+09b], to Ge
light emitting diodes (LED) [SLKM09, LNK+09a] and even Ge-based lasers [Sor96,
Pau04, Sor10].

Γ L

0.
80

0 
eV

0.
66

4 
eV

conduction band

valence band

light
hole heavy

hole

<111>

Figure 1.1: Schematic
representation of valence
and conduction band for
Ge to illustrate the quasi-
direct bandgap (according to
[LSP+07]).

The absorption coefficient of Ge in the wavelength
range that is interesting for fiber optics communications
(around 1300 to 1600 nm) is significantly higher than
the value of Si. Therefore, high performance Ge p-i-
n photodetectors operating in the near infrared (NIR)
or avalanche GeSi photodiodes could be possible. Un-
fortunately, the realization of light emitting devices is
hindered due to the indirect band gap of Ge. Interest-
ingly, the energy gap between the conduction band and
the valence band at the Γ-point (direct gap) is 0.8 eV,
being equivalent to a wavelength of 1550 nm, which is
exactly in the fiber optics communication band. Thus,
tremendous efforts have been made to overcome the
problem of the indirect band gap and, in principle, two
different options have been developed in recent years.

The first one makes use of the quasi-direct bandgap
behavior of Ge, i.e., the difference between the direct
gap at the Γ-point and the indirect gap at the L-point
is rather small (∼ 136meV). In 2007 a theoretical work

described the possibility of an efficient direct-bandgap light emission from Ge layers
grown on Si by proper band gap engineering [LSP+07]. A sophisticated deposition,
annealing and cooling procedure introduces 0.25% tensile strain into the Ge layer
despite its larger unit cell compared to Si.4 This procedure makes use of the larger
thermal expansion coefficient of Ge, which is nearly twice as high as for Si at the
used temperatures [SB75]. Interestingly, tensile strain reduces the direct bandgap
more efficiently than the indirect bandgap [IWC+03] and the difference between Γ and
L-valleys can be reduced to 115meV at 0.25% tensile strain. At around 2% tensile

3THz=1012s−1, GHz=109s−1.
4The lattice parameter of Ge is roughly 4.2% larger than the one of Si. Thus, compressive strain is

expected in Ge layers grown on Si.

2



strain Ge becomes a direct gap material, but the direct bandgap would shrink to 0.5 eV
(∼2500 nm), which is undesired for applications. The tensile strain of 0.25% reduces the
direct gap to 0.76 eV (∼1630 nm). Additionally, the Ge layers are highly n-type doped
(≥ 7 × 1019cm−3), leading to a filling of the L-valley up to the level of the Γ-valley
and enabling a direct bandgap transition from the Ge layers at a wavelength that is
still interesting for applications in fiber optics communications [LSP+07, SLKM10].
Based on these findings, it was possible to show that a high optical gain [LSKM09]
and electroluminescence [SLKM09] from these Ge structures could be achieved. Also
efficient electro-absorption was shown for the use of Ge structures as modulators and
photodetectors [LPJ+07]. The use as LEDs and even lasers has already been discussed
[LCW+05, SLKM10] and an optically pumped edge-emitting laser operating at room
temperature with a gain spectrum around 1590 to 1610 nm wavelength has successfully
been demonstrated recently [LSC+10].

The second method to achieve efficient light emission from GeSi heterostructures
is the creation of a quantum-cascade intersubband-laser [Sor96, HKF+04]. Several
layers of self-assembled Ge quantum dots (QD), each of them separated by thin Si
spacer layers (few nm), are grown on a Si substrate. Owing to their small thickness,
a strain field is formed inside the whole Si spacer layer and subsequently grown Ge
islands form above other Ge islands from a lower layer, producing vertically correlated
Ge QD stacked layers. Thus, a structure with alternating smaller (Ge) and larger
(Si) bandgaps is realized [ECT+04] and so-called minibands (or subbands) are formed
[TCT+06]. If the Si spacer layers are thin enough, i.e., when they can be interpreted
as quantum wells (QWs), the formation of a miniband is reached by a certain overlap
of the wavefunctions of charge carriers in adjacent identical QWs [TCT+06, STT+06].
As a consequence, electrons can pass through the individual layers of one miniband
and radiative recombination between two minibands is possible. For GeSi this leads
to a conversion of the band-structure from indirect to quasi-direct. Moreover, it is
possible to tune the wavelength of the emitted radiation over a rather large range,
as the energy levels between two minibands are primarily determined by the layer
thicknesses and not the used materials. Therefore, by an optimization of growth
parameters and spacer layer thicknesses, photoconductivity and both enhanced photo-
(PL) and electroluminescence (EL) with a quite high quantum efficiency of up to
0.04% in the wavelength range of 1300 to 1550 nm has been demonstrated for Ge QDs
[ECT+04, LNK+09b, LNK+09a]. The irradiation of the structures with high-energy
photons and, thus, the formation of defects seems to have hardly any influence on the
optical properties of these structures [FSL+06]. The extension of the wavelength regime
of the luminescence up to 1800 nm has been shown and the possibility of use as lasers
has been discussed recently [TCT+06, STT+06].

All of the previously presented applications require Ge structures with a high
crystalline quality, i.e., low density of defects. Owing to the lateral mismatch of Ge
to Si, it grows pseudomorphically, i.e., defect-free and matched to the Si host lattice
only up to a thickness of a few monolayers as a two-dimensional film. After this
critical layer thickness is reached, the formation of three-dimensional islands starts, in
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Chapter 1: Motivation

which Ge can relieve strain by the formation of defects. Upon extended deposition,
the islands coalesce and form a film which is completely traversed by these defects
(threading dislocations). The dislocations act as effective scattering centers, leading to
a significantly reduced charge carrier mobility [ILS+94] and making it inappropriate for
technological applications.

Several approaches have been developed to avoid defects or at least lower their
density. Most of them are either time- or resource-consuming (or both) since the
Ge structures are either artificially formed, e.g., by lithographic treatment of the Si
substrate [SJL+00], or require an elaborate deposition and/or annealing procedure, e.g.,
in graded buffer layers [LMM91]. Another method that effectively reduces the defects
in the Ge structures and is fast and, thus, cost efficient is the surfactant mediated
epitaxy (SME). By the pre-adsorption of a foreign species, the surfactant (surface
active agent), the growth behavior can be drastically changed. Ideally, the surfactant
always segregates to the surface during epitaxy and reduces the surface free energy
of substrate and adsorbate and changes the diffusion lengths of atoms reaching the
surface, without being incorporated into the Ge structures. It was already possible
to grow nearly defect-free Ge layers on Si(111) substrates with a thickness of several
nanometers and sharp Ge/Si interfaces by the employment of antimony (Sb) [Hoe94] or
bismuth (Bi) [SFM+99], which additionally show high charge carrier mobilities close to
the values of bulk Ge [RKHH97a, RKHH97b].

Up to now most of the research has focused on the Si(001) surface, which is technically
most relevant since it is used in most of today‘s applications, and the Si(111) surface,
which is interesting due to its low surface free energy. Other surface orientations
might exhibit different properties which could lead to an enhanced performance or a
wider range of applications. It was, e.g., already possible to show that charge carrier
mobilities can be higher in surface orientations different than the (001) orientation
[TTIT94, LLS+04, LLS+05], which is still the most common for CMOS technology.
Moreover, high-index or vicinal surfaces5 of Si provide a large potential for the growth
of low-dimensional systems, like quantum dots or wires, due to their high step density
and low surface symmetry. Additionally to the possible application of Ge quantum
dots and wires as light emitters, Ge quantum wires could also be integrated in the
CMOS process and work as high performance channel materials in MOSFET structures
[SDSW06, JSL+09].

Within the framework of this thesis the influence of the pre-adsorption of the group-
III-metals gallium (Ga) and indium (In) on the Ge growth on Si(112), with a focus
on the morphological and structural properties of the resulting Ge islands, has been
studied in dependence of the growth temperature. For a deeper understanding of the
interaction with the Si substrate also the structural changes induced by these metals
have been analyzed. Moreover, a completely novel surfactant material, silver (Ag), has
been utilized and its influence on the Ge growth on Si(111), Si(112) and Si(113) has

5The name vicinal originates from the vicinity of these surfaces to low-index surfaces. The
unreconstructed surfaces can often be described as stepped surfaces with low-index terraces (cf.
sections 4.2.2 and 4.2.3).
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been investigated. Ag could be superior to other surfactant materials since it has a
relatively low equilibrium solubility in Si and Ge [Mad96], which is up to four orders
of magnitude lower than for other surfactants. Thus, the incorporation into the Ge
structures during growth and into Si during overgrowth is very unlikely.

For the analysis different microscopic, diffractive, and spectroscopic techniques
have been utilized. The corresponding theoretical basics and experimental details
are introduced in chapter 3. Before that, in chapter 2 the basic principles of crystal
structure and crystal growth are given and in chapter 4 the Si crystal structure, the
investigated Si surfaces, and a review of literature on Ge growth on Si are introduced.
In chapters 5 and 6, first, a short review of recent literature on the investigated material
systems is given, respectively, followed by the description and discussion of the results
on the influence of group-III-metal adsorption on the Ge growth on Si(112) (chapter 5)
and on the influence of Ag adsorption on the Ge growth on different Si surfaces (chapter
6). Each of these two chapters is concluded by a short summary. In the last chapter
conclusions on the most important results of this thesis and an outlook on possible
future experiments and applications are given.

Many of the results presented in this thesis have already been published in or
submitted to peer-reviewed, scientific journals. These publications are attached at the
end of the thesis (starting on page 164).

5



6



Chapter 2

Basics of Crystal Structure and
Crystal Growth

This chapter provides a description of the basic theoretical principles of the structure
of crystals, which are essential for the understanding of the following chapters of this
thesis. A detailed description can be found in well-known textbooks: [AM76, Czy08,
Dem05, IL99, Kit06, KH04] for solid state physics in general and [HG94, Lüt98, Une96]
for the properties of solid state surfaces.

In the second part of this chapter the epitaxial growth of crystals is introduced
briefly. The description is mainly based on the publication by Ernst Bauer [Bau58].

2.1 Crystal Structure

2.1.1 Crystal Lattice in Real Space

An ideal crystal is infinite in its extent. Thus, it covers the complete three dimensional
(3D) space. It consists of a periodical repetition of the same element, i.e. either the
same atom or the same group of atoms [Czy08].

Real crystals are, of course, finite, but if they are large enough the vast majority of
lattice points is so far away from the surface as to be unaffected by its existence. Thus,
the idealized concept of an infinite crystal is very helpful. A crystal lattice is built by
lattice points in space, which can be described by the indication of a translation vector
pointing to the individual points [AM76, Dem05]. Choosing one particular atom as the
origin of the coordinate system of the crystal lattice and defining the vectors to the
three neighboring atoms �a1, �a2, and �a3 as the basis vectors of the lattice, the translation
vector �T to any other lattice point is given by an integer linear combination of these
three basis vectors

�Tn =
3∑

i=1

ni �ai, ni ∈ Z . (2.1)

The parallelepiped that is formed by the basis vectors �a1, �a2, and �a3 is usually called
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Chapter 2: Basics of Crystal Structure and Crystal Growth

(a) (b) (c)

simple cubic
(sc)

body-centered cubic
(bcc)

face-centered cubic
(fcc)

Figure 2.1: Three possible Bravais lattices in a cubic system: (a) simple cubic (sc)
with one atom per unit cell; (b) body-centered cubic (bcc) with two atoms per unit cell;
(c) face-centered cubic (fcc) with four atoms per unit cell.

primitive unit cell. Its volume Vu is given by the scalar triple product

Vu = |(�a1 × �a2) · �a3| . (2.2)

Expressed by the components of the basis vectors the volume is given by means of the
matrix

A =

⎛
⎝ a1,x a1,y a1,z

a2,x a2,y a2,z
a3,x a3,y a3,z

⎞
⎠ (2.3)

as
Vu = detA . (2.4)

The side lengths |�ai| of the unit cell are called lattice constants �ai.

One very common choice of a primitive cell with the full symmetry of the lattice
is the so called Wigner-Seitz cell. The Wigner-Seitz cell around one lattice point is
defined as the region of space that is closer to that point than to any other lattice point.

Each crystal lattice has its characteristic symmetry operations, e.g. mirroring at
planes, rotations about symmetry axes or inversion at the origin. In total, 14 different
lattice types can be formed, which are obtained by combinations of the symmetry
properties. These lattices are called Bravais lattices and can be classified in seven
different crystal systems. A very popular one is the cubic system with its three Bravais
lattices: simple cubic (sc), body-centered cubic (bcc), and face-centered cubic (fcc), see
figure 2.1. For instance, silicon crystallizes in a diamond structure, which consists of a
fcc lattice with a basis of two atoms. Its structure, with an emphasis on the investigated
surfaces of this thesis, is described in chapter 4.

2.1.2 Lattice Planes

A lattice plane is spanned by three lattice points, which do not lay in one line. The
orientation of the plane relative to the three crystal axes �a, �b, and �c is determined by
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Figure 2.2: Main lattice planes in a cubic system.

the intersections of the plane with the three axes [Dem05]. To obtain the indices of one
certain lattice plane the following procedure is employed:

1. For the intersections

S1 : m1�a, S2 : m2
�b, S3 : m3�c (2.5)

the reciprocal values 1/m1, 1/m2, and 1/m3 are formed.

2. These values are multiplied with the smallest integer number p, which converts
the reciprocal values into the smallest coprime numbers

h =
p

m1

, k =
p

m2

, l =
p

m3

. (2.6)

3. This triple (hkl) of integer numbers is called Miller indices.

The direction of a set of lattice planes (hkl) is determined by its normal vector and
written as [hkl ]. Moreover, the set of directions in a crystal which are equivalent to
[hkl] is denoted by 〈hkl〉. If one lattice plane is oriented parallel to a crystal axis the
corresponding Miller index is zero. The normal vector which points in the opposite
direction of the basis vectors has negative Miller indices. As a common notation, the
minus sign is typically denoted above the numbers (hkl) as (h̄k̄l̄). In figure 2.2 a few
selected lattice planes in a cubic crystal with the according Miller indices are shown.

2.1.3 Reciprocal Lattice

For every crystal lattice in real space it is possible to define a reciprocal lattice, such
that its basis vectors �a∗j have the unit of a reciprocal length. These reciprocal basis
vectors are defined by

�a∗1 =
2π

Vu

(�a2 × �a3) , �a∗2 =
2π

Vu

(�a3 × �a1) , �a∗3 =
2π

Vu

(�a1 × �a2) , (2.7)

with the known volume of the real lattice Vu. The reciprocal basis vector �a
∗
1 is orthogonal

to the plane which is spanned by the vectors �a2 and �a3 of the real crystal lattice [Dem05].
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Chapter 2: Basics of Crystal Structure and Crystal Growth

In general, the basis vectors of the real and the reciprocal lattice are connected by the
orthogonality relation [Czy08] by

�ai · �a∗j = 2π · δij, with δij =

{
1, i = j
0, i 
= j

. (2.8)

Equivalent to the real space lattice, every point of the reciprocal lattice �Gk can be
reached by the linear combination of the basis vectors

�Gk =
3∑

j=1

kj �a
∗
j , kj ∈ Z , (2.9)

where the integer coefficients k1,k2, and k3 are equivalent to the Miller Indices (hkl) of
one lattice plane (hkl) in real space.

The definition of �Ghkl induces directly its orthogonality to the corresponding lattice
planes (hkl) in real space. Moreover, the absolute value of �Ghkl is inversely proportional
to the distance dhkl between two adjacent planes of the set of lattice planes (hkl):

| �Ghkl| = 2π

dhkl
. (2.10)

For cubic crystallographic systems, where |�a1| = |�a2| = |�a3| = a0, dhkl is given by

dhkl =
a0√

h2 + k2 + l2
. (2.11)

The parallelepiped spanned by the reciprocal basis vectors �a∗j is usually not chosen as the
primitive unit cell of the reciprocal space. A more common choice is the Wigner-Seitz
cell in reciprocal space called first Brillouin Zone (1st BZ). Its midpoint �k = (0, 0, 0) is
called Γ-point.

2.1.4 Surfaces of solid materials

The assumption of an infinite crystal is certainly not given for the case of a surface of a
solid material. A surface represents a deviation from the ideal translation symmetry of
the 3D lattice in the bulk of the crystal, which is caused by the lack of symmetry in
one spatial direction. Hence, surface atoms have less neighboring atoms than atoms
inside the crystal. As a consequence, effects and structures can occur, which, in general
differ from the ones in the bulk.

In the case of an ideal surface the atoms are situated on the same lattice positions
as the atoms inside the crystal volume (truncated bulk). This bulk terminated structure
is, in general, not observed for real crystals as the ideal surface has a high number of
unsaturated bonds, caused by missing bonding partners in one spatial direction. These
so called dangling bonds are energetically very unfavorable and the system tries to
reduce their number. In many cases this is achieved by the formation of a superstructure
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Figure 2.3: Illustration of the five possible Bravais lattices on the surface of crystals
with the unit vectors �a1 and �a2. The corresponding primitive unit cells contain the
smallest possible area. (a): Quadratic; (b): rectangular (primitive); (c): rectangular
(centered); (d) hexagonal; (e): oblique-angled (adapted from [HG94]).

where the surface atoms bond to other surface atoms. This is usually called surface
reconstruction. Many surfaces have characteristic reconstructions, e.g., the well-known
(7 × 7) reconstruction of the Si(111) surface. Other possible structural changes at
surfaces that reduce the surface energy can be a displacement of the upper layer against
the bulk (deformed or relaxed surface), adsorption of a foreign species, and surface
segregation. Areas where these structural properties occur without any defects or
disturbances can only be found on an infinite scale. These areas are separated from
each other by surface steps or domain boundaries.

Many surface experiments do not only probe the topmost layer, but also information
from several lower layers are obtained. Thus, a formal description of the periodic
structure of the topmost layer must contain information about the ideal substrate as
well as about the one or two topmost layers which might exhibit a different periodicity
due to a possible reconstruction or a well-ordered, periodic adsorbate layer. In this case,
where a different periodicity is present at the surface, a surface lattice (or superlattice)
is superimposed on the substrate lattice which exhibits the basic periodicity.

In analogy to the situation in the bulk, the translation vector of the (ideal) surface
is given by a combination of two linearly independent basis vectors

�Tsurf = n1 �a1 + n2 �a2 , with ni ∈ Z . (2.12)

By convention the following properties apply for the two surface basis vectors �a1 and
�a2: |�a1| � |�a2|, with α = �(�a1,�a2) ≥ 90 and α− 90◦ minimal. If one atom lies in the
origin of the system, every atom of an ideal, defect free surface can be reached choosing
integer numbers for n1 and n2. Depending on the angle α and the ratio of the lengths
of the basis vectors, the resulting 2D lattice shows different symmetries, which can be
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Chapter 2: Basics of Crystal Structure and Crystal Growth

characterized by rotational axes and mirror planes [HG94]. By the combination of the
symmetry operations, in total five surface Bravais lattices can be formed, which are
illustrated in figure 2.3.

Due to the existence of a superstructure, the experimentally determined unit cell
with its vectors �b1 and �b2 is, in general, not equivalent to the unit cell of an ideal surface
with vectors �a1 and �a2. For the correct description of the superstructure, the ratios
|�b1|/|�a1| and |�b2|/|�a2| and the angle between the nets �a1, �a2 and �b1, �b2 are determined.
Combining the chemical denotation of the substrate, the Miller Indices of the surface
orientation, and, if applicable, the adsorbate material that induces the reconstruction,
the commonly used short notation is maintained, e.g., Si(111)− (√3×√3)−R 30◦−Ga.
In this example, the Si substrate with (111) surface orientation exhibits a structure

which is caused by Ga-adsorption and with |�b1|/|�a1| = |�b2|/|�a2| =
√
3. Moreover, the

net �b1, �b2 is rotated (R) by 30
◦ to the underlying substrate. A possible addition ’p’

or ’c’ indicates if the structure is primitive or centered. However, this short notation
cannot be used for all cases, especially if �(�b1,�a1) 
= �(�b2,�a2). Here, the more general
matrix notation must be used:(

�b1
�b2

)
=

(
n11 n12

n21 n22

)(
�a1
�a2

)
. (2.13)

If all matrix coefficients nij are integer, a simple superlattice is formed. For the
case that the coefficients are rational, the superstructure is called coincidence or
commensurate structure. If at least one element is irrational, the structure is incoherent
or incommensurate.

2.2 Epitaxial Growth

One possible way to prepare a fresh and clean surface is the evaporation and deposition
of thin films onto a substrate material [Une96]. If the deposited films are monocrystalline
they are called epitaxial films and the corresponding growth method is called epitaxial
growth or epitaxy.

Here, in general, one distinguishes between two possible cases. If the material of
substrate and film is the same the process is called homoepitaxy. If this is not the
case it is called heteroepitaxy. The crystalline quality of the epitaxial layers depends
on different parameters which can influence the growth dramatically. Among them,
the chosen growth technique, the crystallographic orientation and crystalline quality
of the substrate, substrate temperature, fluxes of the evaporated materials, lattice
mismatch between substrate and adsorbate, and the free energies of the surface and
interface of the system play a decisive role [Bau58]. Moreover, it is essential to minimize
interactions of substrate and adsorbate with foreign materials, especially impurities
which are e.g. caused by ambient air. Thus, most epitaxy experiments are carried out
under ultra-high vacuum (UHV, p ≤ 10−8mbar) conditions.
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Frank-van der Merve (FM) Volmer-Weber (VW) Stranski-Krastanov (SK)

(a) (b) (c)

Figure 2.4: Three epitaxial growth modes: (a) layer-by-layer or Frank-van der Merwe
(FM) growth mode; (b) 3D or Volmer-Weber (VW) growth mode; (c) wetting layer &
3D islands: Stranski-Krastanov (SK) growth mode. The substrate is displayed in blue,
the adsorbate in red.

2.2.1 Epitaxial Growth Modes

For an epitaxial growth close to the thermodynamic equilibrium, i.e. for suitably low
growth rates and constant temperature, it is possible to distinguish between different
growth modes by the specific interface energy σinter and the free surface energies of
substrate σsub and adsorbate σad [Bau58].

In general, the change of the surface free energy by the coverage of the substrate
Δσ is determined by

Δσ = σad + σinter − σsub + n · σelast , (2.14)

where adsorbate-covered regions contribute to the free surface energy with (σad + σinter)
and uncovered regions with σsub. The elastic energy σelast is caused, e.g., by a lattice
mismatch between substrate and adsorbate, due to a possible strain in the growing film.
It increases with the number of grown layers n.

The three growth modes that can occur (see also figure 2.4) are:

• Frank-van der Merwe growth mode: Δσ ≤ 0.
Adsorbate-covered regions (σad + σinter) are energetically favorable, thus a 2D
layer-by-layer growth is achieved. The case Δσ = 0 is only valid for homoepitaxy
(no lattice mismatch). After one layer is completely filled a second layer starts to
grow. If the lattice mismatch is very small the adsorbate can grow with the same
lattice constant as the substrate (pseudomorphic growth). This leads to strain
in the layer, which can, e.g., be reduced by the integration of misfit dislocations
after a certain critical layer thickness is reached.

• Volmer-Weber growth mode: Δσ > 0.
Starting directly at the beginning of the growth, spatially isolated clusters are
formed and a 3D growth is gained. This growth mode usually occurs if a large
lattice mismatch between substrate and adsorbate is present.

• Stranski-Krastanov growth mode: (σad + σinter) < σsub and σelast > 0.
In the case of a few percent of lattice mismatch, first a layer-by-layer growth is

13



Chapter 2: Basics of Crystal Structure and Crystal Growth

observed, which is often called wetting layer. After a critical layer thickness is
reached, Δσ changes to positive values as the strain increases. As a result of that,
3D islands are formed, to reduce the strain in the film caused by the previous
pseudomorphic layer growth.

2.2.2 Surfactant-Mediated Epitaxy

One prominent method for the systematic manipulation of the growth of semiconductor
crystals is the so-called surfactant-mediated epitaxy (SME), which has been first reported
in the late 1980s and early 1990s [CRKT89, LCT89, CRHT90, LCT90, CT91, HLC+91,
NI92, TR92].

Here, a third species, the surfactant (surface active agent), changes the properties
of substrate and adsorbate, especially their surface free energy and the diffusion lengths.
A surfactant material fulfills two criteria to function effectively: It is sufficiently mobile
to avoid incorporation into the growing adsorbate layer and it segregates to the surface
[Hoe94]. Thus, it might also be called growth catalyst.

If aiming for a stacked layer structure with A/B/A/B stacking, where A is the
substrate (e.g. Si) and B is the adsorbate (e.g. Ge), the problem is that only one of the
two materials can have the lower surface free energy. Thus, either the growth mode of
the adsorbate layer (material B) or the growth mode of the capping layer (material A)
will be Volmer-Weber growth mode. For the case of Ge/Si, Ge has a significantly lower
surface free energy than Si and the growth of a Si capping layer on top of a Ge layer is
hindered. The employment of a surfactant material can enable the growth of smoother
layers as it lowers the surface free energy of both, the substrate and the adsorbate.
Energetically favored site exchange processes between adsorbate atoms and surfactant
reduce the effective diffusion length of the system [SABB02]. This effect does not only
hinder the material transport which is needed for the formation of large 3D islands,
but also the interdiffusion between substrate and adsorbate at the interface is limited
[FBM+96, ZKH99]. Moreover, in the resulting layer significantly less defects are formed
compared to growth without surfactant material. For the Sb-mediated growth of Ge on
Si(111) defect densities could be reduced from 1012 cm−2 for direct growth of Ge to less
than 108 cm−2 [HLC+91].

Figure 2.5: Two surfactant-
mediated epitaxy (SME)
modes: (a) Frank-van
der Merwe-like SME; (b):
Stranski-Krastanov-like
SME. The substrate is dis-
played in blue, the adsorbate
in red, and the surfactant in
green.

(a) (b)
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2.2 Epitaxial Growth

While the employment of group V elements like As [CRKT89, CRHT90], Sb
[CRHT90, HLC+91, OKL+92, LNJH94, FGM+95, FBM+96, SKC+05, SKF+06], or Bi
[HHK+99, SFM+99, FSM+00, PV04] for the material system Ge/Si intends to suppress
the island formation and enable film growth, an enhanced 3D growth can be reached by
the use of group III elements like Ga [VZWB95, FSHM96, MFW+96, SCF+07, SFG+07]
or In [VZWB95, MTYY95]. The pre-adsorption of these materials on bare Si surfaces
has a huge impact on the size, form and orientation of the Ge islands, which might
enable the effective growth of quantum dots or wires. Although for these materials the
name antisurfactants is often used in literature, for this thesis all mentioned elements
that influence the Ge growth on Si shall be called surfactants and no difference between
materials that lead to a 2D growth or to an enhanced 3D growth is made in this sense.

2.2.3 Lattice defects

Generally speaking, a defect means any deviation from the strictly periodic arrangement
of the crystal structure [KH04]. Defects can be divided into three groups according
to their dimensionality: Zero dimensional or atomic defects can, e.g. be unfilled sites
in the crystal, atoms lying on interstitial lattice sites, or atoms of a foreign species.
Macroscopic defects can either have one or two dimensions. The most prominent one-
dimensional defect is the so called dislocation, that corresponds to a linearly disordered
area of a crystal lattice along a certain direction. All interfaces are two-dimensional
defects. This can, e.g., be grain boundaries, phase boundaries, or surfaces (i.e. interfaces
between crystal and air/vacuum) of the crystal.

Owing to their importance in crystal growth, only macroscopic defects, with an
emphasis on dislocations and stacking faults shall be discussed in more detail in the
following.

Two different kinds of dislocations can be distinguished: Screw and edge disloca-
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b

Figure 2.6: Mixed misfit dislo-
cation in a simple cubic crys-
tal with a dislocation line �d.
The dislocation emerges on the
(01̄0) plane as a perfect screw
dislocation S and at the (100)
plane as a perfect edge dislo-
cation E. Inside the crystal
the dislocation line follows a
bent curve connecting the two
ends of the line (from [Cla06],
adapted from [Une96]).
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tions. In nature, these two types usually do not exist independently but are rather
superimposed. In figure 2.6 a small simple cubic crystal with a mixed screw and edge
dislocation is shown. Additionally to its dislocation line a dislocation is characterized
by its Burgers vector �b, which can be determined by the so-called Burgers cycle. The
Burgers cycle surrounds the dislocation line and is performed clock-wise in a way that
in an undisturbed area (see area P in figure 2.6) a closed cycle is formed. The vector
that points from the start to the end point of the Burgers cycle is called Burgers vector
�b. The dislocation is called screw dislocation S if the Burgers vector is pointing in the
same direction as the dislocation line (�b‖�d). If �b ⊥ �d an edge dislocation E is formed.
An illustrative visualization of the formation of screw and edge dislocations can be
found in [Ros96, KH04].

Additionally to these special cases, dislocations can be found which contain both,
a screw and an edge dislocation part. In this case the dislocation is characterized
by the angle between dislocation line and Burgers vector, e.g., 30◦ or 60◦ dislocation.
Dislocation line and Burgers vector span planes in which the dislocations can glide. A
climbing of the dislocations is only possible for planes perpendicular to the Burgers
vector and are accompanied by material transport. For perfect dislocations the Burgers
vectors are equivalent to primitive translations of the crystal. Partial dislocations always
generate a stacking fault. A combination of two or more partial dislocations form again
a perfect dislocation. A dissociation of a perfect dislocation into partial dislocations
is possible if this process leads to a lowering of the overall energy of the dislocation.
Glideable partial dislocations are called Shockley dislocations, non glideable dislocations
are called Frank dislocations. Stair-Rod partial dislocations have a component of the
Burgers vector in the glide plane and one perpendicular to it.

Especially in heteroepitaxy a high number of dislocations are formed around the
interface between adsorbate and substrate due to the lattice mismatch between the two
materials. Generally, one distinguishes between dislocations which have their dislocation
line in the interface plane and those which have a dislocation line in a direction out
of the interface plane, and thus, into the adsorbate. The first ones are called misfit
dislocations and the latter ones are called threading dislocations [SYJD85]. Different
kinds of dislocations are reported in literature for diamond lattices and especially Ge
growth on Si, the most prominent of which are the 90◦ partial [EPB92, HEB92, DT00]
and the 60◦ perfect dislocation [BJF03].

Whereas misfit dislocations usually only reduce the strain that is introduced into
the system due to the lattice mismatch, other defects may effect the crystal quality.
Threading dislocations penetrate through the whole adsorbed material and act as
scattering centers which reduce electron mobilities significantly [ILS+94]. Another
prominent example are stacking faults, where it was also possible to show that electron
mobilities are reduced [HHK+99]. In general, a stacking fault is generated by the
displacement of one lattice plane by a certain angle towards adjacent planes caused by
partial dislocations. A special case, which was already reported for Ge growth on Si(111)
[SKC+05, SKF+06] is the twin formation, where lattice planes inside the adsorbate are
rotated by 180◦ to other lattice planes.
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Chapter 3

Experimental Methods and Setups

In this chapter the basics of x-ray and electron diffraction at crystals will be explained,
followed by a description of the used methods, and the corresponding experimental
setups, respectively. This chapter will be completed by an illustration of the sample
preparation procedures relevant for the experiments of this thesis. For further reading
on x-ray and electron diffraction the publications [Lau60, BC64, Rob86, Fei89, RT92,
Zeg93, Hoe99] are recommended.

3.1 Bragg-Reflection at Crystals

If a set of lattice planes (hkl) encloses the angle ϑ with the incoming beam of wavelength
λ, constructive interference can only be observed if the Bragg condition

2dhkl · sinϑ = n · λ (3.1)

k0

kH

G

2ϑ

(a) (b)

d

ϑ

(000)

(hkl)

kHk0

Figure 3.1: (a): Simple reflection of a wave at lattice planes for illustration of the Bragg
condition. (b): Ewald construction of a bulk crystal in a 2D projection for illustration
of the Laue equation.
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is fulfilled, where dhkl is the distance between two adjacent parallel lattice planes
[Dem05] (cf. figure 3.1 (a)) and n is the order of the scattered beam. If the crystal is
rotated around one direction, different lattice planes can contribute to the constructive
interference at different angles ϑi and, thus, from the measured angles the lattice plane
distance can be calculated.

The equivalent of equation (3.1) in the reciprocal space is given by the Laue equation:

Here, constructive interference occurs only if the scattering vector �K = (h, k, l), which

is given by the difference of the incoming vector �k0 and the scattered vector �kH , is
equivalent to a reciprocal lattice vector �G [Dem05]:

�K := �k0 − �kH = �G . (3.2)

This selection rule for the observable Bragg reflections at a given energy of the
incoming wave (i.e. at a given �k0) is illustrated by the Ewald construction (see figure

3.1 (b)). The wave vector �k0 of the incoming wave ends at the (000) lattice point in
�k-space. It is now possible to draw a sphere (the Ewald sphere) around the start point

of �k0, with the radius |�k0| = |�kH | = 2π/λ, if elastic scattering is assumed. All lattice
points lying on the surface of the sphere correspond to the observable reflections.

3.2 X-ray Diffraction (XRD)

For the description of x-ray diffraction at periodic structures of a crystalline material,
in general, two different theories can be applied.

The first one, the kinematic approximation [RT92], treats the scattering from each
volume element in the sample as being independent from other volume elements. In the
kinematic (or geometric) theory, several approximations and assumptions are made: In
this case, the Fraunhofer approximation is valid, i.e. that the distances between source,
scattering center (sample) and detector are significantly larger than the dimensions of
the sample and the wave lengths of the incident beams, respectively. Thus, in sufficiently
large distance from the sample, the beams which are emitted from every atom can be
described as plane waves. Additionally, the appearance of multiple scattering effects,
absorption and extinction of the photons is neglected.

The second theory, the so-called dynamic theory [Lau60, BC64], accounts for all
wave interactions within the crystal, and must be, in general, used whenever diffraction
from large crystals is considered. This theory takes into account the complete wave field
inside a crystal. In a first approximation, the wave field may be considered as consisting
of an incoming and a reflected beam, but, of course, these beams are coherently coupled
and, thus, the total field must be regarded as one unit.

Hence, for the description of more sophisticated methods of x-ray diffraction, like
the method of x-ray standing waves (XSW) [BM85, ZHG+89, Zeg93], the kinematic
approximation is not sufficient (due to the high intensity of the diffracted beams and
the resulting multiple scattering effects), and the dynamic theory must be used.
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3.2.1 Kinematic Approximation of X-ray Diffraction

For elastic scattering of x rays at a free electron at the position �re the Thompson formula
is valid. According to this, the amplitude of the wave Ae that comes from scattering at
this electron is given as a function of the incident wave A0, if dipole approximation is
assumed, by:

Ae e
−i�kH�re = A0

e2

mec2
1

R0

e−i
�k0�re , (3.3)

where e and me are charge and mass of the electron and R0 is the distance to the
observer, with R0  re (Fraunhofer approximation). Together with relation (3.2), which
can be interpreted as a momentum transfer occurring for the scattering at crystals, one
gets

Ae = A0
e2

mec2
1

R0

ei
�K�re . (3.4)

To be able to describe the scattering at a single atom, the scattering amplitudes of
every single electron has to be summed up. Due to a 1/m-dependency of the scattering
amplitudes the scattering at protons of the atom can be neglected. The scattering
amplitude Aa( �K) of an atom at the position �ra with the electron density ρ(�r) is given
by an integration of all single scattering amplitudes of the electrons in the atom:

Aa( �K) = A0
e2

mec2
1

R0

∫
ρ(�r) ei

�K(�r+�ra)d3r

= A0
e2

mec2
1

R0

f(K) ei
�K�ra , (3.5)

where f(K) =

∫
ρ(�r) ei

�K�rd3r (3.6)

is the so-called atomic form amplitude.1 The atomic form amplitude f(K) is, thus,
defined as the Fourier transform of the electron density for a single atom [BC64], and
is usually tabulated for all elements in the periodic table.

In the next step the scattering amplitude Auc of a complete unit cell at the position
�rn of a crystal is determined by the sum of scattering amplitudes of the single atoms at

1The expression “atomic form amplitude“ is used here, although it is often referred to as atomic
form factor. The same holds for “structure amplitude“ F ( �K), which is usually called structure factor,

and “lattice amplitude“ G( �K) (lattice factor). The notations “amplitude“ are used whenever the
scattering amplitude A is described and the notations ”factor” are used when an expression of the
scattered intensity I is given (cf. equation (3.11)).

19



Chapter 3: Experimental Methods and Setups

the positions �rj to

Auc( �K) = A0
e2

mec2
1

R0

∑
j

fj(K) ei
�K(�rn+�rj)

= A0
e2

mec2
1

R0

F ( �K) ei
�K�rn (3.7)

with F ( �K) =
∑
j

fj(K) ei
�K�rj (3.8)

as the structure amplitude of the unit cell. Now F ( �K) depends not only on the

magnitude but also on the direction of �K, because the relative positions of the atoms in
space are important, as ρ(�r′) is not spherically symmetric. An alternative definition of
the structure amplitude F ( �K) is given by the Fourier transform of the electron density
for one unit cell:

F ( �K) =

∫
uc

ρ(�r′) ei
�K�r′d3r′ . (3.9)

For the characterization of x-ray diffraction at a three-dimensional crystalline object,
the scattering amplitudes of all unit cells have to be summed up. For simplicity, it is
assumed that the crystal is block-shaped with N1, N2 and N3 unit cells along the three
crystal axes defined by the vectors �a1, �a2 and �a3. The position of the nth unit cell is
given by �rn = n1�a1 + n2�a2 + n3�a3. With these assumptions the scattering amplitude of
the whole crystal A( �K) and the intensity I( �K) of the diffracted x-ray beam are given
by

A( �K) = A0
e2

mec2
1

R0

F ( �K)

N1∑
n1=1

N2∑
n2=1

N3∑
n3=1

ei
�K(n1�a1+n2�a2+n3�a3)

= A0
e2

mec2
1

R0

F ( �K)G( �K)

∝ F ( �K)G( �K) and (3.10)

I( �K) ∝ |F ( �K)|2 |G( �K)|2 , (3.11)

with the lattice amplitude G( �K). The squared moduli of F ( �K) and G( �K) are, thus,

called structure factor |F ( �K)|2 and lattice factor |G( �K)|2. While the structure amplitude

F ( �K) contains information about the scattering behavior of the single atoms and their

chemical composition in the unit cell, the lattice amplitude G( �K) gives details about
the assembly of the unit cells.

Depending on the structure of the present scatterer, the lattice amplitude can be
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evolved (for a one-dimensional treatment) into different geometric progressions [FM10]:

N−1∑
ni=0

ei
�K�aini =

1− eiN
�K�ai

1− ei �K�ai
for a finite scatterer,

0∑
ni=−∞

ei
�K�aini =

1

1− e−i �K�ai
for a semi-finite scatterer, (3.12)

+∞∑
ni=−∞

ei
�K�aini = 2π

+∞∑
n=−∞

δ( �K�ai − 2πn) for an infinite scatterer,

where ni is the index of the scatterers in the respective space direction i. For an
crystal with finite dimensions, scattered intensity can also be expected away from
diffraction spots, which becomes less strong for increasing distance to the Bragg spots.
This observation is often called diffuse scattering. However, an ideal, infinite crystal
is an infinite scatterer, which fills all three dimensions in space. Thus, constructive
interference can only be observed if the scattering vector �K is equal to a reciprocal
lattice vector �Ghkl (cf. equation (2.9)) and, hence:

Iideal( �K) = |F ( �K)|2 |Gideal( �K)|2

∝ |F ( �K)|2 |
∑
hkl

δ( �K − �Ghkl)|2 , (3.13)

which is equivalent to the Laue equation (3.2).

3.2.2 X-ray Diffraction at Surfaces - Grazing Incidence XRD
(GIXRD)

For the description of x-ray diffraction at surfaces or thin films [Rob86, Fei89, RT92] the
directions parallel and perpendicular to the surface must be considered independently.
While the lateral direction can still be regarded as infinite, the situation is different in
vertical direction. Here, a semi-infinite scatterer must be considered in the case of an
ideal surface and even an infinite scatterer in the case of thin films. In consideration of
equation (3.12), for films (i.e. multi-layers) or membranes the following relation is valid:

Ilayer( �K) ∝
∣∣∣∣∣∣F ( �K)

∑
n⊥

eiK⊥n⊥a⊥
∑
n‖

δ( �K‖ − �Gn‖
)

∣∣∣∣∣∣
2

∝
∣∣∣∣∣∣F ( �K)

1− eiN⊥K⊥a⊥

1− eiK⊥a⊥

∑
n‖

δ( �K‖ − �Gn‖
)

∣∣∣∣∣∣
2

. (3.14)

Thus, the intensity distribution is discrete lateral to the surface and continuous vertical
to the surface. Therefore, in reciprocal space an arrangement of rods emerge (see
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Figure 3.2: Surface x-
ray diffraction and the
resulting structure of
the reciprocal space for
a crystal with diamond
structure and (111)-
orientation (adapted
from [Hoe99]). The
rods are usually called
crystal truncation rods
(CTRs).
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figure 3.2), which are called crystal truncation rods (CTRs) according to I. K. Robinson
[Rob86, RT92]. These rods show a large dynamic in vertical direction, where the
intensity of the Bragg spots can be larger by many orders of magnitude compared
to the areas between the spots. In the case of a thin film, the rods exhibit intensity
modulations, the period of which can give hints on the thickness of the respective layer
and on the roughness of interfaces and surfaces.

For moderate photon-energies in the range of 5 to 20 keV the analysis of thin
films, which are, e.g., used in modern storage media or semiconductor devices, becomes
possible. Here, it is used, that x-rays exhibit a large, but finite penetration depth in
the range of several μm.

If the thickness of the film of interest is significantly thinner and is only in the range
of a few nm, the penetration depth cannot be decreased by reducing the energy of the
incoming beam to increase surface sensitivity. Instead, it is possible to use the effect of
total reflection at a grazing incidence to significantly reduce the penetration depth of
the photons. The total reflection is, thus, an important tool to analyze surfaces and
thin films close to the surface. Together with diffraction experiments at useful lattice
planes, it is possible to determine the geometric structure of surfaces [FM10].

The experiment is then usually called surface x-ray diffraction (SXRD) or grazing
incidence x-ray diffraction (GIXRD).

3.2.3 Dynamic X-ray Diffraction

The kinematic approach of X-ray diffraction does not account for, inter alia, refraction,
absorption, extinction, and multiple scattering. Thus, the energy is not conserved and
the reflectivity would exceed unity at the Bragg points. A different approach is to
solve the Maxwell’s equations in the crystal under consideration of the given boundary
conditions (e.g. position of the surface), which is described by the dynamic theory of
x-ray diffraction.

For x-ray frequencies the conductivity j is negligible and thus �j = 0. Moreover, the
crystal is assumed to have the same magnetic permeability as the vacuum: μ = μ0.
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With these approximations the Maxwell’s equations in a crystal are:

∇× �E = − ∂

∂t
�B = −μ0

∂

∂t
�H

(3.15)

∇× �H =
∂

∂t
�D = ε0

∂

∂t
(ε �E) ,

where the dielectric displacement �D is given by the dielectric constant ε and the
permittivity of space ε0:

�D = ε0 �E + �P = εε0 �E . (3.16)

The polarization �P = −e0��x depends on the displacement �x of the electron density �
from its equilibrium state, caused by the electric field �E = �E(�r) · eiωt. The electrons
within the atoms are assumed to behave like harmonic oscillators with the eigenfrequency
ω0. If the amplitude of the forced motion, caused by the electric field, with frequency ω
is determined from the solution of the equation of motion of �x, the polarization is given
by

�P = −e0 e0/me

ω2 − ω2
0

�E = −e0 e0/me

ω2
�E , (3.17)

for the case of ω  ω0. For the dielectric constant it follows

ε = 1− e2

meε0ω2
�(�r) . (3.18)

Since the electron density can be evolved into a Fourier series, due to its periodicity,
the dielectric constant can be rewritten as

ε = 1− Γ
∑
G

FHe
−2πi �G�r (3.19)

where the Fourier coefficients FH are the well-known structure amplitudes F ( �K) from
equation (3.8) and the dimensionless parameter Γ is given by

Γ =
e2

meεω2Vcell

, with Vcell as the volume of the unit cell. (3.20)

With the average value ε̄ of the dielectric constant, the average refraction index n̄ is
determined to be

n̄ =
√
ε̄ =

√
1− ΓF0 ≈ 1− 1

2
ΓF0 . (3.21)

If the space-dependent parts of the fields �E, �D, and �B are evolved as plane waves and
the solutions are filled in the Maxwell’s equations (3.15), a system of an infinite number

of linear homogeneous equations for the Fourier-components �EH is reached after a long
calculation. Here, every component is coupled to all other components and the system
of equations could be solved if its determinant vanishes.
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Fortunately, in the case of Bragg-reflection only two components are important. In
this so-called two-beam-case only the incoming beam (E0) and the diffracted beam
(EH) are taken into consideration. The system of equations, which has to be solved, is
simplified to

[k2(1− ΓF0)− ( �K0 · �K0)] E0 − k2PΓFH̄ EH = 0

−k2PΓFH E0 + [k2(1− ΓF0)− ( �KH · �KH)] EH = 0 .
(3.22)

The determinant vanishes if

ξ0ξH =
1

4
k2P 2Γ2FHFH̄ (3.23)

with

ξ0 = 1
2k
[ �K0 · �K0 − k2(1− ΓF0)] ≈ | �K0| − k(1− 1

2
ΓF0) = K0 − kn̄

ξH = 1
2k
[ �KH · �KH − k2(1− ΓF0)] ≈ | �KH | − k(1− 1

2
ΓF0) = KH − kn̄ .

(3.24)

All real solutions for the occurrence of a diffracted beam lie on a hyperbolic plane
in the reciprocal space which is determined by equation (3.23) and is usually called
dispersion surface. A schematic illustration of the dispersion surfaces can e.g. be found
in [BC64, FM10].

It is now possible to introduce an asymmetry factor b and a generalized angle
variable η to account for the surface geometry:

b = − sin(ψi)

sin(ψf )
and η =

bΔθ sin(2θBragg) +
1
2
ΓF0(1− b)

Γ|P |√|b|√FHFH̄

, (3.25)

with Δθ = θ − θBragg as the deviation of the incident angle from the Bragg-angle and
ψi and ψf as the angles of the incident and Bragg-reflected beams with the surface,
respectively.

Thus, after short calculation, it follows

ξ0 =
1

2
kΓ|P | 1√

b

√
FHFH̄

(
η ±

√
η2 − 1

)
,

ξH =
1

2
kΓ|P | 1√

b

√
FHFH̄

(
η ±

√
η2 − 1

)
. (3.26)

With equations (3.24) and (3.26) the ratio of the two amplitudes of the fields EH and
E0 is given by

EH

E0

= −|P |
P

√
|b|
√

FH

FH̄

(
η ±

√
η2 − 1

)
, (3.27)

which can be simplified for centro-symmetric crystals (FH = FH̄), with σ-polarization
(P = 1) and for |b| = 1, to

EH

E0

= −η ±
√

η2 − 1 , (3.28)
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which explains the definition of η that initially seemed to be arbitrarily chosen [FM10].
As the actual measurement signal, usually, the reflectivity R is chosen, which is defined
by

R =
IH
I0

=

∣∣∣∣EH

E0

∣∣∣∣
2

. (3.29)

For detailed derivations and calculations, especially on the dispersion surfaces, the
review article by Batterman and Cole [BC64] and the book by Falta et al. [FM10] are
recommended.

3.2.4 X-ray Standing Waves (XSW)

The method of the x-ray standing waves (XSW) enables to directly (without further
assumptions) determine the position of atoms at (or close to) the surface in relation
to the crystal lattice. The generation of a standing wave field by the interference of
two x-ray waves is employed in this method. Usually, a plane incident wave with wave
vector �k0 and respective electric field amplitude E0 and a Bragg-reflected wave with
wave vector �kH and electric field amplitude EH are selected, which is achieved by a
proper orientation of the sample. The according principle of measurement is shown in
figure 3.3.

The wave fields �E0 and �EH are temporally and spatially coherent, i.e., they have the
same wave length and a fixed phase to each other. The ratio of the amplitudes of the
incident and Bragg-reflected waves can be described with reflectivity R and phase ν to

EH

E0

=
√
R · eiν . (3.30)

Thus, the intensity distribution in the range of the superposition of the waves is given
by the squared modulus of the sum of the two single amplitudes of the waves:

I(�r) =
∣∣∣E0 · e−2π i �K0·�r + EH · e−2π i �KH ·�r

∣∣∣2
= I0

(
1 +R + 2

√
R cos(ν − 2πi �H · �r)

)
. (3.31)

The intensity is modulated parallel to �H, such that the nodes and anti-nodes of the
wave field lie in planes parallel to the chosen diffraction planes and additionally have the
same periodicity (cf. figure 3.3). The relative phase between the two waves continuously
changes from ν = π (below Bragg-angle) to ν = 0 (above Bragg-angle) according
to the dynamic theory of x-ray diffraction, when the sample is tuned through the
Bragg-condition.2

2In general, two different methods can be used to tune through the Bragg-condition. For the first
one (as described in this section) the angle of the incident beam is changed around the Bragg-angle
by rotating the sample. For the second one (as e.g. used in the XSW experiments of this thesis; cf.
section 3.2.5), the energy of the incident beam is changed around the Bragg-energy by moving the
monochromator crystals.

25



Chapter 3: Experimental Methods and Setups

ν= π

adsorbate substrate

lEl
2〉

ν= 0
A

+

e
– hω

adsorbate substrate

lEl
2〉

P
h
a
s
e

ν

R
e

fl
e

c
ti
v
it
y
 R

0

π

0

1

–20 0 20 40 60

ν

R

Δθ ( )µrad

k
0 k

H

k
0 k

H

〉 〉

Figure 3.3: Generation of a standing wave field by interference of incoming and
reflected wave. The maxima (dark) and minima (white) of the wave field are parallel
to the diffraction plane and have the same periodicity. Left: Standing wave field with
ν = π, i.e., the maxima lie in the middle between the used diffraction planes. Since
the adsorbate atoms are on a position where the intensity of the wave field exhibits
a minimum, no radiation can be absorbed and, thus, no inelastic processes can be
initiated. Middle: Reflectivity R of the Bragg-reflected wave and phase ν as a function
of Δθ = θ − θBragg. If the incident angle is tuned through the Bragg-condition the
intensity of the diffracted wave changes as well as the phase between incident and
diffracted beam (from ν = π to ν = 0). Right: Standing wave field with ν = 0 (maxima
of the wave field lie on the diffraction planes) and secondary signals from the excited
adsorbate atoms. Here, the reflectivity is reduced and, thus, the wave field is also less
strong (from [FM10]), but the absorption and, thus, the emission of secondary signals
becomes maximal.

If an ensemble of N equal atoms is regarded and every atom emits an inelastic signal
Yj at its position �rj, the sum of the single signals is observed in the experiment. For
XSW measurements not the absolute value of the yield but only the normalized yield
YN is important, which is determined if the parameters fc (coherent fraction) and Φc

(coherent position) are introduced:

Y =
∑
i

Yi ∝
∑
i

I(�ri) ∝ 1 +R + 2
√
Rfc cos(ν − 2πΦc) =: YN . (3.32)

The yield of the secondary signal is strongly dependent on the position of the excited
atoms relative to the diffraction planes. The atoms are particularly stimulated to emit
secondary signals if the local intensity is maximal, i.e. when the anti-nodes of the
standing wave field are directly on their position. If the yield function of the secondary
signal is measured as a function of the incident angle, typical curves in dependence of
the relative position of the observed atoms, as depicted in figure 3.4, are gained.

The dimensionless parameters fc and Φc are the modulus and the phase of the H
th

Fourier component of the atomic distribution function:

AH =
1

N

∑
n

e2πi
�H·�rn = fc · e2πiΦc . (3.33)
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Figure 3.4: Reflectivity R, phase ν, and normalized yield YN (shifted by +1 in y-
direction) for Si(111) Bragg-reflection at an energy of 3350 eV, calculated according to
the dynamic theory (adapted from [Fle03]).

Here, the atoms are assumed to be point-shaped objects. In reality the electron density
of the atoms is, of course, spatially extended. However, for inelastic signals which
are based on photo-absorption (e.g. fluorescence or photo-electrons, which were both
used here) this spatial extension can be neglected in the framework of the dipole
approximation.

Equation (3.33) becomes illustrative if fc = 1. In this case all terms of the sum

in 3.33 are identical. Thus, the coordinates of all atoms hn = �H · �rn/| �H| along �H
are identical. This coordinate is then given by hn = dhkl · Φc, with the lattice plane
distance dhkl = 1/| �H|. Hence, the coherent position Φc directly specifies this coordinate.
However, this determination of the position is not clear, since Φc is only determined
modulo 2π (due to the periodicity of the complex exponential function in equation
(3.33)), and thus the position is only determined by multiples of dhkl. Anyway, in
dependence of Φc, huge deviations of the curve forms of the yields are found in figure
3.4, reflecting the strong sensitivity of this method on the atomic positions. Thus, under
good conditions a resolution of typically ΔΦc ≈ 0.01 is reached.
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If the atoms are distributed onto different positions the value of fc becomes smaller
than unity, and can be described by the factorization

fc = aH C DH . (3.34)

The geometric contribution is found in aH , C describes the ordered fraction, and
DH = e−2π

2u2

H/d2hkl is the Debye-Waller-factor, which is in this case given by the square
of the oscillation amplitude u2

H in the direction of �H. That is, the coherent fraction fc is
not only lowered if the atoms occupy different non-equivalent positions,3 but also for a
static disorder (e.g. by small droplets of the adsorbate material) and thermal vibrations
(i.e. the sample is significantly warmer than 0 K.). Additionally, the differential cross-
section for photoemission might be effected by non-dipole (i.e. quadrupole) contributions
[VLTZ05], leading to a further reduction of the coherent fraction.

For a detailed description of the method the review articles by J. Zegenhagen
[Zeg93] and D. P. Woodruff [Woo05] are recommended. In the articles [BM85, PZF+89,
ZHG+89, FSHM96, SFM00] some application examples can be found.

3.2.5 Experimental Setups at Beamlines BW1 and BW2

The XRD measurements of this thesis were performed at the beamlines BW1 (Bypass
Wiggler 1 ) [FWMM95] and BW2 (Bypass Wiggler 2 ) [DSS+95, DST01]. The XSW
data were gained at the beamline BW1. Both beamlines are located at the storage
ring DORIS (Double Ring Storage) at the Hamburger Synchrotronstrahlungslabor
(HASYLAB) of the Deutsches Elektronensynchrotron (DESY). The storage ring DORIS
is usually operated at an energy of 4.46 GeV with a maximal beam current of 140 mA.
For the generation of the synchrotron radiation positrons are used.

The optical paths of the two beamlines are, in general, very similar and the scheme
of the optical path of the beamline BW1 is shown in figure 3.5. The main difference
between the two beamlines is that at BW1 an undulator is installed, whereas at BW2 a
wiggler is used.

At beamline BW1 the x-ray beam is generated by an undulator consisting of 127
poles. The magnetic structures have a period of 3.14 cm in beam direction and a
variable vertical distance of at least 15 mm [FWMM95]. The resulting high energetic,
polychromatic (“white“) synchrotron radiation is linearly polarized in the storage-ring
plane, and conically shaped in propagation direction due to relativistic effects. The
undulator peaks of the first and third harmonic in the spectrum can be tuned in an
photon energy range from 3 to 11 keV, depending on the chosen vertical distance of
the magnetic structures (undulator gap). The photon beam is monochromatized by a
double crystal monochromator, where for the XRD measurements an energy of 10 keV
and for XSW experiments an energy in the range of 3 to ∼4.7 keV was chosen. The
two monochromator crystals can be moved separately in a way that the beam height

3E.g., in a silicon crystal the (111) diffraction planes are formed by a BL of atoms, i.e. the atoms are
equally distributed above and below the diffraction planes, but no atom lies directly on the diffraction
planes. The coherent position is 1 in this case, but the coherent fraction is reduced to 1/

√
2.
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experimental hutch

UHV 

chamber

Figure 3.5: Scheme of the optical path and the experimental setup at the beamline
BW1 for x-ray diffraction experiments (adapted from [FWMM95]).

stays constant if the photon energy, i.e. the Bragg angles, is changed. The x-ray beam
is horizontally and vertically focused onto the sample by means of two mirrors which
are coated with gold and are located directly before and after the monochromator
crystals, respectively. The second purpose of the mirrors is the suppression of higher
harmonics. Additionally, the beam is collimated by two slit systems consisting of
horizontal and vertical slits. The monochromator consists of two symmetrically cut
Si(111) crystals. Both crystals are mounted on a piezo-controlled microgoniometer
to be able to determine and vary their angles and, thus, to stabilize the intensity of
the monochromatic beam and to keep the position of the beam constant. The first
monochromator crystal is water-cooled to compensate for high heat load.

Entrance and exit of the monochromator are terminated by 20 μm thick carbon
windows, as the inner pressure (∼ 10−7 mbar) is significantly higher than the surrounding
system pressure. In the very first section of the experimental hutch a short vacuum tube,
connected to a UHV-chamber, which is used for XSW-measurements (see figure 3.8), is
located. Directly behind the UHV-chamber a beryllium window and a few-meters-long
helium tube can be found. Since He has a much lower atomic number than the ambient
air, the intensity loss due to interactions of the photon beam with gas molecules is
strongly reduced. The intensity of the primary photon beam is determined by a beam
monitor, which consists of an ionization chamber. Finally, the beam is again collimated
by a third slit system, such that the beam size can be confined to the sample surface.
The distance from undulator to sample is roughly 40 m for XRD measurements.

The optical path at the beamline BW2 is very similar. The main difference is that
the x-rays are not generated by an undulator (as at BW1) but by a 4-m-long 56 pole
wiggler [DSS+95] which can provide photon energies in a range from 2.4 to 25 keV
[DST01]. This wiggler can be optionally replaced by an asymmetric hybrid structure
delivering circularly polarized light for magnetic studies. By an additional slit system
directly ahead of the monochromator crystals the beam is further collimated. At the
beamline BW2 there is also a UHV-chamber before the diffraction setup, which is
used for hard x-ray photoelectron spectroscopy (HAXPES). The distance from wiggler
to sample is about 38 m at BW2. There are some minor differences in the sizes and
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Figure 3.6: Scheme of the diffractometer setup at the beamline BW1 (image courtesy
of P. Zahl). Left: View in beam direction; right: view perpendicular to the beam
direction.

distances of the other optical components at the two beamlines, but their general layouts
are identical.

For XSW experiments at BW1 the setup is a bit modified: The optical path up
to the experimental hutch (cf. left part of figure 3.5) is nearly identical to the optical
path for XRD measurements. The only difference is that the mirrors are not used.
Thus, an additional dispersion of the beam can be avoided. In the experimental hutch
the intensity of the primary photon beam is determined by a beam monitor, which
measures the photocurrent on either a copper net, which has a transmission of nearly
90%, or a 0.8 μm thick aluminum foil. Thus, it is possible to normalize the data to the
beam intensity and regulate the second monochromator crystal to 75% of the maximum
intensity with the help of the so-called monochromator stabilizer (MOSTAB). Behind
the beam monitor a slit system collimates the beam before it enters the main chamber of
the UHV-setup, in which the sample is prepared and analyzed. Both, the beam monitor
and the slit system are completely moved out of the beam for XRD experiments.

Diffraction Setups

The diffractometer used for XRD measurements at BW1 is an 8-circle-diffractometer,
which is a modified Huber5020 6-circle-diffractometer, a scheme of which is shown in

30



3.2 XRD

sample

sample
holder

Figure 3.7: Left: Scheme of the diffractometer setup at the beamline BW2 (from
[Bun99]). Right: Image of the diffractometer setup; in the inset a closer look at the
sample and the sample holder is shown.

figure 3.6. An additional detector arm is mounted to the diffractometer, on which
an additional rotation circle is attached for support of the detector. By means of an
aluminum filter-wheel (with different Al-foil thicknesses from 0 to 2.4 mm) the intensity
of the photon beam can be reduced step-wise before the sample is reached, in order to
adjust the diffracted intensity to the dynamic range of the detector.

For most of the measurements the sample normal was in the horizontal plane (z-axis
mode), where the center of the sample was in the center of rotation of all diffractometer
axes. The line detector is aligned parallel to the sample surface. To reach surface
sensitivity, the photon beam impinges upon the sample under a grazing incidence
(αi ≤ 1◦ = const.). In this z-axis mode the incident angle αi (spa)

4 of the photon beam
stays constant. Thus, the only degree of freedom of the sample is the rotation Ω (sr)
around the sample surface normal direction. For a scan of the 3D reciprocal space
two other degrees of freedom are needed, which are the detector angles Δ (tt2) and Γ
(gamma).

In order to record reciprocal space maps in q⊥-direction and for q‖ = 0, i.e. for
measuring the (00)-CTR, the sample is attached to the sample holder in a way that the
surface normal points upwards. Here, ϑ− 2ϑ-scans are performed, where the surface
normal is moved by ϑ = Ω and the detector by 2ϑ = 2Ω relative to the incoming beam.
The detector is in the scattering plane, which is needed, since the x-ray beam is linearly
polarized in the storage ring plane. Thus, if the surface normal was still in horizontal
direction, for q⊥-scans of the (00)-CTR with a scattering angle of 90◦ no intensity would

4The names of the angles in the measuring program are given in round brackets.
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Figure 3.8: Scheme of the optical path and the experimental setup at the beamline
BW1 for x-ray standing waves experiments (from [Men10]).

be detected.

A Mythen line detector (position sensitive detector, PSD) was used with an estimated
distance of around 0.7 to 1.0 m to the sample. When a 2 mm slit distance is chosen,
0.2◦ resolution in q⊥ in z-axis mode can be reached.

The diffractometer at the beamline BW2 is a six-circle diffractometer (see figure 3.7),
but the general experimental procedure is equivalent to the procedure described for the
diffractometer at BW1. In the z-axis mode the incident angle of the photons, which is
now called α (alf), is kept constant. The motion in reciprocal space is given by adjusting
the rotation of the sample ω (oms), the rotation of the detector arm in the plane of the
surface (2ts for 2ϑin−plane), and the rotation of the detector arm perpendicular to the
sample (ftr for flight tube rotation). The detector is again a Mythen PSD. A more
detailed description of the diffractometer setup can be found in [Bun99].

XSW Setup

A scheme of the optical path for XSW experiments is given in figure 3.8. All components
shown in this graph are under UHV-conditions. However, the corresponding UHV-
chamber is not depicted here. The sample is located in the analysis chamber, which
is part of the UHV-chamber, with a base pressure in the low 10−10 mbar regime. The
sample is mounted on a sample holder which is again mounted on a manipulator. Thus,
the sample can be translated in three and rotated in two degrees of freedom, and in
figure 3.8 the two possible rotations are shown.

The reflectivity curve is recorded by a photo plate which can be rotated by an angle of
2ϑ, to be able to detect different Bragg-spots under different Bragg-angles. In the analysis
chamber there are, additionally, an energy-dispersive electron analyzer (CLAM 100) for

32



3.3 LEED

photoelectron spectroscopy and a Si(Li)-detector for fluorescence measurements. The
electron analyzer mainly consists of focusing optics, an energy-dispersive hemispherical
analyzer and a channeltron, which serves as an electron multiplier for the photoelectrons.
The Si(Li)-detector consists of a silicon crystal which is doped with lithium ions, which
can diffuse into the bulk material (lithium-ion drifting). On two sides of an ion-drifted
material p- and n-doped contacts are deposited. Thus, after applying bias voltage to
the pin-junction in reverse direction, a depletion zone with several millimeter thickness
is created. To reduce the thermal drift of the lithium and to suppress the thermal noise
of the detector, it has be cooled with liquid nitrogen at any time.

The UHV-chamber is additionally equipped with a preparation chamber for sample
preparation under UHV-conditions. Here, several evaporator ports for the deposition
of different materials are located. Moreover, the samples can be heated and degassed.
The preparation chamber is attached to the analysis chamber by a transfer chamber,
which contains a sample storage for degassing of up to two additional samples and a
LEED-system to check the reconstruction of the freshly prepared samples, before they
are moved into the analysis chamber. In front of the LEED the sample can additionally
be annealed. The three parts of the UHV-chamber can be separated by valves and,
thus, be pumped independently.

3.3 Low-Energy Electron Diffraction (LEED)

Electron diffraction is one of the first and most popular techniques in surface science to
determine the morphology and structure of crystal surfaces. One of its big advantages
is that electrons are relatively easy to create, deflect and detect. For the analysis of
geometric structures of crystal surfaces with electron diffraction, basically two methods
are used. In case of Reflection High-Energy Electron Diffraction (RHEED), electrons
with a kinetic energy of several keV are directed onto a crystal surface under grazing
incidence. Thus, the penetration depth is reduced and the surface sensitivity is enhanced.
The second method is the Low-Energy Electron Diffraction (LEED), which will be
explained in the following.

3.3.1 Kinematic theory of Low-Energy Electron Diffraction

The method of Low-Energy Electron Diffraction is one of the standard techniques in
surface science to study the crystallographic quality and reconstructions of a crystal
surface. Here, a beam of electrons with a primary energy between 20 and 300 eV is
incident on the surface and elastically back-scattered electrons give rise to diffraction
(Bragg) spots which can be imaged on a fluorescence screen [Lüt98]. Electrons in the
used energy range are very surface sensitive. Their de-Broglie-wavelength is between
0.05 and 0.3 nm and is, thus, in the range of atomic distances. Due to a very low
penetration depth (0.4 to 1 nm) the diffraction pattern is nearly completely determined
by surface atoms.
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Figure 3.9: Ewald construction for elastic
scattering on a 2D surface lattice. Due to a
lack of symmetry in perpendicular direction
the Bragg spots of the 3D case (cf. figure
3.1 (b)) have merged into rods in surface
normal direction. For the shown example,
the Bragg condition is fulfilled for a point
on the (10) rod, but many other reflections
can also be observed.
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To understand the basic features of a LEED experiment kinematic theory (i.e.
negligence of multiple scattering processes) is sufficient. The condition of an elastic
Bragg spot is given by equation (3.2). For scattering at a 2D system (a surface), this
equation is split into a part perpendicular and a part parallel to the surface. Hence,
the scattering vector component parallel to the surface must be equal to a vector of the
2D surface reciprocal lattice:

�K‖ := �k0,‖ − �kH,‖ = �G‖ . (3.35)

For the component �K⊥ no such condition applies, due to a lack of symmetry in a
direction perpendicular to the surface plane. As a result of this, no Bragg spots are
observed but rods normal to the surface. The modified Ewald construction for this 2D
case is shown in figure 3.9. As can be easily seen, the condition �K = �G is fulfilled for
every point at which the sphere crosses a rod. Opposed to the 3D case, the occurrence
of a Bragg reflection is not a singular event, instead for every scattering geometry and
electron energy a LEED pattern can be observed [Lüt98].

The schematic setup of an optical LEED system is shown in figure 3.10. The

Figure 3.10:
Schematic setup
of an optical
LEED system
(adapted from
[HG94]).
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electrons are generated in the electron gun, and are afterwards accelerated and directed
perpendicular onto the sample. The electrons which are diffracted at the surface can
be visualized on a spherical fluorescence screen by post-acceleration. The diffraction
pattern results from the intersections of the rods in reciprocal space with the Ewald
sphere. The fluorescence screen compensates the curvature of the Ewald sphere, such
that the diffraction pattern depicts a direct image of the reciprocal space.

When energies below 20 eV are used, generally, only the (00) spot can be observed,
as the Ewald sphere has no intersection with higher-index rods. However, for energies
of up to around 500 eV even 6th order diffraction spots can be observed. As the screen
maintains its size but the Ewald sphere gets larger for increasing energy, the spots are
approaching towards the (00) spot, which can, thus, be easily identified.

3.3.2 Spot-Profile-Analysing Low-Energy Electron Diffraction
(SPA-LEED)

One advanced development of a conventional LEED setup is the method of high-
resolution low-energy electron diffraction. By means of the profile analysis of diffraction
spots it is possible to gain in-situ (i.e. during epitaxial growth) information on surface
reconstructions, surface morphology (e.g. vertical and lateral roughnesses or properties
of islands, domains, facets, or mosaics), and the growth mode [GH82, BH86, SMH86,
FH92, Hoe99]. It is, thus, usually called Spot-Profile-Analysing Low-Energy Electron
Diffraction (SPA-LEED).

The purpose of this section is to introduce the basic principles of SPA-LEED relevant
for the surface structures covered in this thesis. A major part of the upcoming section
is, thus, based on the review article by M. Horn- von Hoegen [Hoe99], where a more
detailed description of the capabilities and the setup of a SPA-LEED instrument can
be found.

Instrumentation

In the left image of figure 3.11 the schematic setup of a SPA-LEED system of the third
generation with a conical shape according to Zahl et al. [ZH02] is shown. Contrary
to older versions with cylindrical shape, it is possible to characterize surfaces during
epitaxial growth even with the electron gun oriented perpendicular to the sample surface.
Thus, the use of an external electron gun for in-situ studies has become obsolete.

In order to perform spot-profile analysing LEED, high-resolution diffraction is needed
and, thus, a small instrumental broadening of the spots. This broadening is described
by the transfer width of the instrument, which is the maximum surface area from which
electrons interfere coherently. The transfer width is strongly dependent on the size of
the electron source and detector. In a SPA-LEED values of 1000 to 2000 Å are achieved,
whereas a conventional LEED system has a transfer width of typically 100 Å. Thus,
also much larger morphological surface features can be observed in SPA-LEED.

Hence, in a SPA-LEED-system a fine focus electron gun is used, which results in a
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Figure 3.11: Left: Schematic setup of a third generation SPA-LEED instrument.
Right: Illustration of the modified Ewald construction in reciprocal space of a crystal
with diamond structure in (111) orientation with the use of a SPA-LEED. The angle

between incoming beam �k0 and reflected beam �kH stays always constant (adapted from
[Hoe99, ZH02]).

small spot size. Moreover, the electron beam is not focused on the sample but onto the
detector, which is a 100 to 300 μm aperture in front of a channel electron multiplier
(channeltron). Thus, a highly coherent beam is produced and an accuracy of up to
0.02 Å for the determination of lattice constants and unit cell sizes is achieved. The
optics and the channeltron are protected from magnetic fields by a shielding of μ-metal
(highly permeable metal).

Another very important requirement for SPA-LEED is a detector with a large
dynamic range for the measurement of the electron intensities. This can be understood,
since the FWHM of the central peak of the LEED spots decreases with increasing
transfer width, while the integral intensity stays constant. This results in a very
strong peak intensity. Thus, the signal-to-noise ratio in state-of-the-art SPA-LEED
instruments is about 200 times larger as for conventional optical LEED systems. The
electron detector in SPA-LEED therefore needs to have a dynamic range of 106, which
is accomplished by a single electron detector with a maximum count rate of more than
106 counts/s.

Unfortunately, with a single electron detector, it is necessary to record the entire
LEED pattern in scanning mode, which makes the data acquisition time larger com-
pared to conventional LEED. Anyway, a scanning of the electron beam is achieved
by electrostatic deflection plates, which continuously vary the incidence angle of the
electron beam in all directions (cf. figure 3.11). A second pair of deflection plates with
opposite polarity keeps the electron beam position on the sample constant independent
from the incident angle. As the reflected electrons follow almost the same path on their
way to the detector as the incoming electrons on their way to the sample, also the exit
angle is constantly varied during the experiment. This variation of both, the incident
and exit angle of the electrons, results in reciprocal space in a modified Ewald-sphere,
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which is shown in the right image of figure 3.11.

This modification originates from the following consideration: The angle between
incident and scattered beams stays constant, since it is determined by the angle between
gun and detector, which is usually around 7◦. However, when the incident angle is
changed, the Ewald sphere is rotated around the origin of the reciprocal space. Thus,
the recorded diffraction pattern is not determined by the original Ewald sphere but by
a sphere with the origin in the (000) spot and with twice the diameter of the original
Ewald sphere. As a consequence, the variations of K⊥ with K‖ (due to a smaller
curvature of the modified Ewald sphere) is smaller by a factor of two, and a larger area
of the reciprocal space is accessible to the measurement (due to the larger diameter of
the modified Ewald sphere).

Atomic Steps and Scattering Phase

To understand the scattering at a multi-level system (surface with vertical roughness; i.e.
several atomic steps are present), the scattering phase S is introduced as a dimensionless
value, which replaces the vertical scattering vector: If an electron wave with wave length
λ and incidence angle ϑ is scattered in the area of a step edge, the phase shift for
electrons scattered from two adjacent terraces is 2d cosϑ (cf. figure 3.12 left), which
can be described by the scattering phase S as

S =
K⊥d
2π

=
2d

λ
cos (ϑ) with λ =

√
h2

2meE
, (3.36)

where d is the step height between the two terraces, h is Planck’s constant and me the
electron mass. If the wave length λ is approximated by

λ [Å] ≈
√

150.4

E[eV]
(3.37)

the scattering phase S can be rewritten as:

S ≈ 2d [Å] cos (ϑ)

√
E[eV]

150.4
. (3.38)

The last relation is only accurate for the (00)-spot, i.e. �K‖ = 0.

Independently of the lattice constants of the crystal, the electrons interfere construc-
tively for integer values of S, which is also called Bragg or in-phase condition. In this
case they are insensitive to surface roughness and a sharp LEED spot is expected for
electrons with an energy corresponding to the Bragg condition. For the out-of-phase or
anti-Bragg condition the electrons interfere destructively and are the most sensitive to
surface roughness. The integrated intensity of the LEED spot stays constant, but it
is redistributed into a diffuse part surrounding the sharp central spot (cf. figure 3.12
right).
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Figure 3.12: Left: Schematic representation of the scattering process of an electron
wave at a step edge. Right: Spot profile as a function of the vertical scattering vector
K⊥ or scattering phase S for a rough surface with two levels. The profile consists of
two parts: a sharp central peak and a diffuse part determined by the terrace width
distribution. At in-phase conditions the electrons are not sensitive to surface roughness
due to constructive interference from all scattered electrons (Provided, that the structure
factors are the same for unit cells at steps and on terraces.). Thus, only the central
peak is visible. A maximum of the diffuse part is seen at out-of-phase conditions, where
a destructive interference of electrons scattered from different levels is present (from
[Hoe99]).

The lattice amplitude of a perfect surface is given by a sum of δ-functions:

Gideal =
∑
i,j

δ( �K‖ − 2π

a0
(i, j)) , (3.39)

which produces sharp LEED rods, which are only broadened due to the limited resolution
of the instrument (see left image of figure 3.13). Any deviation from this ideal case will
somehow redistribute the intensity from the sharp spots to form diffuse scattering in
the Brillouin Zone. With increasing vertical surface roughness the characteristics of the
reflection profile of the vertical scattering vector becomes more and more difficult. For a
surface consisting of different layers (multi-level system) only at the in-phase condition
a sharp LEED spot can be observed. For deviations from the in-phase condition,
the intensity becomes more and more diffuse and is most diffuse at the out-of-phase
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Figure 3.13: Recipro-
cal space maps (RSMs)
from (a) a perfect sur-
face and (b) a rough
surface with two levels.
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rods is visible for most
energies, only at in-
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condition. This behavior is shown for the simplest multi-level system, i.e. the two-level
system, in the right image of figure 3.13.

In this case, the LEED spots consist of a sharp central spike I0 and a diffuse part
Idiff , which can either be given by a peak shoulder or a so-called Henzler-ring. The
intensity of the central peak depends on the coverage θ in the first layer and oscillates
with a cosine function of the scattering phase, as shown in figure 3.12 right. For
in-phase conditions the intensity is the same as for a perfect smooth surface and all
intensity is confined in the central peak. For all other conditions the central intensity
is reduced. For θ = 1/2 and out-of-phase conditions the central peak is completely
vanished. However, the integral intensity is conserved and all intensity is found in the
diffuse part of the profile. From a profile analysis in the out-of-phase condition it is
possible to determine the averaged terrace width Γ̄ from the distance Δk‖ of the diffuse
shoulders. From the intensity distribution of the central peak close to an out-of-phase
condition conclusions on the average periodicity length ξ can be made.

Regular Step Trains and Facets

The diffraction pattern of a surface with a regular step train is given by the multiplication
of the Fourier transform of the super lattice with the Fourier transform of one single
terrace. The first factor is a periodic array of rods normal to the vicinal surface. Their
distance is given by Δk = 2π/Γ. This factor determines the position of the spots,
while the second factor modulates their intensity. The whole diffraction pattern is
dominated by the periodicity of the steps. All fundamental spots split up into spots
with a periodicity inversely proportional to the terrace width (see left image in figure
3.14). The spots are only intense on positions, where spots originating from a flat
surface would be expected.

For the description of diffraction patterns from faceted surfaces the facets can be
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Figure 3.14: RSMs
from (left) a surface
with a regular step
train and from (right)
a surface with a regular
array of facets. All
spots move in accor-
dance to the inclination
of the vicinal surface
or the facets when
the energy is changed
(from [Hoe99]).

(111)

(111)

(202)

(131)

(242)

(020)

(222)

(000)

K⊥

facets

K
ll

(131)(101)

S = 1

S = 2

(000)

K⊥

vicinal surface

K
ll

(00) (10)(10)
-

interpreted as very dense and regular step trains. One single terrace of a facet is very
narrow and, thus, it can no longer be considered as consisting of steps and terraces. As
a consequence the facet rods have strong intensity all over the Brillouin zone.

Although the transition from a stepped surface to a faceted surface is rather smooth,
there are experimental hints for the formation of facets. Facets are characterized by
a low surface free energy due to the formation of an energetically favorable surface
structure, which is often accompanied by the formation of a super structure along the
inclination direction. These reconstructions stabilize the facets and are not observed
for a regular step train.

However, the inclination of both, vicinal surfaces and facets, can easily be determined
by the motion of the diffraction spots in reciprocal space as a function of the vertical
scattering vector K⊥ and, thus, of the electron energy E.

3.3.3 Setup of the SPA-LEED System at the University of
Bremen

All SPA-LEED results presented in this thesis were recorded at the SPA-LEED UHV-
system of the Surface Science Group at the University of Bremen.5 This apparatus was
designed and constructed in the framework of the PhD thesis of T. Clausen [Cla06].

In general, this system consists of a cylinder-shaped main chamber with a diameter
of around 30 cm and a height of around 60 cm (see figure 3.15). By a system of roughing
pump, turbo-molecular-pump, and ion-getter-pump with integrated titan-sublimation-
pump a base pressure in the low 10−10 mbar region is reached. The samples are inserted
into the UHV-system in the load lock, which can be pumped separately by a roughing
pump and turbo-molecular-pump and is exclusively vented with nitrogen to prevent

5http://www.ifp.uni-bremen.de/index.php?page=surface-physics
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Figure 3.15: Schematic setup (left) and images (middle and right) of the SPA-LEED-
UHV system at the Institute of Solid State Physics at the University of Bremen.

water adsorption on the side walls of the UHV-chamber. Directly behind the load lock,
up to five samples can be stored and heated in a sample register (heating stage). The
samples can be degassed here, without influencing the pressure in the main chamber.
The transfer into the main chamber is performed with magnetic transfer rods. On the
manipulator in the main chamber the samples can be heated, transferred and rotated
(in total four degrees of freedom).

The evaporator ports are arranged in a collar, which is situated in a conical shape
around the SPA-LEED-instrument (see figure 3.15 left). Thus, the adsorption of different
materials under different azimuthal angles in-situ during SPA-LEED-measurements is
enabled.

3.4 Low-Energy Electron Microscopy (LEEM)

Low-energy electron microscopy (LEEM) is a microscopy technique which enables high
spatial resolution (up to 5 nm for a non-aberration-corrected microscope) imaging of
surfaces and interfaces with video rate (several frames per second). Thus, it is possible
to study dynamic processes at surfaces, like thin-film growth or phase transitions in-situ.
The basic concept was developed in the 1960’s by Ernst Bauer and its first realization
and experimental results were presented in 1985 [Bau85, TB85]. A more detailed
description of the operation principles, the optical path and the contrast mechanisms
can be found in [Bau94, Bau98, Tro00, Alt10].

3.4.1 Basic Operation Principle of a Low-Energy Electron Mi-
croscope

The setup of a LEEM is, in principle, very similar to that of a transmission-electron
microscope (TEM). The most striking difference is that not the transmission of high-
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Figure 3.16: Schematic setup of the SPELEEM instrument at the Nanospectroscopy
beamline at the Elettra Synchrotron Light Source (image property of F.-J. Meyer-zu
Heringdorf). The setup at the beamline U5UA at the National Synchrotron Light
Source (NSLS) is very similar. The main difference between the two setups is the
incidence angle of the photons onto the sample, which is around 16◦ at Elettra (as
depicted here) and 90◦ (normal incidence) at the NSLS. The energy analyzer is only
passed by the electrons in PEEM experiments, for LEEM experiments they are directly
projected onto the screen (image courtesy of PD Dr. F.-J. Meyer zu Heringdorf).

energy electrons through a sample is used, but the reflection of low-energy electrons.
Thus, a surface sensitivity is reached.

The basic setup is depicted in figure 3.16. The electrons are generated by an
electron gun (usually with LaB6-filament) and accelerated to 18 keV

6 between gun and
objective lens, which is important to minimize aberrations caused by the lenses and
deflection from the magnetic field of the earth.7 Sample illumination is accomplished
via magnetic condenser lenses and a magnetic sectorfield, which deflects the beam such
that a normal incidence of the electrons is possible before they pass the focusing field
of the electrostatic immersion objective lens. The objective lens, which is situated a
few mm in front of the sample, is set to ground potential and the sample is under high
voltage of ∼ -18 keV. Hence, the electrons are decelerated to the desired low energies of
around 0 to 100 eV. On this way the objective works as a condenser lens controlling
the angle and the area of illumination.

6At Elettra 18 keV are used, at NSLS 20 keV.
7Especially low-energy electrons are very sensitive to magnetic fields.
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Figure 3.17: Setups of the SPELEEM-apparatus at the beamline U5UA at the National
Synchrotron Light Source (NSLS) (left) and at the nanospectroscopy beamline at the
Elettra Synchrotron Light Source (right).

After diffraction at the crystal, the electrons are re-accelerated to their initial energy
and pass again the focusing field of the objective lens. They traverse the sector field,
which functions as a beam separator between incoming and reflected beams, and a
lens system consisting of transfer, field and, intermediate lens. Afterwards, they are
detected on a multi channel plate and projected onto a fluorescence screen, which can
be imaged by a computer-aided CCD camera.

3.4.2 Spectroscopic Photoemission and Low-Energy Electron
Microscopes (SPELEEM) at Elettra and NSLS

If a LEEM is additionally equipped with a hemispherical electron energy analyzer and
is attached to a beamline of a synchrotron source, the instrument is called spectroscopic
photoemission and low-energy electron microscope (SPELEEM). A SPELEEM is a
very powerful instrument as it merges a LEEM with an x-ray photoemission electron
microscope (XPEEM) and is, thus, a unique combination of complementary imaging and
diffraction methods (e.g. μ-LEED or μ-ARPES). Typical spatial resolutions (lateral)
are around 5 to 10 nm in LEEM mode and around 40 nm in XPEEM operation, where
the field of view can be varied from 2 to 80 μm. Additionally, a quite good spectral
energy resolution of around 300 meV can be achieved.

Both instruments used for the experiments of this thesis are LEEM-III microscopes
by Elmitec GmbH and are shown in the two images in figure 3.17. Additionally to the
setup described before, the UHV-systems are equipped with a preparation chamber.
The samples are transferred from ambient air into the UHV-system through a load-lock-
system, which is attached to the preparation chamber and can be pumped to a pressure
of around 10−8 mbar in well below one hour. In the preparation chamber the samples
can be stored, heated and sputtered. After degassing of the sample in the preparation
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chamber, it is transferred into the main chamber and placed on a manipulator which
allows a translation of the sample in all three spatial directions. In total, eight ports are
pointing at the sample, where one horizontal port connects the main chamber with the
beamline and another one can be used for illumination of the sample with a Hg-lamp
or temperature control with an optical pyrometer. The other six ports can be used to
attach evaporators, enabling in-situ measurements during epitaxial growth.

At the nanospectroscopy beamline at the Elettra Synchrotron Light Source [LBC+03]
photons are incident on the sample under an angle of around 16◦ where the available
energies vary between 50 and 1000 eV, depending on the chosen monochromator grating.
While the ring energy at Elettra is in the range of 2.0 to 2.4 GeV, the UV-ring of the
National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory
(BNL) is operated at 800 MeV. Thus, the available photon energy at the beamline
U5UA [FVN+07] is reduced (compared to the Nanospectroscopy beamline) to a range
between 10 and 160 eV. To achieve a sufficient penetration depth on the samples the
photons impinge upon the sample surface under normal incidence.

3.4.3 Imaging Modes and Contrast Mechanisms of the
SPELEEM Instrument

There are several different imaging and diffraction modes which can be employed in a
SPELEEM instrument. The most common of these is probably the bright-field LEEM
(BF-LEEM) mode. Here, the contrast aperture is moved into the diffraction plane, such
that all spots but the (00)-spot are blocked. Thus, only the (00) spot is used to form
the image. The contrast results from differences in the atomic form factor in different
regions (diffraction contrast), which is e.g. given by different phases (e.g. (7×7) and
(1×1) on a Si(111) surface [Tro00]) or different chemical compositions. Additionally,
contrast can be generated by interference or different geometric structures. If the
incoming beam is slightly deflected, it is also possible to choose another superstructure
spot for imaging, which is then called dark-field LEEM (DF-LEEM). Only regions
whose reconstruction contribute to the intensity of the chosen spot appear bright in
this case.

However, at an energy of 0 eV the electrons are reflected before they actually reach
the surface due to its outer potential. Hence, this mode is called mirror electron
microscopy (MEM). This mode is especially sensitive on surface topology and surface
steps can be imaged better than in normal BF-LEEM. The contrast mechanism is
called geometric or phase contrast : Two waves which are reflected at the upper and
lower part of a step, respectively, experience a phase difference, since the step height
is usually not exactly an integer number of the electron wavelength. This contrast
mechanism can also be utilized to image strain fields, which might arise from buried
defects. Thus, although the electrons do not penetrate deeply into the bulk, LEEM can
still see dislocations several tens of nm below the actual surface, because dislocation
strain fields can extend to the sample surface.

In the XPEEM mode photoelectrons with a kinetic energy of Ekin = hν − EB − Φ
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Figure 3.18: Schematic drawing of the optical paths in the different parts of a SPELEEM-
instrument for (a) imaging of the real space (LEEM or XPEEM mode) and (b) imaging
of the reciprocal space (LEED mode) (from [Cla06], adapted from [SHS+98]), with
TL: transfer lens, FL: field lens, IL: intermediate lens, P1: projector lens, BFP: back
focal plane, IIP: first imaging plane, EP1, EP2: entry planes of analyzer, IP: imaging
plane. The black arrows and dots indicate the positions of image (real space image)
and diffraction planes (reciprocal space image), respectively.

are emitted from the core level, where hν is the energy of the photons, EB the binding
energy, and Φ the work function. The contrast mechanism is the same as for BF-LEEM,
but here the exit slit in the dispersive plane of the analyzer can be used to record
a sequence of images with different kinetic energies of the photons. Thus, laterally
resolved spectroscopic information can be gained, since the photoelectrons have different
kinetic energies due to locally different chemical composition (chemical contrast).

Moreover, the optical path can be changed in a way that also micro-diffraction or
micro-photoelectron spectroscopy can be performed (cf. figure 3.18). Thus, it becomes
possible to receive information on reconstructions, morphology or chemical composition
in limited, local areas of the surface.

If the focal length of the intermediate lens is adjusted such that the diffraction
pattern is focused on the entry plane of the analyzer (EP1) and if, additionally, the
contrast aperture is completely removed from the optical path, imaging of the reciprocal
space (i.e. LEED) becomes possible. The analyzed region can be reduced to around
2 μm if the selected-area aperture in the sector field is moved into the optical path.

Opposed to conventional LEED apparatus that detect scattering angles, the LEEM
instrument probes the momentum transfer parallel to the surface. Therefore, diffraction
spots appear at fixed positions on the screen even for different energies, which makes
the analysis of the intensities of diffraction spots as a function of the electron energy
(I(V) curves) relatively easy. Additionally, the presence of facets or mosaics can also be
identified easily.
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For μ-XPS, again photoelectrons are detected, but in contrast to XPEEM the exit
slit is removed from the optical path and the last two projector lenses are used to image
the dispersive plane of the analyzer. The dispersive plane appears as a line, and its
intensity profile represents the photoemission spectrum. The probed area is selected by
the field limiting aperture inserted into the image plane after the objective lens. In this
operation mode the microscope reaches its best energy resolution of ∼0.2 eV.

3.5 Transmission Electron Microscopy (TEM)

3.5.1 Basic Principle

A transmission electron microscope (TEM) has certain similarities to an optical light
microscope. But TEM does not use the light to form an image, instead the wave
character of the electrons is employed. Since the electrons penetrate through the sample,
very thin samples (well below 100 nm) are needed, the preparation of which is very time
consuming. On the other hand, one of the most important features of a TEM, which
makes it unique, is its extremely high spatial resolution, which is in a sub-Å-regime (i.e.
below 10−10 m) for state-of-the-art microscopes with CS-corrector (to compensate for
spherical aberration).

A scheme of the basic principle and the optical path in a TEM instrument is shown
in figure 3.19. The electrons are emitted from the tip of the field emission gun by
the extractor anode and accelerated to high energies (up to a few hundred keV). The
focusing of the beam is achieved by a condenser system, consisting of three consecutively
arranged lenses and apertures, and a minicondenser lens. After that, the electrons enter
the imaging column, which consists of the upper and lower objective lens. In between
these two lenses is the sample stage. In the TEM mode the objective lens generates
an enlarged image of the sample. In the focal plane of the objective the plane of the
diffraction pattern is located, which is given by the Fourier-transform of the object exit
wave function. One or more beams can be selected by the objective aperture, which is
situated in the back focal plane of the objective. For bright-field (BF) images only the
central beam is used for imaging, whereas beams different from the central beam are
selected for dark-field (DF) images. The selected area diffraction (SAD) aperture is
located in the plane of the first intermediate image and is used to record diffraction
patterns of interesting sample areas. Behind the SAD aperture the image is enlarged by
a lens system of intermediate and projective lens. The intermediate lens can be tuned
such that either an image of the real space or a diffraction pattern of the sample is
pictured. Analogously to the situation for LEEM, the main contrast mechanisms in a
TEM are given by diffraction and phase contrast (cf. section 3.4.3).

Additionally to a conventional TEM mode, new TEM instruments usually offer
the possibility of performing scanning TEM (STEM) experiments. The optical path
for STEM is similar to that of TEM (cf. figure 3.19 right). But for STEM only one
convergent electron beam with a diameter of roughly 1.2Å is focused onto the sample.
The sample is scanned with this beam in x- and y-direction. Thus, the beam position

46



3.5 TEM

intermediate lens

minicondenser lens

“SAD”-aperture

projection lens

sample & holder

lower objective lens

upper objective lens

objective aperture

heatable filament

HAADF-detector

“Gun”-lens

fluorescence screen

extractor anode

emission tip

C3-lens

C2-lens

C2-aperture

C1-lens

C1-aperture

acceleration anode

corrector

Figure 3.19: Schematic setup and optical path in a TEM. Left: Optical path in the
diffraction mode; middle: optical path in the imaging mode. The red lines correspond
to electron beams diffracted at one certain point of the sample. Right: Optical path for
scanning TEM (STEM). The electrons scattered in small angles are depicted in blue
and the ones scattered in larger angles in red (adapted from [Meh09]).

on the sample has to be shifted by a system of deflection coils. With a ring-shaped
high-angle annular darkfield (HAADF) detector only electrons which were scattered
under large angles are detected. Thus, the main part of the signal originates from
thermally diffusely scattered electrons. The STEM intensity gives rise to information
on the sample thickness and the chemical composition (Z-contrast) of the sample.
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A more detailed description of the principal setup of a transmission electron micro-
scope and its applications for the analysis of composition and strain state in semicon-
ductor materials can, e.g., be found in [Ros96, Ros03].

3.5.2 Setup at the University of Bremen

The TEM measurements of this thesis were recorded at the FEI TITAN 80/300kV-
(S)TEM instrument of the working group of Prof. Rosenauer at the University of
Bremen. The TITAN is equipped with a CS-corrector and offers a spatial resolution
of up to 0.08 nm for conventional TEM and 0.12 nm for STEM. The acceleration
voltage can be varied between 80 and 300 kV. Additionally to TEM and STEM, some
other operating modes are possible: Analysis of x-rays generated by scattering of
electrons at the samples (energy-dispersive x-ray spectroscopy, EDX); analysis of the
material-dependent energy loss of inelastically scattered electrons (energy electron loss
spectroscopy, EELS) and imaging of electrons which experienced an energy loss (energy
filtered TEM, EFTEM).

To reduce interactions with air molecules, the complete TEM column is pumped
down to UHV-conditions with a base pressure in the low 10−10 mbar regime.

3.6 Scanning Electron Microscopy (SEM)

3.6.1 Basic Principle

In a scanning electron microscope (SEM) an electron beam is generated by an electron
gun, bunched by a condenser lens and focused as a small spot onto the sample surface
by an objective lens (cf. figure 3.20 left). Deflection coils inside the objective lens
generate a magnetic field, which makes it possible to scan the sample with the electron
beam in a controlled grating.

If the electron beam impinges upon the sample surface different complex interactions
with the nuclei and electrons of the sample atoms emerge. As a consequence several
secondary products are generated, some of which are secondary electrons, x-rays, and
light.

The most important process is certainly the generation of secondary electrons, which
originate from the inelastic interaction of the impinging beam with the electrons of
the sample atoms. These electrons can be detected and used to form an image. Due
to their low energy, the secondary electrons can easily be absorbed by sample atoms.
Thus, only electrons from regions close to the surface can exit the sample and, hence,
surface sensitivity is gained. This is the reason why only around one percent of all
secondary electrons contribute to the generation of an image.

In total, four different types of secondary electrons are generated: The first type
originates from the direct interaction of the electron beam with the sample. These
electrons provide the best resolution, since they come from the smallest sample area.
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Figure 3.20: Scheme of the optical path of a SEM (left) (adapted from [GHB00]) and
schematic illustration of a dual-beam FIB-SEM experiment (right) (from [VM07]). The
expanded view shows the interaction of electron and ion beam on the surface.

The second type comes from the interaction between backscattered electrons with
sample atoms. The third type originates from backscattered electrons that leave the
sample, hit parts of the sample chamber and generate secondary electrons there. The
last type of electrons comes from the primary electron beam which generates secondary
electrons during passage of the last aperture. Since the detector cannot distinguish
between the different types of secondary electrons, the resulting image is always a
mixture of electrons from different origins.

A more detailed introduction into theory and applications of scanning electron
microscopy can, e.g., be found in [GNJ+03].

3.6.2 Setup at the University of Bremen

The SEM results presented in this thesis were recorded at the FEI Nova 200 NanoLab
Dual-Source (SEM/FIB) instrument of the Institute of Solid State Physics of the
University of Bremen. Additionally to record images of sample surface with a SEM, it
is, thus, possible to process samples with a focused ion beam (FIB) consisting of Ga
ions. A schematic illustration of a dual-beam experiment is depicted in the right image
of figure 3.20. However, the FIB function was not used in the framework of this thesis.

The electron optics consist of a field emission SEM with magnetic immersion lens,
Schottky thermal field emitter, a 60◦ objective lens geometry, and heated objective
apertures. The best achievable lateral resolution in the SEM mode is around 4 nm.
The accelerating voltage can be varied between 0.2 and 30 kV and different types of
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Table 3.1: Wafer speci-
fications of the Si sam-
ples used for the ex-
periments in this thesis.
The samples cut from
the Si(111) wafer of the
second row were prop-
erty of Elettra and not
all information were
provided.

orientation precision doping
resistivity thickness
(Ω·cm) (μm)

(111) ±0.02◦ p-type (B) 10.5 500-550
(111) ±0.05◦ ? ? �500
(111) ±0.2◦ n-type (P) 1-10 500-550
(112) ±0.1◦ p-type (B) 7-13 475-525
(113) ±0.1◦ n-type (P) 1-10 475-525
(115) ±0.5◦ n-type (P) 7-13 475-525

detectors can be used to characterize the structure of the sample.

To reduce the interactions of electrons with air molecules the system is pumped to
high vacuum (∼ 2 × 10−6 mbar) by one turbo-molecular-pump and three ion-getter-
pumps, where the evacuation time is less than 5 minutes. The sample can be moved up
to 50 mm in horizontal and 25 mm in vertical direction, where the smallest step size is
500 nm. The sample temperature can be varied between -15◦C and 60◦C.

3.7 Sample Preparation

The samples were cut from commercially available silicon wafers with the specifications
given in table 3.1. After cleaning with methanol or ethanol (for removal of macroscopic
contaminations), they were attached to a sample holder and afterwards introduced into
the respective vacuum systems and degassed at about 600◦C for at least 12 hours. This
step is important to reduce possible contaminations on the sample and the holder. For
a preparation in the SPA-LEED UHV-chamber at the University of Bremen and the
UHV-system at the beamline BW1 at DESY (XSW experiments) the sample heating
was accomplished by direct current heating, for a preparation in the LEEM UHV-
system at the synchrotrons Elettra and NSLS the heating was performed with e-beam
bombardment from the back side of the sample. The temperature was monitored using
an infra-red pyrometer and at the LEEM systems additionally with a thermocouple
attached below the sample. Especially the measurement with a pyrometer is rather
inaccurate and an error of ±20◦C is assumed. When the samples are heated with
e-beam bombardment the pyrometer “sees” the glowing filament behind the sample as
Si is transparent for a certain part of electromagnetic waves in the infrared region. The
sample does not become opaque below around 800◦C which makes the temperature
determination with a pyrometer even more difficult. This can then only be avoided with
a pyrometer which is dedicated for Si samples and detects only waves in the infrared
region in which Si is not transparent. At the LEEM system at the NSLS such a special
pyrometer was used, but at the LEEM system at Elettra unfortunately not.

The clean starting surfaces were prepared by removing the native oxide layers by
flash heating at temperatures between 1100 and 1250◦C (several times), resulting in a
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Figure 3.21: Sample cartridge (a) and Mo caps (b) with holes of
different sizes for use in the SPELEEM UHV system (adapted from
http://www.elettra.trieste.it/nanospectroscopy/userarea/sample.html; May 2011). (c):
Sample holder with Si sample for use in the SPA-LEED UHV system (from [Cla06]).

brilliant, low-background LEED pattern. For the flash heating it is important not to
exceed a pressure in the UHV system of roughly 1 · 10−8 mbar and not to reach the melt
point of Si of 1410◦C. In particular, this is a problem, when a temperature gradient is
present on the surface, which is likely caused by an uneven tightening of the screws on
the sample holder (cf. figure 3.21 (c)).

For some of the XSW measurements different samples were used which have a
brick-like shape with sizes of roughly (10× 10× 2) mm3. Especially the much higher
thickness (compared to the samples cut from wafers) prevents strain caused by the
mounting of the sample on the holder and by high substrate temperatures during
flashing. This strain may cause a bending of the samples which reduces the crystal
quality needed for XSW experiments. These samples were cleaned with methanol and
an artificial oxide layer (≈1 nm) was deposited onto the samples by a wet-chemical
etching process (RCA process) [Ker84]. In the UHV chamber the samples were degassed
for at least 12 h at around 600◦C. The oxide layer was removed by applying a direct
current and heating the sample up to 875◦C for three to four minutes.

In general, two different cooling procedures after the flashing are possible. The first
one is a rapid cooling of the sample (quenching) and the second one is slow cooling
or even keeping at a certain temperature (annealing), which is usually performed in a
temperature range in which, e.g., a certain surface reconstruction or morphology (like
facets) is preferably formed.

The adsorption of Ge, Ag, Ga, Al, and In onto the clean Si surfaces was carried out
by using home-built or commercially available evaporators. For Ag and Al, evaporators
with Knudsen cells were used, for Ga and In evaporators with electron beam (e-beam)
effusion cells. The evaporation of Ge usually took place with evaporators of the first
type, but for some experiments also with an evaporator of the latter type.

In evaporators using the Knudsen principle the evaporant is stored in a crucible
(Al:ceramics; Ag: Al2O3; Ge: pyrolytic Bornitride, PBN) around which a filament
(usually tungsten) is wrapped. If a current flows through the filament (around 2 A),
the crucible and the evaporant are heated directly. For the e-beam evaporators a
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Figure 3.22: (a): Scheme of an evaporator with Knudsen cell and oscillating crystal
(adapted from [Zah00]). (b): Side-view image of a home-built Knudsen cell evaporator.
The black box indicates the region which is shown in the scheme in (a). (c): Perspective-
view image onto the top of the evaporator to better illustrate the shutter and the
oscillating crystal.

high voltage is additionally attached to the crucible, leading to a thermal emission of
electrons from the filament which then hit the crucible and heat both, crucible and
evaporant. A heating of the surrounding material close to the crucible is hindered by
water cooling. For a controlled start and ending of the deposition a shutter is attached
to the evaporator at the end of the outlet port.

The e-beam evaporators used here are commercially available single EFM3 or triple
EFM evaporators from Omicron.8 The Knudsen cell evaporators (see figure 3.22) are
all home-built by J. Lauckner at the University of Bremen, except for the Al evaporator
which is property of the University of Duisburg-Essen and was home-built in the research
group of Prof. Horn-von Hoegen. This was also the only evaporator which was not
equipped with a shutter.

The evaporation flux can be determined by two different methods. In the first
method the evaporant is additionally deposited onto a quartz crystal which oscillates
in the frequency range of around 10 MHz. The temporal change of its eigenfrequency
is proportional to the evaporation flux. In the second method it is utilized that the
molecular beam contains not only neutrally charged particles but also a small fraction
of charged ions. These can be detected on a deflection plate. The resulting electrical
current is proportional to the flux.

8http://www.omicron.de
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Silicon: Short Review of Crystal
Structure, Surfaces, and Ge Growth

4.1 Crystal Structure

Silicon (Si) belongs to group 14 (also: the IVth main group or carbon group) in the
periodic table of elements. Just like its neighbors in this group, carbon (C) and
germanium (Ge), it crystallizes in the diamond structure, which is formed by two
face-centered cubic (fcc) lattices. One of the two sublattices is shifted to the second one
by a quarter of the body diagonal and, thus, one lattice has its origin at (0, 0, 0) · a0
and the other one at (1

4
, 1
4
, 1
4
) · a0 (see also figure 4.1), where a0 is the edge length of

the unit cell. In total, each unit cell contains eight atoms.

Each atom in one of the two sublattices has four next neighbors in the other sublattice
at a distance of

√
3
4
· a0 and vice versa. This is accomplished by the (sp)3-hybridization

of the four valence electrons, which leads to the tetrahedral binding geometry. In the
diamond structure each atom contributes with one electron to each of its four bonds to
adjacent atoms and, hence, two electrons with opposite spins form one bond between
two neighboring atoms. Each bond is a covalent bond, which has its origin in the spatial
re-ordering of the electron shells, where the electron density between two adjacent

a0

Figure 4.1: Unit cell of a crystal with di-
amond structure. The structure can be
interpreted as two fcc lattices (here illus-
trated as filled and empty circles) that
are shifted by a quarter of the body di-
agonal; or by one fcc lattice with a basis
of two atoms at (0, 0, 0) and (1

4
, 1
4
, 1
4
).
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atoms is increased [Dem05].

In each cubic lattice for the three lattice constants |�ai| the following relation is
valid: |�a1| = |�a2| = |�a3| = a0, where a0 is often called lattice parameter. The lattice
parameters of Si and Ge are a0,Si = 5.431 Å and a0,Ge = 5.660 Å.

4.2 Surfaces of Silicon

In general, two different kinds of surfaces can be distinguished for Si: low-index and
high-index surfaces. A side view of the silicon lattice with all possible surfaces between
the (001) and (111) orientations is shown in figure 4.2. Low-index surfaces, e.g. (001) or
(111), are stable and usually have low surface energies [BMEF95]. High-index surfaces,
e.g. (112) or (113), are often called vicinal surfaces, as they can be interpreted as
low-index surfaces with a certain miscut in one direction. For example, all Si surfaces
in the vicinity of the (111) or the (001) surface with miscut towards the (001) or (111)

Figure 4.2: Side view of the silicon crystal lattice between the (001) and (111)
orientations (from [BEW97]). All surfaces discussed in [BEW97] are marked with black
dots, all surfaces analyzed in this thesis are additionally marked with red circles. All
other surfaces which are mentioned here (e.g. as facets on another surface) are marked
with green circles. The (111), (112), and (113) planes are illustrated with the red dashed
lines. The angle Θ of each lattice plane towards the [001] direction and the length of
the corresponding bulk-truncated unit cell in the direction perpendicular to [11̄0] are
given in the table on the left.
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direction, respectively, are unstable [BEW97]. The surfaces that are the closest to
the two low-index directions consist of stepped surfaces with (111) or (001) terraces.
Surfaces between (223) and (5 5 12) tend to decompose into nanofacets consisting of
one unit-cell wide (111) facets and (5 5 12) facets, surfaces between (114) and (113)
into (114) and (113) mesofacets, and surfaces between (113) and (5 5 12) into (113)
and (5 5 12) mesofacets. Only very few high-index surfaces are stable. Among them,
the (113) surface, which exhibits a (3× 2) reconstruction [Ran90, KPTW91], and the
(5 5 12) surface, which exhibits a (2× 1) reconstruction [BWE95], are two of the most
prominent ones.

4.2.1 Si(111) surface

From the schematic drawing in figure 4.1, it becomes obvious that in the (111) and
the (001) directions the atomic planes are formed by alternating planes of the two
sublattices. For the Si(111) surface two monolayers (ML) merge to a bilayer (BL).
Each atom in the upper BL half have has bonds to three atoms in the lower BL half
and vice versa (cf. figures 4.1 and 4.3). Only one bond per atom is pointing outside
of the BL, which is the reason why the BL becomes so important for this surface: A
complete BL as termination of this surface would only have one unsaturated or dangling
bond (DB) per atom in a (1× 1) reconstruction, whereas half a BL would exhibit three
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[111]

[112]

[111]

[110]

top view side view

a
1

a
2

a
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Figure 4.3: Model of the unreconstructed Si(111) surface in top and side view with
surface lattice vectors. The atoms in the upper part of the bilayer are displayed in light
blue and the atoms in the lower part in dark blue.

55



Chapter 4: Silicon: Structure, Surfaces, Ge Growth

adatoms

1st layer

2nd layer

3rd layer

4th layer

corner hole

rest atom

dimer

unfaulted faulted
[11

–
0]

[112
–
]

[111]

Figure 4.4: Top view of the Si(111)-(7×7) reconstruction in the dimer-adatom-stacking
fault (DAS) model according to Takayanagi et al. [TTTT85] (from [Sch98]).

dangling bonds. Hence, the atomic step height on this surface always corresponds to
one complete BL step.

In figure 4.3 a schematic drawing of the unreconstructed Si(111) surface in top and
side view is shown. The atoms in the uppermost BL are displayed in two different colors
for the upper and lower part of the BL. The three surface lattice vectors are given in
the figure. Due to the threefold symmetry of the surface also lattice vectors which are
rotated by 120◦ or 240◦ around the [111] surface normal, could have been chosen.

For the unreconstructed (bulk-terminated) surface each atom at the surface has,
as mentioned above, one dangling bond (DB), which is of course energetically very
unfavorable. By a reconstruction of the surface the number of DBs, and thus the surface
energy, can be reduced. The most stable reconstruction of the Si(111) surface is the
famous (7×7) reconstruction, whose atomic structure has been unsolved over a quite
long period, until Takayanagi et al. [TTTT85] proposed the dimer-adatom-stacking
fault (DAS) model based on transmission electron diffraction (TED) data. In the
upcoming years this model was confirmed by STM ([THD86]), LEED ([THW+88]),
and RHEED ([HI89]) measurements, and by theoretical calculations ([QC87]). In this
model, the (7×7) unit mesh is composed of two halves, where one half has a stacking
fault in the uppermost layer (faulted half). At the borders between the faulted and
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Figure 4.5: Top: Cut through the reciprocal space of the Si(111) surface in (11̄0)
direction. At the positions of the forbidden reflections no spots are drawn.
Bottom: Top view of the reciprocal space of the Si(111) surface with reciprocal surface
lattice vectors.
The crystallographic directions are given in bulk and surface notation. For better
visibility the two images do not have the same scale.
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unfaulted areas dimers are formed. Additionally, the structure contains adatoms, which
bond to three atoms in the first layer. The adatoms have a local (2×2) arrangement
and, thus, a few atoms of the first layer (rest atoms) do not bond to the adatoms. By
this reconstruction the total number of DBs per unit cell can be reduced from 49 to 19
(12 adatoms, 6 rest atoms, 1 corner hole).

A cut through the reciprocal space of the Si(111) surface is given in figure 4.5 in
side and top view. From the side view it gets obvious that the (100) and the (1̄00)
directions are not equivalent, since the Bragg spots do not appear at the same Q⊥.
Together with the top view the threefold symmetry of the surface can be seen nicely.

The reciprocal surface lattice vectors are determined via equations (2.7) and (2.8)
from the lattice vectors in real space in figure 4.3.

4.2.2 Si(112) surface

In figure 4.6 a schematic drawing of the unreconstructed Si(112) surface is given in
top and side view. The Si(112) surface lies crystallographically between the Si(111)
and the Si(001) surfaces, whereat it is tilted by 19.47◦ to the (111) and 35.26◦ to the
(001) direction. Its bulk terminated surface structure has a high step density as it
can be interpreted as an arrangement of narrow (111) terraces with a width of 8.87Å
interrupted by 3.14Å high (001) steps (see dashed lines in figure 4.6) [BBNT87, FSZ+06].

[111]

[110]
[112]

[111] [110]

top view

side view

a
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2
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3

[112][112][111] [001]

Figure 4.6: Model of the unreconstructed Si(112) surface in top and side view with
surface lattice vectors. The distance (in [112] direction) from the light blue to the
turquoise atoms (and from the turquoise to the dark blue atoms) is equivalent to one
(224) layer distance. The (11̄0) mirror planes are indicated with blue arrows.
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Figure 4.7: Left: Filled state STM image of reconstructed Si(112), with two different
surface areas. The type I structure exhibits sawtooth-like nanofacets with (111) and
(5 5 12) orientations (from [Hei08]). Right: LEED image of clean Si(112) with facet
structure.

Each edge atom has two DBs and each terrace atom has one DB, as indicated with the
black lines in figure 4.6. The only symmetry elements on the (112) surface are (11̄0)
mirror planes.

Many different surface structures have been proposed for the reconstructed Si(112)
surface which even contradict each other in a few cases: The first studies on clean Si(112)
from 1981 by Olshanetsky and Mashanov revealed a (4×2) reconstruction [OM81] by
means of LEED. Later also (1×2) [Kap82, YW89, WW94], (1×1), (2×1) [Cha84, Gre97],
and (2×2) [WKI84] reconstructions were reported. However, all discussed electron
diffraction patterns exhibit only a faint contrast. Often no clear indication for the
reported structures, accomplished by a rather complicated arrangement of the diffraction
spots along [11̄0], were found. After adsorption of Ga [WKI84], C [YW89], or Al [WW94]
better ordered patterns with much more intense spots and a rather unambiguous
reconstruction are gained. All of the diffraction patterns from the clean Si(112) surface
show strong consistence with later results, where the observed patterns are interpreted
as resulting from faceted structures (see e.g. figure 4.7 right).

In the first STM experiments on this surface in 1987, Berghaus et al. observed
facets along the [11̄0] direction [BBNT87]. They found Si(111) facets with (7×7)
reconstruction and other areas which show a (2×1) reconstruction. These observations
are supported by more recent publications, where the equilibrium structure is identified
as a periodic arrangement of sawtooth-like facets [BW95a, BW95b, ZES+05, FSZ+06].
The shorter sides of these facets are identified as one-unit-cell-wide Si(111) facets with
(7×7) or (5×5) reconstructions. On the other sides much flatter facets with (2×1)
reconstruction and only 4.0◦ tilt to the (112) direction are found. Thus, these facets
are identified as (337) oriented. Baski et al. found, additionally to these structures,
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Figure 4.9: Top view of the reciprocal space of the Si(112) surface with reciprocal
surface lattice vectors. The crystal orientations are given in bulk and surface notation.

which they refer to as type I faceted areas, other areas with much larger terraces that
are tilted by only a few degrees away from the (112) surface normal (type II ). The
STM results from an unpublished thesis from 2008 [Hei08] for type II areas are also
consistent with stepped (112) terraces with an ’(n× 2)’ reconstruction.

In a newer work Baski et al. [BEW97] revisited the Si(112) surface. In this
publication they found by means of STM, additionally to (337) unit cells, (7 7 17) unit
cells. The ratio of (337) to (7 7 17) unit cells was 3:5 and, thus, an overall orientation of
(5 5 12) was determined, where the angle between the (337) and the (5 5 12) orientation
is only about 0.7◦. These results could also be confirmed by newer, unpublished STM
and SPA-LEED results [Hei08, Wil08, Höc09].

A typical LEED pattern can be found in figure 4.7 in the right image. Here, streaky
features along the [111̄] direction can be found. As these stripes move when the energy
is changed, they are assigned to facet structures. The facet spots indicated with I
at 50% of the Brillouin Zone (BZ) correspond to (2×1) reconstructed (5 5 12) facets
and the spots indicated with II and III at 3/7 and 4/7 of the BZ correspond to (7×7)
reconstructed (111) facets.

In another thesis I. Heidmann concluded from LEEM and LEED results [Hei10], and
especially reciprocal space maps (RSMs) taken from LEED patterns, that it is nearly
impossible to create a Si(112) surface which is completely type I faceted. Hence, type
II areas are always present, although earlier works [BW95a, BW95b] suggested that
this is possible by a special post annealing and slow cooling procedure of the samples.

In figure 4.8 cuts through the reciprocal space of the Si(112) surface in (11̄0) and
(1̄1̄1) direction are shown. It is clearly visible, that both directions are not equivalent.
Moreover, only for the latter one a mirror symmetry ((11̄0) mirror planes) can be found.
Since |�a∗3|  |�a∗1| and especially |�a∗3|  |�a∗2| the rods in both of the two directions are
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very close together. Thus, for a better visibility only every second or third CTR is
highlighted in the schemes.

In figure 4.9 a top view through the reciprocal space of the Si(112) surface is given,
revealing again the differences in the two main directions (11̄0) and (111̄), especially
in the spacing of the CTRs. The reciprocal lattice vectors �a∗i are determined with the
equations (2.7) and (2.8) from the lattice vectors in real space in figure 4.6.

One interesting feature of Si(112) gets obvious in all the schematic drawings of the
surface in real and reciprocal space: Both, the lattice vectors in real space �a1 and �a2
and the lattice vectors in reciprocal space �a∗1 and �a∗2 are perpendicular to each other,
respectively: �a1 ⊥ �a2 and �a∗1 ⊥ �a∗2. As an interesting consequence of this and with
equation (2.8) the following relations are valid: �a1‖�a∗1 and �a2‖�a∗2.

4.2.3 Si(113) surface

The Si(113) surface is one of the very few stable high-index silicon surfaces which have a
low surface energy [Ran90, FWOP96] and are thermally stable, i.e. do not tend to facet
at high temperatures. Therefore, it might become interesting for future technological
applications [MDE+01]. Also for Ge the (113) surface has a low surface energy and,

top view

side view

a2

a1

a3

Figure 4.10: Model of the unreconstructed Si(113) surface in top and side view with
surface lattice vectors (adapted from [Cla06]). The (11̄0) mirror planes are indicated
with blue arrows and the glide mirror planes, which are parallel to the mirror planes,
with green arrows. The (001)-like atoms are displayed in dark blue and the (111)-like
atoms in light blue.
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hence, Ge islands grown on Si(111) and Si(001) substrates often exhibit (113) side facets
[MNM+87, KJP+91, EUJ93].

A schematic drawing of the bulk-terminated Si(113) surface in real space in top and
side view is given in figure 4.10. The Si(113) surface lies crystallographically between
the technologically relevant Si(001) surface and the Si(111) surface. Thus, the Si(113)
BL can be described by alternating rows of (001)- and (111)-like atoms, where the
(001)-like atoms have two DBs and the (111)-like atoms one DB. As the only symmetry
elements mirror and glide-mirror planes parallel to the [332̄] direction can be found on
the surface.

The unit mesh in real space is given by the two lattice vectors �a1 and �a2, whose
included angle has a value of 132.13◦. Although this choice of the unit cell is not
conventional (cf. section 2.1.4), it still makes sense, as the resulting unit mesh in
reciprocal space spans an angle of 47.81◦, which is exactly the direction in which the
(1
3
n) superstructure spots of the clean Si(113)-(3×2) surface are observed in LEED

patterns.

The bulk-terminated structure as in figure 4.10 is not observed under normal condi-
tions, as Si(113) reconstructs to a energetically more favorable structure. At room tem-
perature a (3×2) reconstruction [OM81, Ran90, KPTW91, SJS94, DMW94, DMW95a,
DMW95b] is found, which merges into a (3×1) reconstruction at temperatures around
775K (750K [FWOP96], 780K [SJS94] and 800K [HKK+01] were reported) and at
higher temperatures into a (1×1) reconstruction [SJS94].

In the early publications on the clean Si(113) surface many different structural models
of the (3×2) reconstruction were introduced. Up to date the model by Dabrowski
et al. [DMW94, DMW95a, DMW95b] has been established. Based on the works
by Ranke et al. [Ran90] and Knall et al. [KPTW91], it combines STM and DFT
calculations. It basically consists of three structural elements: one adatom, one dimer,

(a) bulk-truncated,
relaxed surface
(16.71 eV)

(b) (3×1)-AD model

(13.49 eV)

(c) (3×2)-AD model

(13.35 eV)

(d) (3×1)-AI or
(3×2)-AI model

(13.16 eV or 13.11 eV)

(e) (3×2)-ADI model

(12.69 eV)

Figure 4.11: Top views of possible models of the reconstructed Si(113) surface with
characteristic structure elements (A: Adatom, D: Dimer, I: Interstitial) and the absolute
surface energy per (3×2) unit cell (adapted from [SFB03a]).
The large black circles are the atoms of the first layer, the large open circle correspond
to atoms of the second and the small black circles to atoms in the third layer. In (d)
and (e) interstitial atoms are additionally displayed in gray.
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63 eV

Figure 4.12: Left: Filled state STM image of reconstructed Si(113) with (3×2)
reconstruction in the zoomed region. The black line indicates an anti-phase domain,
with the black quadrangle one (3×2) unit cell is marked. Right: LEED image of clean
Si(113) with (3×2) reconstruction and according reciprocal unit cell (from [Spe06]).

and one subsurface interstitial atom and is thus called ADI-model. This model was
already confirmed by DFT calculations by Sakama et al. [SKKK96]. In figure 4.11
the transition from an unreconstructed to a reconstructed Si(113) surface according
to Stekolnikov et al. [SFB03a, SFB03b] with sequential introduction of the structural
elements mentioned before is shown. The absolute surface energy, normalized to a
(3×2) unit cell, is additionally indicated in the figure. The reduction of the surface
energy is basically achieved by a dimerization of the (001)-like atoms in the uppermost
layer, which induces the formation of a tetramer on the surface. Thereby, the number
of DBs on the surface is reduced by two. Additional reduction of the DBs is achieved
by the introduction of an adatom and an atom on a sixfold coordinated subsurface
interstitial site of the tetramer. DFT calculations [SFB03a, SFB03b] show that the
pentamer, which is formed by this, induces a band gap of approximately 0.5 eV in the
surface structure.

Experimentally, often anti-phase domains are observed, as can be seen in the STM
image in figure 4.12, where the upper part in the zoomed region is shifted by half a
unit cell in [332̄] direction compared to the lower part. Due to this shift, the ”×2”
periodicity is disturbed and in the corresponding LEED image in figure 4.12 the (n/2)
spots appear blurred, as indicated with the yellow circle. Additionally, a coexistence
of (3×2) and (3×1) reconstructed areas cannot be ruled out completely, which would
contribute to the discrimination of the (n/2) spot intensity.

In the two uppermost images in figure 4.13 cuts through the reciprocal space of the
Si(113) surface in (332̄) and (11̄0) directions are shown, respectively. The reciprocal
lattice vectors �a∗i are determined with the equations (2.7) and (2.8) from the lattice
vectors in realspace in figure 4.10. The difference of the two main axes can be seen.
Particularly, only in the uppermost scheme a mirror symmetry, with (11̄0) mirror planes,
can be found. In the lowermost image of figure 4.13 a top view of the reciprocal space
of the Si(113) surface is given.
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Figure 4.13: Top: Cuts
through the reciprocal space
of the Si(113) surface in
(332̄) and (11̄0) direction
with reciprocal surface lat-
tice vectors. At the posi-
tions of the forbidden reflec-
tions no spots are drawn.
Left: Top view of the recipro-
cal space of the Si(113) sur-
face (adapted from [Cla06]).
The crystallographic direc-
tions are given in bulk and
surface notation. For better
visibility the moduli of the
lattice vectors in the three
images are not true to scale.
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Figure 4.14: LEEM images of Ge islands on Si(111) (left), Si(112) (middle) and Si(113)
(right, from [CSF+06]). The according electron energies and scales are indicated in the
images.

4.3 Epitaxial growth of Ge on Si surfaces

Due to its approximately 4.2% larger lattice constant and its lower surface free energy,
germanium always grows in the Stranski-Krastanov (SK) [SK38] mode on Si, independent
of the surface orientation of the substrate. First, Ge wets the surface, but already after
a few atomic layers three-dimensional islands are formed in which the Ge can partially
relax and relieve the strain, which has been arisen during the initial pseudomorphic
growth. The SK islands coalesce to a contiguous film, which usually happens at a film
thickness of several nm (e.g. Si(111): 100 nm [MNM+87]). The film exhibits a very high
number of threading dislocations that is in the order of 1012/cm2 for Si(111) [SYJD85],
making it unsuitable for technological applications. Despite these rather common
characteristics, other features of Ge growth vary (especially at very low coverages) for
different substrate orientations, which will be explained in more detail in the following.

For the case of Si(111) the Ge first saturates the dangling bonds of the rest atoms
in the (7×7) unit cell [DMG+86]. At room temperature small Ge clusters with random
shape evolve and form a nearly ordered array on the (7×7) reconstruction, whereat
no preferential nucleation in the faulted or unfaulted half of the unit cells is found
[KJP+91]. At elevated temperatures ordered epitaxial layers are formed, which mainly
exhibit a (5×5) reconstruction. The growth always occurs in complete BLs and at
2 BLs the transition from (7×7) to (5×5) is completed. The reconstructions which are
well-known from Ge(111) substrates, c(2×8), c(2×4), and (2×2) are never found for
Ge wetting layers on Si(111), which is explained by compressive strain caused by the
pseudomorphic growth in the wetting layer. Any Ge which is additionally adsorbed
on the surface after the critical layer thickness of 2 BLs is reached is accumulated in
3D islands. The islands have a pyramidal shape with a (usually) triangular base area
and are mostly determined by (113)-like facets (see figure 4.14 left). Interestingly, these
Ge island side facets are also found for growth on Si(001) [OKL+92], which can be
explained by the relatively low surface free energy of the (113) surface (cf. section
4.2.3).
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The epitaxial growth of Ge on the Si(113) surface is mainly determined by the
strong anisotropy of the Si(113) substrate [Cla06]. Due to the lack of rotational
symmetry the formation of rotational domains is suppressed and this surface is well-
suited for the growth on low-dimensional systems. In the initial growth stage Ge
nucleates preferentially at the step edges [Cla06] and the (3×2) reconstruction from the
substrate merges into a (2×2) structure, which is completed at a Ge coverage of 2BLs
[ZSOO02, Cla06, CSF+06]. Upon extended Ge deposition, the formation of quantum
wires along the [332̄] direction (perpendicular to the mirror planes, cf. section 4.2.3)
was observed in a narrow growth parameter window of 400 to 450◦C and 5 to 9MLs
[OO97, OO99, ZSOO02] (cf. figure 4.14 right). The formation of larger Ge nanowires
elongated along the [332̄] direction with sizes of up to a few hundreds of nm were
found as well [CSF+06, Cla06]. The anisotropy of the islands cannot be explained by
an anisotropy of the tension inside the islands [BOO01], but it rather seems that the
properties of the first BLs in the initial 2D growth, like surface tension and energy, are
important. Moreover, an Arrhenius-like behavior of the Ge island density was found in
a temperature regime of 380 to 590◦C and a diffusion barrier height of around 0.53 eV
was determined [CSF+06].

In analogy to the Si(113) surface, Si(112) exhibits a lack of rotational symmetry and
the growth of rotational domains is suppressed. However, for the Ge growth on Si(112),
islands with a nearly isotropic shape are found in a temperature window between 420
and 590◦C [Spe07] (see figure 4.14 middle). Similar to the situation on Si(113) an
Arrhenius-like behavior is observed and the diffusion barrier height is determined to be
around 1.0 eV, which is significantly higher than on the Si(113) surface and is assumed
to originate from a hindered diffusion of the Ge atoms caused by the facets of the
underlying Si substrate.

Only very limited research has been carried out on the Ge growth on other high-
index surfaces. However, on the Si(5 5 12) surface the growth of highly anisotropic, 1D
structures has been demonstrated recently [KLS08]. Moreover, it was possible to show
that Ge islands on Si(5 5 12) can be grown along the [11̄0] direction when the heating
of the samples is performed by applying a direct current along the same direction
[DRJ+11].
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Chapter 5

Adsorption of group-III metals on
Si(112) and their impact on Ge
growth

The adsorption of group-III-metals (Al, Ga, In) leads to a smoothing of the intrinsically
faceted Si(112) surface and induces the formation of 1D chains on the surface. In the
first part of this chapter a short overview of recent literature on the adsorption of Al,
Ga, and In is given. This introductory part is followed by sections that cover the results
on (a) adsorption of the group-III-metals on the Si(112) surface and (b) on the influence
of the pre-adsorption of these materials on the subsequent Ge growth.

Here, only the most important results, which are presented in the enclosed publica-
tions at the end of this thesis, are summarized and supplemented with a few additional
results and explanations.

5.1 Review of the Adsorption of group-III metals

on Si(112)

The adsorption of group III elements on Si(112) has been the topic of numerous
publications over the last years, where Al, Ga, and In show a very similar behavior
and induce similar reconstructions with equivalent structural elements. It was already
possible to show that the adsorption of group-III-elements at elevated temperatures
smoothes the intrinsically unstable Si(112) surface and metal rows are formed [JPK94,
BW96, GZYS00, GSO+04, SRG+05]. These rows are oriented in the same direction
as the facets and the step edges of the clean surface. For Al/Si(112), Ga/Si(112),
and In/Si(112) reconstructions with adsorbate vacancies as a structural element are
proposed. The adsorbate atoms bond to the step edges of the bulk-terminated unit cell.
By means of STM, it was possible to show that the rows have a periodicity of around
9.4 Å, being equivalent to one unit cell length in the [111̄] direction [BEW99].

Al adsorption leads to a (5×1) reconstruction at coverages well below 1ML and a
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transition to a (6×1) reconstruction at around 1ML [JPK94, WW94]. DFT calculations
on this structure revealed that both reconstructions are composed of two kinds of Al
chains [GB05]. The chains on the step-edge sites are interrupted by a vacancy with a
period of 5 or 6, but the chains on the terrace sites are continuous, leading to 11 Al
atoms in one (6×1) unit cell. It is concluded, that the formation of interrupted chains
on the step-edge site assist to form continuous chains at the terrace sites. These results
are also confirmed by SPA-LEED measurements by Nabbefeld et al. [Nab09, MSS+11],
where initially a (5×1) reconstruction of the surface was found at a growth temperature
of 640◦C up to a coverage of around 1ML. At this coverage the structure merges into
a (6×1) reconstruction. At growth temperatures above 700◦C a coexistence of both
reconstructions is found, leading to an average periodicity of approximately 5.5 in the
[111̄] direction.

Figure 5.1: Empty-state
STM image of the Si(112)-
(N × 1)-Ga surface. One
(6×1) and one (5×1) unit cell
are marked with the rectan-
gles. The atomic positions
are marked with black dots
and the vacancies with white
dots (from [SRG+05]).

For Ga on Si(112), a mixture of different (N×1) re-
constructions is found, where (5×1) and (6×1) are the
most frequent ones [BEW99], which is also supported
by a minimum of the calculated surface free energy at a
periodicity of N = 5− 6 [BEW99, EBWR99]. In earlier
studies a structure with only one adsorption site (step-
edge site) plus vacancy, and thus, only five Ga atoms per
unit cell is suggested [JKP93, JPK94, BW96, BEW99].
Newer studies with better resolved STM images, DFT
calculations, and Rutherford back-scattering spectrom-
etry data, however, reveal a structure which is more
similar to the Al/Si(112) system [GSO+04, SRG+05].
Here, also two adsorption sites (one terrace and one
step-edge site) are proposed, where the step-edge sites
are equivalent to the ones in the model by Jung et al..
Contrary to Al/Si(112), both, the terrace chain and
the step-edge chain are interrupted by one vacancy per
(5×1)- or (6×1)-unit cell. As a result, a so called vacancy
line is formed. Because the atoms on the step-edge site
are shifted by half a (1× 1) unit cell in [11̄0] direction
compared to the atoms on the terrace sites in the same
unit cell, this vacancy lines propagates in a zigzag shape
along the [111̄] direction. In this model by Snijders et al.
10 Ga atoms per (6×1) unit cell are found, where five
atoms are located on the step-edge site and five on the
terrace site and the Si terrace atoms are completely pas-

sivated. By means of XPS, the saturation coverage was determined to be approximately
0.84± 0.04ML112 [Spe07, SSF

+09], confirming the model by Snijders et al.. In [Spe07]
also first XSW measurements in the (11n) plane, thus giving only 2D information, seem
to support this model, as also two possible positions (one terrace and one step-edge
site) could be determined.

Only one publication can be found in literature which covers In-adsorption on Si(112)
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(a) (b)

[111]

[110]

(c)
vacancy line

adsorbate atom

Silicon atom

unit cell

additional ads. atom

T S T S T S T S

Figure 5.2: (a): Top view of the (6×1) structure with 10 atoms per unit cell and a
continuous vacancy line (see green dashed line), according to the model by Snijders
et al. [SRG+05] for Ga/Si(112); (b): Top view of the (6×1) structure with 11 atoms
per unit cell, according to the model by Gupta and Batra [GB05] for Al/Si(112); (c):
Side view, valid for both structures. Silicon atoms are represented in yellow, adsorbate
atoms in red and the additional atoms for the second model in blue. The blue and
green arrows indicate the terrace (’T’) and step-edge (’S’) adsorbate rows, respectively.
One (6×1) unit cell is indicated with the black dashed rectangle in (b), the sizes of
which are 9.41 Å in [111̄] and 23.04 Å in [11̄0] direction. Note: In these images energetic
considerations (e.g. from DFT calculations) and other structural elements, which might
result from that, are not taken into account. Structures which were determined by DFT
calculations and compared with XSW data are shown in the next section 5.2.
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[GZYS00]. In this letter, a (4×1) reconstruction is found at a growth temperature of
400◦C and a coverage of around 2

3
ML, which merges into a (7×1) reconstruction at

around 1
3
ML, which was produced by annealing at around 450◦C. In LEED patterns the

1
7
n and 6

7
n reflections are not visible and the 3

7
n and 4

7
n reflections appear only very

faintly and cannot be distinguished from each other. By means of STM, one vacancy is
found in the (7×1) unit cell, similar to Ga or Al adsorption, but in this structure the
indium atoms are supposed to not occupy the step-edge site.

In figure 5.2 a simplified (i.e. no energetic considerations were taken into account
here) schematic drawing of the proposed models for Ga/Si(112) and Al/Si(112) is given.
In the top views in (a) and (b) it becomes clear that both models are very similar,
but in the model in frame (b) for Al/Si(112) one additional adsorbate atom is found
per unit cell. The adsorbate rows labeled with ’T’ and ’S’ indicate the terrace and
step-edge adsorption sites, respectively. By comparison of the top views in (a) and (b)
with the side view in frame (c), it becomes obvious that the terrace sites are equivalent
to substitutional sites, whereas the atoms on step-edge sites are adatoms. In the model
in (a) a continuous vacancy line is formed as a consequence of the two vacancies per
unit cell. This vacancy line is indicated with a green, dashed line in the image. In the
model in (b) only one vacancy per unit cell is present and, thus, no such vacancy line is
seen.

5.2 Adsorption of Ga and In on Si(112)

Most of the results of this section are also part of manuscript V. As this manuscript is
not yet published, a more detailed description of the results is given here.

5.2.1 Reconstructions of the Ga/Si(112) surface

A typical LEED pattern of the clean Si(112) surface with (111) and (5 5 12) facets is
shown in figure 5.3 (a). All spots line up in rows along the [111̄] direction. Additionally
to the integer order stripes, spots occur at n

7
and 1

2
of the surface Brillouin zone (SBZ),

as indicated with the red and green arrows, respectively. These spots can be assigned
to (7×7) reconstructed (111) facets and to (5 5 12) facets with a (2×1) reconstruction
[BWE95, BEW97].

Upon Ga adsorption, the surface is smoothed and the structure changes to an (N×1)
reconstruction. A corresponding LEED pattern is shown in figure 5.3 (b). A reciprocal
(1×1) unit mesh is marked with the yellow rectangle. The superstructure spots labeled
A1 to A4 and the spots denoted by B1 to B4 have the same distance to each other,
respectively. The distance for this sample is roughly 18% BZ and, thus, a periodicity of
N ≈ 5.56 is obtained after Ga deposition at around 660◦C. To have a closer look at the
evolution of this reconstruction, a so-called time plot was recorded, which is given in
figure 5.3 (c) for a deposition temperature of 540◦C. Here, line scans along the [11̄0]
direction through the center of the first BZ were taken. An electron energy of 120 eV
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Figure 5.3: In (a) a LEED pattern of the clean Si(112) surface with (111) and (5 5 12)
facets is shown. In (b) a LEED pattern of the Si(112) after the deposition of Ga at
660◦C is given. Image (c) shows a so called time plot, which is constructed from line
scans along the [11̄0] direction through the center of the Brillouin zone during Ga
deposition at 540◦C. Thus, the y-axis represents both, the time and the Ga exposure.
In (d) the middle section of a few line scans at different Ga exposures is depicted. For
a more clearly arranged display, the line scans have been shifted by a constant value in
y-direction. The first LEED pattern has been recorded at the LEEM endstation of the
beamline U5UA at the National Synchrotron Light Source (NSLS) of the Brookhaven
National Laboratory (BNL) [FVN+07].

was chosen, where two facets spots overlap each other in the center of the BZ and form
a ‘pseudo (00) spot‘, which makes sample alignment easier.

At the beginning of the deposition (stage ‘A‘) no evidence for a superstructure is
visible, as the diffraction line profile remains unchanged. At a Ga exposure of roughly
0.3 ML first superstructure spots appear at ±19% BZ and at ±81% BZ, which is
equivalent to a periodicity of N = 5.26 ± 0.05. The last remnants of the faceted
structure vanish at around 0.5 ML. In this stage of the deposition (stage ‘B‘) the
intensities of the superstructure spots increase, indicating that the (N × 1) structure
covers an increasing fraction of the surface. The position of the superstructure spots,
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(a)

<111>

<110>
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Figure 5.4: (a): Filled-state STM image (UT = 2.00 V and IT = 1.00 nA) of 0.3ML
Ga/Si(112) deposited at 550◦C (from [Hei08]). (b): Zoom into the area marked with
the yellow box in frame (a). (c) Auto-correlation of the STM image in (a). The
cross-sections along (d) [11̄0] and (e) [111̄] were taken along the lines indicated in frame
(c).

however, remains constant up to a Ga exposure of about 0.65 ML. When this coverage
is reached, the superstructure spots change their positions in [11̄0] direction quite
rapidly (stage ‘C‘). Additionally, all other spots appear that belong to the (N × 1)
reconstruction. All superstructure spots move towards the integer order spots, as can
be seen from figure 5.3 (d) in more detail. Thus, the real-space period length of the
superstructure is increased in this stage. At an exposure of around 0.8 ML, which is
around the value of the saturation coverage of this structure [SSF+09], the final stage
‘D‘ is reached. For the chosen deposition conditions, the first order superstructure spots
end up at around ±16% BZ, corresponding to a periodicity of N = (6.25± 0.05).

The local structure of the (N×1) surface is depicted in figure 5.4 (a), where a
typical STM image after Ga deposition at 550◦C is given. In agreement with the LEED
results discussed above, the surface is atomically flat, i.e., no facets are found. In figure
5.4 (a), two terraces can be identified, separated by a step-edge that runs from the
top to the bottom of the image. Already in this larger-scale view one can realize unit
cells of different sizes that are interrupted by vacancies (dark stripes along [111̄]). This
can be seen more clearly from figure 5.4 (b), where a zoom into the region marked
with a yellow box in (a) is shown. Here, several (6×1) and (5×1) unit cells can be
identified. These unit cells comprise two stripes along the [11̄0] direction, a broader
bright one and a thinner dark one. Additionally, in every unit cell vacancies can be
found (indicated by white dots) that form vacancy lines along the [11̄0] direction. These
vacancy lines extend over the whole surface and are only interrupted by step edges or
defects. However, they are not perfectly straight but have a zigzag arrangement on
atomic scale and a meandering appearance on larger scale.
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Whereas the meandering of the vacancy lines is a direct consequence of the coexis-
tence of different unit cell sizes, as reported in earlier publications [GSO+04, SRG+05],
the zigzag arrangement points to the presence of two different adsorption site chains
that are interrupted by neighboring vacancies. This interpretation is further supported
by the above-mentioned finding of a dark and a bright stripe in each unit cell, since
a very similar stripe pattern in filled-state images has been predicted in DFT-based
STM-simulations for the two-site chain model proposed by Snijders et al. [SRG+05].
Though the atomic structure within the unit cells can hardly be determined using STM
alone, the data presented here corroborate that model, with 8 Ga atoms in one (5×1)
unit mesh (four at both the step-edge sites and the terrace sites, plus two vacancies),
or, accordingly, with 10 Ga atoms in one (6×1) unit mesh. Hence, this model implies
a saturation coverage of 8/10 ML or 10/12 ML for a completely (5×1) or completely
(6×1) reconstructed surface, respectively.

With this knowledge also the results shown in figure 5.3 can be explained: At the
beginning of stage ’C’ the surface consists of more (5×1) than (6×1) building blocks.
As the coverage increases, the number of (6×1) building blocks is increasing, which
results in an increased average period length. When the saturation coverage is reached
(≈ 0.8ML), no change in this periodicity is found anymore, and the final stage ‘D‘
is obtained. Hence, the non-integer periodicity as observed in the LEED patterns is
attributed to a mixture of (N×1) building blocks rather than to a truly incommensurate
reconstruction.

For a complementary determination of the surface periodicity by STM, the auto-
correlation function of the image data shown in figure 5.4 (a) was calculated. The
autocorrelation function is a convolution of the measured signal (after subtracting its
mean value) with itself. The result is shown in figure 5.4 (c). Since the strongest contrast
in the STM image is generated by the quite regularly arranged vacancy lines along
the [111̄] direction, also the autocorrelation data shows a pronounced stripe pattern
along that direction. Within these stripes, i.e., in [111̄] direction, a weaker modulation
contrast appears in figure 5.4 (c), which can be attributed to the spatial correlation
of the adsorbate chains. The period length along the [111̄] and [11̄0] directions have
been analyzed separately by taking line profiles along these directions, which are shown
in figure 5.4 (d) and (e), respectively. Along the [111̄] direction (cf. figure 5.4 (d)),
correlation maxima are found at integer multiples of (9.8±0.2) Å, which is in reasonable
agreement with the value of the unit cell size of the bulk truncated Si(112) surface that
amount to 9.41AA (cf. section 4.2.2). The discrepancy of about 4% can be assigned
to inaccuracies of the STM calibration and, e.g., thermal drift. From figure 5.4 (e), a
period length of (20.7±0.4) Å is determined along the [11̄0] direction, which corresponds
to (5.39±0.10) times the bulk truncated unit cell size in that direction. This value is
in good agreement with the value of N = (5.26± 0.05) that has been determined by
SPA-LEED for a similar deposition temperature and coverage, as mentioned above.

To address the temperature dependence of the reconstruction of the Ga/Si(112)
surface, Ga was deposited on Si(112) at different temperatures, until saturation coverage
was reached, and subsequently the periodicity of the reconstruction was determined by

75



Chapter 5: Ge Growth on Group-III-Metal-covered Si(112)

(a)

120 eV
<111>

<110>

620°C

<111>

<110>

(b)

120 eV

660°C

(c)

(d)

Figure 5.5: Temperature dependence of the Ga/Si(112) surface. SPA-LEED patterns
of Si(112) after Ga deposition at 620◦C (a) and 660◦C (b). (c): Line scans through
the marked region in (a) for different deposition temperatures. (d): Periodicity of the
superstructure as function of the deposition temperature.

means of SPA-LEED. Two exemplary diffraction patterns that have been recorded at
room temperature after deposition of Ga at 620◦C and 660◦C are shown in figure 5.5 (a)
and (b), respectively. For the former sample the average reconstruction is exactly (6×1),
whereas for the latter one the superstructure spots have a larger distance to each other,
corresponding to a reduction of the average period length in real space.

The change of the diffraction pattern can be seen in more detail in the graph in figure
5.5 (c), where line scans along the [11̄0] direction through the (00) spot are shown for
different deposition temperatures. With increasing temperature the superstructure spots
move away from the (00) spot, indicating a smaller period length at higher deposition
temperatures. Within the temperature range from 500◦C to 660◦C investigated here,
the periodicity decreases from N = (6.50± 0.05) to (5.53± 0.05), as shown in figure
5.5 (d). For even higher temperatures, the Ga termination of the Si(112) surfaces
becomes unstable and facets appear again. Already for 660◦C, weak diffraction spots,
which are assigned to facets, can be seen in figure 5.5 (c) at K‖ ≈ ±6% BZ. This
indicates that a small fraction of the surface is already free of Ga, which implies a
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significant desorption rate at this temperature.

From these results it is obvious that only at deposition temperatures above 620◦C
an agreement with previously reported energy minimization calculations [BEW99,
EBWR99] is reached. In these publications a minimum of the surface free energy of the
(N × 1) reconstruction is found at a value of 5 < N < 6. However, at lower deposition
temperatures the periodicity is well above N = 6, and thus a significant fraction of
(7×1) or even (8×1) unit cells must be present on the surface.

The data presented so far suggest that the average periodicity N depends both
on the coverage and on the deposition temperature. By recalling, however, that the
Ga/Si(112) surface consists of (N×1) building blocks with vacancies, combined with
some straightforward considerations, these dependencies can be combined, as follows:
With increasing coverage at a constant temperature, it is observed that N increases.
This provides further support for the Ga vacancy model of the (N×1) building blocks,
since an increase of coverage must imply a reduced density of vacancies which can
be achieved by an increase of the average building block size N . With increasing
temperature, the value for N at saturation coverage decreases. Thus, an increase in
deposition temperature has the same effect as a reduction of the coverage. This is
easily understood since with increasing temperature the sticking coefficient will be
reduced, and the desorption rate is increased, as evidenced above. Hence, for a fixed
Ga deposition rate, the saturation coverage can be expected to be diminished at higher
temperatures, which is obviously accomplished by a higher density of vacancy rows,
leading to the observed decrease of N .

5.2.2 Reconstructions of the In/Si(112) surface

The adsorption of In on Si(112) has very similar characteristics as compared to
Ga/Si(112). The change of the LEED pattern as induced by In saturation is illustrated
in figure 5.6. The Si(112) surface is smoothed upon In adsorption and a (N × 1)
reconstruction is obtained. One reciprocal (1×1) unit cell is marked with the yellow
rectangle in figure 5.6 (c).

Upon In adsorption the faceted structure of the clean Si(112) surface evolves via a
disordered transition regime (a snapshot of this stage is shown in figure 5.6(b)) into a
flat surface with an ordered superstructure, as depicted in figure 5.6 (c).

The dynamics of this transition is illustrated in figure 5.6 (d). At the beginning of
the deposition, the (00) spot becomes more intense, until it reaches its maximum at
around 0.35ML. This rise in intensity is explained in terms of surface smoothing. As
the starting surface is completely decomposed into facets, there is no specular reflection
along the [112] surface normal direction at all, but the (00) signal plotted here is
generated from rather diffuse intensity associated with the facet spots near the center
of the LEED pattern. Smoothing of the surface will, therefore, very likely increase the
specularly reflected intensity, as observed here. An even stronger evidence for surface
smoothing is given by the evolution of the facet spot intensity, which drops more or
less linearly with In coverage, until it reaches a constant level (which corresponds to
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Figure 5.6: LEED patterns
(a) prior, (b) during, and
(c) after In deposition onto
clean Si(112) at 500◦C, as
well as (d) evolution of the in-
tensity of selected diffraction
spots at 32 eV. The clean sur-
face is composed of (111) and
(5 5 12) facets which expose
a (7×7) reconstruction (red
arrows) and a (2×1) recon-
struction (green arrow), re-
spectively. In frame (c), the
three spots labeled ’A’ and
the three spots labeled ’B’
have the same spacing, lead-
ing to an average surface peri-
odicity of (N×1). The yellow
rectangle shows the recipro-
cal (1×1) unit mesh.
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diffuse background intensity only) at about 0.25ML.

Though the surface seems to be smooth at this stage, it is not very well ordered, as
can be seen from the LEED pattern in figure 5.6 (b). From this rather diffuse pattern,
neither a clear indication for remnants of facets nor for an ordered superstructure can be
identified. When the indium deposit is further increased, the (00) intensity drops again.
At the same time new spots appear and become more intense, which are assigned to an
In induced superstructure. As no change in the (00) intensity and in the superstructure
spot intensities is observed after the exposure to around 0.8ML, it is concluded that
the newly formed structure is saturated at a coverage of about 0.8ML. A typical LEED
pattern recorded at the final stage is shown in figure 5.6 (c). The yellow rectangle marks
a reciprocal (1×1) unit mesh. The three spots labeled A1 to A3 and the three spots
labeled B1 to B3 have the same spacing of about 28.5% of the surface Brillouin zone
(SBZ) for the preparation conditions used here. This leads to the conclusion, that the
average surface periodicity is indeed (N×1), with N ≈ 3.5 in this case. It is assumed
that this structure is composed of (3×1) and (4×1) building blocks, similar to the
situation on the Ga/Si(112) surface. However, the In/Si(112) surface is not completely
defaceted, as can be seen from the streaky integer order spots in figure 5.6 (c).

The evolution of the reconstruction during In adsorption at 450◦C is again shown
in the time plot in figure 5.7 (a). The plot looks very similar to the plot in figure
5.3 (c), but there are still some differences. The first stage ‘A‘ (disordered transition
regime), where no superstructure spots are visible, persists longer, up to an In exposure
of about 0.4 ML. In the second stage ‘B‘, the superstructure spots evolve. As soon as
they appear, they start to move towards the integer order spots. This is different as
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Figure 5.7: Coverage de-
pendence of the In/Si(112)
surface. In (a) a time
plot during In adsorption
at 450◦C is shown, which
is gained analogously to
the procedure described
for Ga/Si(112). Image (c)
shows the center part of a
few line scans at different
In exposures. For better
visibility, the line scans have
been shifted by a constant
value in y-direction.

compared to Ga/Si(112), where the superstructure spots’ positions remain constant
for an extended deposit range and start to move in a later stage. The final stage ‘C‘,
in which the superstructure spots have reached their final positions, is achieved after
the adsorption of roughly 0.85 ML. This is a similar value as for Ga/Si(112) (cf. sec.
5.2.1). For the chosen deposition temperature the center superstructure spots end up
at ±28% BZ, which is equivalent to a periodicity of N ≈ 3.57. The change of the
superstructure spots with increasing coverage can also be seen from figure 5.7 (b), where
line scans at different In exposures are shown.

The final periodicity of N ≈ 3.5 observed here could, in principle, also be explained
by a (7×1) reconstruction as proposed by Gai et al. [GZYS00]. These authors suggest
that the surface consists of (7×1) unit cells that are composed of a (4×1) and a (3×1)
sub-unit. If vanishing form factors are assumed for diffraction spots like (1

7
n) and (6

7
n),

the LEED pattern of a (7×1) reconstructed surface is very similar to that of a (N×1)
surface with N ≈ 3.5. From the data recorded during In adsorption, however, it seems
clearly more likely that the surface reconstruction consists of (3×1) and (4×1) building
blocks with variable abundance, because otherwise, the shift of the superstructure spots
could not be explained.

This scheme is further supported by measurements in dependence of the deposition
temperature, which are shown in figure 5.8. From the two depicted LEED patterns in
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Figure 5.8: Temperature dependence of the In/Si(112) surface. SPA-LEED images of
Si(112) after In deposition at 390◦C (a) and 450◦C (b). (c): Line scans through the
marked region in (a) for different deposition temperatures. For a better visibility, the
two line scans have been normalized to the same peak intensity in the (00) spot. (d):
Periodicity of the superstructure as function of the deposition/annealing temperature.
The filled circles correspond to In saturation at 390◦C and repeated annealing for 3
minutes at increasing temperatures.

frames (a) and (b) and the associated line scans in frame (c) a shift of the superstructure
spots away from the integer order spots is obvious for increasing deposition temperature.
Hence, at higher temperatures a smaller value of the periodicity N is present on the
In-covered Si(112) surface. The periodicity as a function of the deposition temperature
is shown in more detail in figure 5.8 (d). Within the investigated temperature range
from 390◦C to 520◦C, N decreases from about 3.70 to about 3.48.

Combining the experimental results presented in the figures 5.6, 5.7 and 5.8, and with
the same reasoning as for Ga/Si(112)-(N×1) in the previous section, it is concluded that
the periodicity of the In/Si(112)-(N×1) surface is mainly governed by the In coverage.
The saturation coverage at fixed In deposition rate can be expected to be lowered at
higher temperatures. As a consequence, larger density of In vacancies, corresponding to
a smaller value of N , are not only observed in the initial stages of In adsorption but,
equivalently, also for In saturation at high temperatures. Hence, these results strongly
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support vacancies as structural elements for the In/Si(112)-(N×1) system.
Such vacancies have also been proposed by Gai et al. [GZYS00]. However, In atoms

are supposed to occupy only one type of adsorption sites in their model, which results
in a saturation coverage of less than 0.5ML. In contrast, the present SPA-LEED data
indicate a significantly higher saturation coverage of about 0.85ML. This value indicates
that the In-induced structure is more similar to the Ga- or Al-induced structures on
Si(112), i.e., with two adsorption sites, as will be evidenced more clearly by XSW
and DFT below. The relatively high saturation coverage in spite of the low period
length suggests that, opposed to the Ga/Si(112) structure [SRG+05] but in accordance
with Al/Si(112) [GB05], only a vacancy in one of the two adsorption site chains is
present. Hence, one (3×1) unit cell would consist of five atoms (three on one adsorption
site chain and two on the other chain, plus one vacancy) and a (4×1) unit cell would
consist of seven atoms, resulting in a saturation coverage of 5/6 or 7/8 ML, respectively.
The experimentally observed value for a surface with a mixture of (3×1) and (4×1)
building blocks is in the range of these two values (≈ 0.85 ML). If, on the other hand,
two vacancies per building block are assumed (one in each adsorption site chain), a
saturation coverage between 4/6ML and 6/8ML would be expected. In regard of
the data presented in figures 5.6 and 5.7 and an estimated inaccuracy of the coverage
determination of 10%, the latter model cannot be clearly ruled out, but seems unlikely.

5.2.3 Structural analysis of Ga- and In-induced structures

From the STM and SPA-LEED results discussed in the previous sections, it is clear
that both the Ga/Si(112) and the In/Si(112) surface consist of (N×1) building blocks.
In order to investigate the internal structure of these building blocks and, hence, to
be able to establish a structural model for both the Ga/Si(112) and the In/Si(112)
structures, x-ray standing wave (XSW) measurements and, complementary, density
functional theory (DFT) calculations have been performed.

XSW Data

XSW measurements allow to directly determine the position of adsorbate atoms at the
surface relative to the crystal lattice with picometer resolution [Zeg93]. As mentioned
in section 3.2.4 by the coherent superposition of incoming and Bragg-reflected x rays
a standing wave field, which is temporally and spatially coherent, is generated. The
nodal and anti-nodal planes of the standing wave field are parallel to the diffraction
planes and have the same periodicity.

For a simple system with only one possible adsorption site the two parameters fc
and Φc from equation (3.33) can be interpreted as follows: The coherent position Φc is
the position of the atoms relative to the diffraction planes in units of the diffraction
plane spacing, i.e., Φc = 1 (or, equivalently, Φc = 0) means that the atoms are on the
planes and Φc = 0.5 means that the atoms are in the middle between two planes. For
such a single-adsorption-site system, and if static disorder and thermal vibrations are

81



Chapter 5: Ge Growth on Group-III-Metal-covered Si(112)

neglected (cf. (3.34)), the coherent fraction fc equals unity. For systems with two or
more inequivalent positions the value of fc is lowered.

In the case of two different adsorption sites, which will become relevant in the
following, equation (3.33) can be rewritten as

fc · e2πiΦc =
1

2

(
e2πiΦ1 + e2πiΦ2

)
, (5.1)

where Φ1 and Φ2 correspond to the two possible sites for the adsorbate. This directly
leads to

Φc =
1

2
(Φ1 + Φ2) and (5.2)

fc = cos
(
π(Φ1 − Φ2)

)
. (5.3)

Hence, the two positions Φ1 and Φ2 can be obtained from the experimentally deter-
minable values fc and Φc via

Φ1,2 = Φc ±ΔΦ and (5.4)

ΔΦ =
arccos(fc)

2π
. (5.5)

The XSW results for Ga/Si(112) and In/Si(112) are shown in figure 5.9 (a)-(d) and
(e)-(g), respectively.

From the Si 1s photoelectron yields and the Si K fluorescence yield, which have
been recorded for reference, coherent positions of approximately 1.0 are obtained, as
expected for the substrate. The corresponding coherent fractions for Si are close to
the expected value of 1.0 for the (202) and (022) Bragg reflections, whereas the (111)
and (113) coherent fractions for Si are close to

√
1/2 which are the expected values

for these reflections in the diamond structure. The small deviations of the Si coherent
fractions and positions from their expected values can be attributed to (i) experimental
uncertainties, (ii) thermal vibrations which, via the Debye-Waller factor, will lead to a
slightly diminished coherent fraction, and (iii) the fact that non-dipole contributions
in the photoelectron yields have not been taken into account in the data evaluation.
The latter approximation can lead to small shifts of the coherent positions as well
as slight increases or decreases of the coherent fractions. The deviations between
experimentally determined and theoretically expected values of Φc and fc for Si provide
a rough estimate of the level of reliance for the respective XSW results for Ga, In and
Al. Opposed to the silicon substrate, however, disorder might be significant for the
adsorbate species. For instance, surplus Ga and In tend to form metallic droplets on
the surface that do not have a coherent relationship to the substrate lattice and will
reduce the observed coherent fractions. This has to be kept in mind when comparing
the experimental results with model structures later on.

When comparing the images in figure 5.9 (a)-(d) and (e)-(g) to each other, it becomes
obvious that the results for Ga and In are strikingly similar. For all Bragg reflections
investigated here, the coherent positions and fractions for In differ from those for Ga by
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(a)

(b)

(c)

(d)

(e) (g)

(f)

Figure 5.9: (a)-(d): XSW data and fits (solid lines) of reflectivities (◦) and photoelectron
yields for Ga (�) and Si (�) in (111), (113), (202), and (022) reflections. (e)-(g): XSW
data and fits (solid lines) of reflectivities (◦) and photoelectron or fluorescence yields
for In (�) and Si (�) in (111), (113), and (202) reflections. For a better visibility the
Ga and In yields are shifted by +1. The coverage was not determined, but in LEED
patterns a sharp and clear (N×1) reconstruction was visible, respectively.

only a few percent. This is a clear indication that both adsorbate structures are very
similar to each other.

From the XSW results, a single-site adsorption geometry can clearly be ruled out for
both Ga/Si(112) and In/Si(112). According to equation (3.33), single-site adsorption
would imply coherent fractions close to unity for all Bragg reflections. However, for
both adsorbates significantly lower coherent fractions are found, which cannot solely
be explained by thermal vibrations and non-dipole photoemission contributions (see
section 3.2.4). Also random disorder, e.g. by droplet formation, fails as an explanation,
since this should affect the coherent fractions for all Bragg reflections equally. This is
in contrast to the experimental finding that the values of fc for (111) Bragg reflection
geometry are significantly larger than those for the (113) and (202) reflections. Hence,
at least two different adsorption sites have to be occupied on both surfaces.

As mentioned above, from each XSW data set one Fourier component of the
spatial distribution function of the adsorbate atoms is determined. In the present
case, the number of non-collinear Fourier components (up to four) is rather high from
an experimental point of view. However, from literature [JPK94, BW96, GZYS00,
GSO+04, SRG+05, MSS+11, GB05] and from the results presented in the previous
sections, up to 2N − 1 adsorption sites have to be taken into account for an (N×1) unit
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Figure 5.10: Simple two-
position model in 2D for
Ga/Si(112) using the XSW
results in (111) and (113) Bragg
reflection. Position ’1’ is a
substitutional (terrace) site
and position ’2’ an adatom
(step-edge) site.
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cell, e.g. up to eleven atoms for a (6×1) cell. Hence, it is still impossible to directly
conclude on the atomic position of each adsorbate atom within the unit cell from the
XSW data. This is additionally hindered by the fact that different unit cell sizes coexist.
Nevertheless, the results presented so far suggest that Ga and In occupy two chains
of adsorption sites that extend along the [11̄0] direction. Therefore, the XSW results
for (111) and (113) reflections can be used to determine the average position of these
two adsorbate chains in the (11̄0) plane. According to equation (3.33) this is possible,
because the (111) and (113) reciprocal lattice vectors are perpendicular to the [11̄0]
direction and, thus, only the atomic coordinates within the (11̄0) plane are probed in
(111) and (113) experiments.

Assuming that, in a first approximation, both atomic chains are populated equally,
the simple two-position model described above can be used. Applying equation (5.4) to
the XSW results in (111) and (113) reflections as presented in figure 5.9, the positions
shown in table 5.1 are determined. In the next step, these values can be used to locate
each of the adsorption chains in the (11̄0) plane. The result is shown for Ga/Si(112) in
figure 5.10. Since the corresponding drawing for In/Si(112) looks virtually the same it
is not shown here. The sites along the chain labeled ’1’ in figure 5.10 can be identified
as substitutional adsorption sites, whereas on the chain labeled ’2’, the atoms reside
on step-edge sites. Compared to bulk Si atomic positions the substitutional sites ’1’
are somewhat inwardly relaxed. This is in agreement with, e.g., Ga/Si(111)-6.3×6.3,
where also an inward relaxation was observed and attributed to the preferential sp2

hybridization of the trivalent metal, which favors a rather planar bonding geometry
[PZF+89, FSHM96]. From figure 5.10, a similarly planar geometry is also found for the
step-edge sites. Whether the Ga and In bonding geometries are rather planar or not,
however, also depends on the position of the neighboring Si atoms. In the drawing in

Table 5.1: Positions ’1’ and ’2’ in a sim-
ple two-position model for Ga/Si(112)
and In/Si(112).

adsorbate reflection Φ1 Φ2

Ga (111) 1.014 0.766
Ga (113) 0.726 0.354
In (111) 1.036 0.765
In (113) 0.716 0.365
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model period. χ x1 x2 z1 z2 y

s. s. (5×1) 0.1105 0.207 n.a. -0.567 n.a. 0.104
s. s. (6×1) 0.1104 0.207 n.a. -0.567 n.a. 0.104

z.z. sym. (5×1) 0.0218 0.223 0.856 -0.254 0.152 0.078
z.z. sym. (6×1) 0.0218 0.223 0.856 -0.254 0.152 0.065
z.z. asym. (5×1) 0.0220 0.234 0.851 -0.299 0.062 0
z.z. asym. (6×1) 0.0230 0.234 0.851 -0.299 0.062 0
inl. sym. (5×1) 0.0409 0.234 0.851 -0.254 0.107 0.208
inl. sym. (6×1) 0.0409 0.234 0.851 -0.254 0.107 0.156
inl. asym. (5×1) 0.0258 0.314 0.999 -0.570 -0.434 0.130
inl. asym. (6×1) 0.0286 0.319 0.999 -0.570 -0.434 0.104

Table 5.2: Comparison of the Ga-XSW data with the model structures. The probed
models are either single-site (s.s.) or two-site adsorption models. The atoms in the
two-site structures are either in a zigzig (z.z.) or in-line (inl.) arrangement, i.e. the
atoms in the first adsorption site are either shifted by half a unit vector in [11̄0] to the
atoms in the second adsorption site or not. For all two site models there is a vacancy in
both sites (sym.), as e.g. in the model by Snijders et al. [SRG+05] for Ga/Si(112), or
there is only one vacancy per unit cell (asym.) and, thus, a continuous terrace site chain
is present, as in the model by Gupta and Batra [GB05] for Al/Si(112). All models are
checked in (5×1) and (6×1) reconstruction. The parameter χ is a value of the goodness
of the used models, i.e. how good the models match with the measured XSW data.
The coordinates xn and zn of the atoms n = 1 and n = 2 represent the lateral/vertical
position of the adsorbate rows in units of the unit vectors �a1 and �a3, respectively. For
the meaning of y see text.

figure 5.10, which is solely based on XSW results, Si bulk positions have been assumed,
since no information about the relaxation of the uppermost Si atoms could be obtained
in the XSW experiments, as there was no detectable chemical shift in the Si 1s signal.

Aiming at a three-dimensional characterization of the atomic arrangement, a simple
geometric parametrization was used in the next step, from which different model
structures have been compiled.1 Both, two-site models and single-site models were
taken into account. The atoms in the two-site models are either in-line (no shift in
[11̄0] direction) or shifted by half a (1×1) unit cell size to each other in [11̄0] direction
(’zigzag’). Each of the two-site model structures can be set with two vacancies per unit
cell or with one vacancy per unit cell. The first possibility is in analogy to the model
by Snijders et al. [SRG+05] and the same number of adsorbate atoms in each of the
adsorption sites (’sym.’) is present. For the second possibility only a vacancy in the
step-edge site (’asym.’) is computed and, thus, a continuous terrace site chain of the
adsorbate analogue to the model by Gupta et al. [GB05] is gained. The structures of the
Ga/Si(112) system are generated in (5×1) and (6×1) periodicities and the structures
of the In/Si(112) system in (3×1) and (4×1) periodicities.

1programming by Th. Schmidt
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model period. χ x1 x2 z1 z2 y

s. s. (3×1) 0.2666 0.160 n.a. -0.479 n.a. 0.247
s. s. (4×1) 0.2537 0.160 n.a -0.479 n.a. 0.234

z.z. sym. (3×1) 0.0513 0.202 0.792 -0.119 0.197 0.169
z.z. sym. (4×1) 0.0513 0.202 0.792 -0.119 0.197 0.104
z.z. asym. (3×1) 0.0056 0.191 0.798 -0.209 0.152 0.091
z.z. asym. (4×1) 0.0127 0.191 0.792 -0.164 0.197 0.065
inl. sym. (3×1) 0.1017 0.303 0.999 -0.479 -0.389 0.247
inl. sym. (4×1) 0.0274 0.303 0.999 -0.479 -0.389 0.234
inl. asym. (3×1) 0.0233 0.271 0.962 -0.434 -0.344 0.247
inl. asym. (4×1) 0.0141 0.282 0.978 -0.434 -0.344 0.195

Table 5.3: Comparison of the In-XSW data with the model structures. The parameters
and the models are equivalent to the ones depicted for Ga/Si(112) in table 5.2. The
difference is the size of the unit cells, which are (3×1) and (4×1) building blocks in the
case for In/Si(112).

After the model structures had been created, the Fourier components Acalc and the
respective coherent fractions fc, calc and positions Φc, calc for the different reflections were
calculated (see 3.33). Afterwards they were compared with the experimental values and
a goodness χ is determined. This parameter is given by

χ ∝
∑
hkl

|Acalc − Aexp|2

and is, thus, a value of the deviation of the model to the experiment. To minimize χ the
atoms in the model structures are shifted in [111̄] (x1 for atoms in the first adsorption
site and x2 for atoms in the second site) and in [112] direction (z1 and z2). In order to
be able to model surface strain relaxation along the adsorbate chains, all atoms in both
sites can be shifted in [11̄0] direction (y). The origin of this scale is in the center of the
unit cell and, hence, one part of the atoms is shifted in [11̄0] direction and the other
part in [1̄10] direction. The shift y increases linearly with increasing distance to the
center of the unit cell. Thus, the first atom from the center is shifted by y in [11̄0] or
[1̄10] and the second atom by 2y and so on.

In table 5.2 and 5.3 the results of the comparison of the models with the experimental
results for all modeled structures are shown. As expected, for both adsorbates the
single-site models have the least match with the experiment. Especially, this is again
a clear indication against the (7×1)-In model by Gai et al. [GZYS00], where the In
atoms are supposed to not cover the step-edge site.

In the Ga/Si(112) system the best results are gained for the two zigzag models
(symmetric and asymmetric) in both periodicities. Although both zigzag structures
are compatible with the XSW results, slightly better values for χ are reached for a
zigzag structure with two vacancies. Moreover, all the previously presented STM and
SPA-LEED data point to this structure and are, hence, a good evidence that the model
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Figure 5.11: Top and side views of the Ga/Si(112) structure (a)-(b) and the In/Si(112)
structure, determined from the geometric parametrization model (see text). In (a) and
(b) the model is represented in (6×1) periodicity, in (c) and (d) in (4×1) periodicity.
In the top views one unit cell is indicated, respectively. The Si atoms are presented in
yellow, the Ga atoms in red, and the In atoms in blue. Note: The structure presented
in (a) and (b) are the same as in figure 5.2. For both structures of this figure neither
energetical considerations nor Si surface relaxations were taken into account.

by Snijders et al. [SRG+05] is correct. The results of the modeling in (6×1) periodicity
are depicted in figure 5.11 in (a) top and (b) side view.

In contrast to the situation for Ga/Si(112), the results for the two periodicities of
one model structure differ from each other in most cases for the In/Si(112) system.
This might be caused by the smaller unit cells in this system. Here, especially the shift
y in [11̄0] or [1̄10] direction which accounts for a relaxation caused by the vacancies
can reach significantly different values for the two different periodicities. However, the
best values for the goodness χ are reached for the zigzag structure with an asymmetric
number of adsorbate atoms in the two adsorption sites and, hence, for a model with
only a vacancy in the step-edge site (’2’) and continuous adsorption in the terrace site
(’1’), analogue to the model by Gupta and Batra for Al/Si(112) [GB05].

Additional to the two-site zigzag models and the single-site models, two-site in-line
models have been compiled. However, none of these structures is able to reproduce the
experimental data as good as the best zigzag model for each of the structures. Moreover,
in the in-line configuration physically not meaningful adsorption sites are covered. From
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these two reasons the in-line models can be ruled out as the ’correct’ structures.

The individual adsorbate atoms in the two chains for Ga/Si(112) and In/Si(112)
cannot be treated independently by the geometric parametrization model, i.e., the atoms
in one adsorbate chain are shifted simultaneously in the three directions. Moreover,
no energetical considerations could be taken into account and bulk positions had to
be assumed for the Si atoms, which will lead to significant deviations from the real
structures, especially in the vicinity of the vacancies.

In order to study the adsorption geometry in more detail, including Si surface relax-
ations, and to enable a fully three-dimensional structural characterization, i.e., including
the Ga and In atomic coordinates along the [11̄0] direction separately for the different
adsorbate atoms, complementary DFT calculations on several test configurations have
been performed.

DFT Calculations and Comparison with Experimental Results

Based on the XSW results, different structural models have been compiled and refined
using ab-initio density functional theory (DFT) within the local-density approximation2,
employing a plane-wave basis set as implemented in the program package PWscf
[BCGG, GBB+09]. Self-consistent solutions to the Kohn-Sham equations were obtained

using a converged (2×3×1) �k point grid in the surface Brillouin zone. An electronic
high-energy cutoff of 20 Ry was found to be sufficient in order to ensure convergence
not only with respect to the total energy, but also regarding the resulting geometric
structure and, more specifically, its Fourier components in the XSW simulation, which
poses an additional criterion in the analysis of DFT-calculated structures [SSFF05].

The electron-ion interaction has been considered in the form of ab initio norm-
conserving pseudo-potentials [BHS82, GSS91]. In the repeated-slab models of the
(3×1), (4×1), (5×1), and (6×1) supercells, 6 atomic Si layers (with 2 Si atoms per
unit cell) have been implemented to account for the relaxation of the upper-most
surface layers. During the relaxation, the lowest two Si layers have been fixed to ideal
bulk coordinates. These layers also serve as a reference in the XSW simulation of the
structural models, i.e., the calculation of the (111), (113), (202), and (022) Fourier
components of the adsorbate atoms within the relaxed model configurations.

From the STM results shown in section 5.2.1 and previously presented STM data
[GSO+04, SRG+05], it becomes obvious that the (N×1) structure of Ga/Si(112) exhibits
two Ga vacancies per unit cell, which form a continuous vacancy line. Thus, only those
model structures which fulfill these properties were taken into account for the DFT
simulations. The atomic arrangement after relaxation by means of DFT calculations
for the two possible model structures is depicted in figure 5.12 (a)-(b) and (c)-(d),
respectively, in (5×1) periodicity in top and side view.

In both structures two parallel Ga chains are present in a zigzag configuration,
i.e., the atoms in the step-edge chain are shifted by half a (1×1) unit cell size in

2DFT calculations have been performed by J. I. Flege
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Figure 5.12: Top and side view of the Ga/Si(112) structure according to DFT calculations
with two vacancies and a continuous vacancy line. In both cases the model is represented
in (5×1) periodicity. In (a) and (b) two dangling bonds are found per unit cell (at the
positions of the atoms marked with ’D’ and ’X’, respectively.). In (c) and (d) one Si
atom (atom ’D’ in frame (a)) is removed and, as a result, no dangling bonds are found
on the surface. The latter structure is according to the model by Snijders et al. In the
top views one unit cell is indicated, respectively. The Si atoms are presented in yellow
and the Ga atoms in red.

[11̄0] direction compared to atoms in the step-edge chain. Moreover, there are two Ga
vacancies, one in each chain. In the first structure, the vacancy in the step-edge chain
leads to a Si–Si dimer (B–C), which is part of a mixed pentamer (A–B–C–D–E) with
one Ga atom (A) at a step-edge site and two other Si atoms. Here, two dangling bonds
are found per (5×1) unit cell; one at the atom indicated with ’D’ inside the pentamer
and a second one at the atom indicated with ’X’.

A slightly different situation is present for the latter structure, which is essentially
the same structure as proposed by Snijders et al. [SRG+05]. Again, two vacancies are
present per unit cell and each row consists of four Ga atoms in the (5×1) periodicity.
But here, one Si atom less is present per unit cell. As a consequence a Si–Si dimer
(D–E) is formed due to the vacancy in the terrace row. The vacancy in the step-edge
row forms a Ga–Si dimer (A–B). These two dimers are bond to each other via two other
Si atoms, leading to the formation of a mixed hexamer (A–B–C–D–E–F) on the surface,
consisting of one Ga (A) and five Si atoms. For this structure both the tetravalent
Si atoms and the trivalent Ga atoms have no dangling bonds left and the surface is
therefore fully passivated.

A comparison of the coherent fractions fc and positions Φc for (111), (113), (202),
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Δ Δ*

(111)
fc 0.75 0.75 0.75 0.75 0.75 0.75 0.71 0.04 0.04
Φc 0.87 0.88 0.87 0.87 0.87 0.87 0.89 0.02 0.02

(113)
fc 0.57 0.58 0.57 0.63 0.62 0.62 0.38 0.19 0.24
Φc 0.57 0.57 0.57 0.54 0.55 0.54 0.54 0.03 0.00

(202)
fc 0.62 0.62 0.62 0.62 0.60 0.61 0.43 0.19 0.18
Φc 0.73 0.73 0.73 0.71 0.72 0.71 0.77 0.04 0.06

(022)
fc 0.61 0.61 0.61 0.49 0.50 0.50 0.33 0.28 0.17
Φc 0.74 0.74 0.74 0.69 0.69 0.69 0.79 0.05 0.10

Table 5.4: Comparison of calculated (DFT) and experimental (XSW) values of coherent
fractions and positions for the Ga/Si(112) structures. The calculated results are
shown for (5×1) and (6×1) periodicities and for two different configurations. The first
configuration has a mixed pentamer as structural element and the latter one (*) a
mixed hexamer. The values for the (5.5×1) and (5.5×1)* structures are gained if a
surface with the same number of building blocks with (5×1) and (6×1) periodicities is
assumed, i.e. the values for fc and Φc are averaged. The last two columns indicate the
deviation from the values of these mixed structures to the experimentally determined
ones.

and (022) Bragg reflections determined by DFT simulations and XSW measurements
is shown in table 5.4. The DFT results can be found in the six columns indicated
with ’DFT’, where the first three belong to the structure in figure 5.12 (a) and (b) and
the latter three columns (*) belong to the structure in figure 5.12 (c) and (d). Both
structures break the symmetry of the surface (i.e. (11̄0) mirror planes) at the position
of the vacancies. To account for this symmetry, the simulated coherent fractions and
positions must, in principle, be averaged for the (202) and (022) reflections. The DFT
calculations have, of course, only been performed for one of the two mirror-symmetric
counterparts, but on a real crystal surface both configurations must be present equally.
Since the simulated values for one structure (i.e. one column in table 5.4) do not deviate
from each other much in (202) and (022) reflection (especially for the coherent positions),
an averaging would not change the interpretation of the results and was, thus, not
performed here. The same holds for the structures on the In/Si(112) surface presented
later. Both of the two model structures in table 5.4 were simulated in (5×1) and
(6×1) periodicities. Since for a real surface at the chosen preparation conditions for the
XSW experiments always a mixture of (5×1) and (6×1) is expected, the values of the
(5×1) and (6×1) structures are averaged equivalently to form a ’(5.5×1)’ (for the first
model) or ’(5.5×1)*’ (for the latter model) structure. The values for fc and Φc of these
averaged model structures are compared with the experimentally determined (XSW)
values. The deviations Δ and Δ* from the averaged, simulated to the experimental
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values are depicted in the last two columns of table 5.4.

While the rather high deviations for the coherent fractions can be explained by a
certain disorder on the surface in the experiment (as indicated before), the calculated
values for the coherent positions match quite well with the experimental values. Both
models reproduce the experimental values more or less equally and, thus, none of the
two models can be preferred solely based on a comparison with the XSW data. Since
the first structure with the pentamer exhibits two dangling bonds more per unit cell
than the Snijders model, it is energetically rather unfavorable. It is concluded that the
DFT calculations support the model by Snijders et al. [SRG+05] quite well. Moreover,
it was possible to substantiate the Snijders model with structural experimental data by
means of x-ray standing waves.

To establish a new model for In/Si(112), different model structures were tested
and again compared with the XSW data. As a starting point the two structures for
Ga/Si(112) were computed with In as adsorbate and in (3×1) and (4×1) periodicities.
The results of the calculations are depicted in (3×1) periodicity in figure 5.13 (a)-(b)
and (c)-(d), respectively. In both models a vacancy line is formed. While the first
model has two dangling bonds (at ’C’ and ’X’) per unit cell and a mixed pentamer
as structural element (analogously to the first structure for Ga/Si(112)), the surface
is completely saturated in the case of the second one, where a mixed hexamer can be
found.

Another modification of the first structure in figure 5.13 can be found in figure 5.13
(e)-(f). Here the two vacancies per unit cell do not form a continuous vacancy line, but
they are separated from each other by half a unit cell in [11̄0] direction. Again, two
dangling bonds are found per unit cell (’X’ and ’Y’), but the total energy per unit cell
is around 0.6 eV lower than for the structure in figure 5.13 (a)-(b). Interestingly, this
structure is the only one which maintains the mirror symmetry of the surface. While all
other structures presented here completely break the mirror symmetry, this structure
still has (11̄0) mirror planes at the positions of the In vacancies.

Although the In/Si(112) structures are very similar to the Ga/Si(112) models, some
minor differences are found. In the model in figure 5.13 (a)-(b) a Si-Si dimer (D–E) is
formed by the vacancy in the step-edge row. These two Si atoms bond to one In atom (A)
and two other Si atoms forming a mixed and slightly slanted pentamer (A–B–C–D–E).
This is in contrast to the model in figure 5.12 (a)-(b) where the pentamer is not slanted.
However, a very similar structural element is found for the model without vacancy line
in figure 5.13 (e)-(f). Here, also a Si-Si dimer (D-E) is formed at the step-edge site,
which induces the formation of a mixed pentamer (A–B–C–D–E), which is again not
slanted and includes two In atoms (A and C) in this case.

The comparison between the simulated structures depicted in figure 5.13 and the
experimental (XSW) values for the coherent fractions fc and Φc for the In/Si(112) surface
are shown in table 5.5. The first three columns ’(a)’ of the DFT results correspond to
the first structure depicted in figure 5.13, the next three columns ’(b)’ belong to the
structure shown in figure 5.13 (e)-(f) and the last three DFT columns to the structure
in figure 5.13 (c)-(d). The (3.5×1)a, (3.5×1)b, and (3.5×1)* structures are gained if
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Figure 5.13: Top and side view of the In-
/Si(112) structure in three different models
in (3×1) periodicity, determined by DFT
calculations. The first two models contain
two vacancies per unit cell which form a
vacancy line. In the first model (a)-(b) two
dangling bonds at ’X’ and ’C’ are found,
whereas in the second model (c)-(d) no dan-
gling bond is present. The model in (e)-(f)
is very similar to the model in (a)-(b), but
the two vacancies (’X’ and ’Y’) are sepa-
rated by half a unit cell in [11̄0] direction
and, thus, no vacancy line is formed. In the
top views one (3×1) unit cell is indicated,
respectively. The Si atoms are presented in
yellow and the In atoms in blue.

a homogeneous mixture of (3×1) and (4×1) building blocks is assumed, respectively.
Notably, no large differences between the deviations Δa, Δb and Δ* of these three
simulated model structures with the experimentally determined values of fc and Φc are
found.

A much better agreement than for all these structures is found for another structure
including only one vacancy per unit cell in the step-edge row and, thus, a continuous
terrace row, as proposed in the model by Gupta and Batra [GB05] for Al/Si(112)-(6×1).
The structures resulting from of the DFT calculations are depicted in figure 5.14 and
the comparison of the calculated with the experimental values of fc and Φc can be
found in table 5.6. Especially the coherent positions Φc are reproduced nearly perfectly
by the DFT results, whereas the deviations of the calculated coherent fractions fc (for
the assumption of a (3.5×1) surface) from the measured ones are in a similar range as
the values for the structures with two vacancies per unit cell. These deviations can,
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DFT X
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(3
×1

)*

(4
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)*

(3
.5
×1

)*

(N̄
×
1)

Δa Δb Δ*

(1
11
) fc 0.84 0.84 0.84 0.85 0.84 0.84 0.85 0.84 0.84 0.66 0.18 0.18 0.18

Φc 0.86 0.88 0.87 0.86 0.87 0.86 0.85 0.86 0.85 0.90 0.03 0.04 0.05

(1
13
) fc 0.73 0.81 0.77 0.70 0.76 0.83 0.86 0.86 0.86 0.45 0.32 0.48 0.41

Φc 0.58 0.61 0.60 0.56 0.60 0.58 0.51 0.57 0.54 0.68 0.08 0.10 0.12

(2
02
) fc 0.72 0.71 0.71 0.75 0.77 0.76 0.78 0.71 0.75 0.41 0.30 0.35 0.34

Φc 0.75 0.77 0.76 0.71 0.73 0.72 0.70 0.73 0.71 0.79 0.03 0.07 0.08

(0
22
) fc 0.71 0.71 0.71 0.75 0.71 0.73 0.60 0.60 0.60 n.a. n.a. n.a. n.a.

Φc 0.72 0.75 0.73 0.71 0.75 0.73 0.65 0.70 0.67 n.a. n.a. n.a. n.a.

Table 5.5: Comparison of calculated (DFT) and experimental (XSW) values of coherent
fractions and positions for the In/Si(112) structures with two vacancies. The calculated
results are shown for (3×1) and (4×1) periodicities and in three different configurations.
The first configuration (a) and the last configuration (*) have a continuous vacancy
line as structural element. These two configurations are the equivalent structures
to the ones for Ga/Si(112) presented in table 5.4. In the second configuration (b)
the two vacancies are separated in [11̄0] direction. Additionally, the configurations
(a) and (b) have a mixed pentamer as another structural element, whereas the last
structure (*) has a mixed hexamer. The values for the (3.5×1)a, (3.5×1)b, and (3.5×1)*
structures are gained if a surface with the same number of building blocks with (3×1)
and (4×1) periodicities is assumed, i.e. the values for fc and Φc are averaged. The last
three columns indicate the deviation from the values of these mixed structures to the
experimentally determined ones.

again, be mostly attributed to preparation problems (e.g. In droplets on surface).

In the model in figure 5.14 five In atoms are found per (3×1) unit cell, three atoms in
the terrace row and two in the step-edge row. Due to the vacancy in the step-edge row a
Si–Si dimer is formed, which induces the formation of a mixed pentamer (A–B–C–D–E)
with another Si atom (B) and two In atoms (A and C) in the terrace site. For this
structure the number of dangling bonds is reduced to one per unit cell, which is located
at the position of the atom labeled with ’X’.

Concluding the discussion on the In/Si(112) structures, the simulated structure with
only one vacancy analogously to the model by Gupta and Batra [GB05] explains both
the SPA-LEED (higher coverage) and the XSW data (nearly the same values for Φc,exp

and Φc,calc) best and is, thus, the favored one.
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Figure 5.14: Top and side view of the
In/Si(112) structure in (3×1) periodicity,
determined by DFT calculations. In this
model only one vacancy (in the step-edge
row) is found per unit cell and, thus, a
continuous terrace row is formed. In the
top view one (3×1) unit cell is indicated,
respectively. The Si atoms are presented
in yellow and the In atoms in blue.
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X X X

DFT XSW deviation
reflection parameter (3×1) (4×1) (3.5×1) (N̄ × 1) Δ

(111)
fc 0.84 0.83 0.84 0.66 0.18
Φc 0.89 0.90 0.90 0.90 0.00

(113)
fc 0.78 0.83 0.80 0.45 0.35
Φc 0.64 0.67 0.66 0.68 0.02

(202)
fc 0.76 0.75 0.76 0.41 0.35
Φc 0.78 0.79 0.78 0.79 0.01

(022)
fc 0.76 0.75 0.76 n.a. n.a.
Φc 0.78 0.79 0.78 n.a. n.a.

Table 5.6: Comparison of calculated (DFT) and experimental (XSW) values of coherent
fractions and positions for the In/Si(112) structures with one vacancy. The calculations
are shown for (3×1) and (4×1) periodicities and in one configuration with a vacancy in
the step-edge site. The values for the (3.5×1) structures are gained if a surface with
the same number of building blocks with (3×1) and (4×1) periodicities is assumed, i.e.
the values for fc and Φc are averaged. The last column indicates the deviation from the
values of this mixed structure to the experimentally determined ones.

5.3 Ge Growth on Group-III-metal-covered Si(112)

In accordance with the results of the previous section 5.2, an overall periodicity of
(5.55×1) is observed after Ga deposition at around 645◦C in the LEED pattern in figure
5.15 (a). In this case the surface is not completely defaceted as can be deduced from
the appearance of a few facet spots (see yellow circles). After Ge growth at around
540◦C the surface structure merges into a (5×1) reconstruction (see figure 5.15 (b)) with
additional facet spots. In contrast to the facet spots in figure 5.15 (a) which have been
attributed to remaining substrate facets, the facet spots in figure 5.15 (b) are assigned
to side facets of Ge 3D islands, as proven by the strong contrast in dark-field LEEM
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Figure 5.15: LEED patterns of the Ga-terminated Si(112) before (a) and after (b) Ge
growth at 540◦C. In (a) a mixture of (5×1) and (6×1) building blocks is visible, leading
to an overall periodicity of (5.55×1) for the chosen deposition conditions (temperature
around 645◦C). After Ge growth this structure changes to a (5×1) reconstruction with
additional facet spots (see yellow circle), which originate from Ge island side facets
(cf. figure 5.17 (c)). (c): X-PEEM image after growth at 610◦C. (d)-(f): BF-LEEM
images of Ge nanoislands on Ga-terminated Si(112) for different growth temperatures
between 505 and 610◦C. The island size increases with the temperature, whereas the
island density decreases. Note the larger field of view in the X-PEEM image in (c).

images (similar to the one shown in figure 5.17 (c)). A more sophisticated analysis of
the facet orientations with GIXRD is presently in progress. In additional X-PEEM
images (see figure 5.15 (c)), where the Ge 3d signal was used for imaging, the Ge islands
appear clearly bright.

The Ge growth on the Ga-terminated Si(112) surface has been analyzed in depen-
dence of the growth temperature in the range from 505 to 660◦C. Resulting LEEM
images are shown in figure 5.15 (d)-(f). At the lowest growth temperature in (d) slightly
anisotropic islands with a bimodal size distribution can be observed, where denuded
zones around the larger ones are present. A much more monodisperse size distribution
and a strong anisotropy of the Ge islands is found at the higher growth temperatures
in (e) and (f). The resulting Ge islands are elongated along the [11̄0] direction with
sizes of up to 2μm and an aspect ratio of about 7:1 at a growth temperature of 610◦C.
Interestingly, the longer edge of these Ge wires is along the same direction of the Ga
rows, which were discussed in the previous section 5.2. This shape indicates a strong
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Chapter 5: Ge Growth on Group-III-Metal-covered Si(112)

Figure 5.16: Ge island density
as a function of the growth
temperature for Ge growth on
bare Si(112) (black curve) and
Ga-covered Si(112) (red curve).
An Arrhenius-like behavior
is clearly visible, whereat
the slopes in both plots are
equivalent to the activation
energies EA.
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diffusion anisotropy and/or an anisotropic strain relaxation along the direction of the
wires which is probably induced by the Ga adsorbate in the step-edge and terrace rows.

The temperature dependence of the Ge island density on the Ga-terminated Si(112)
surface is shown in figure 5.16 in comparison to the island density on the bare Si(112)
surface. For all growth temperatures the island density is significantly higher in case
of Ga pre-adsorption. This can be attributed to a decreased Ge diffusion length due
to the presence of surface Ga. For both systems an Arrhenius-like behavior [Arr89] is
found, where the slope and, thus, the activation energy is higher for the Ge growth on
Ga-terminated Si(112). Employing the classical nucleation theory according to Venables
et al. [VDJ80, VSH84] and following the procedure described in publication I and in
[Spe07] for Ge/Si(112) and in [CSF+06, Cla06] for Ge/Si(113), the diffusion barrier
is estimated to Ed ≈ 1.3 eV, which is higher than the diffusion barrier for Ge growth
on the bare Si(112) surface by ΔE ≈ 0.3 eV. As there is no structural model neither
for Ge/Si(112) nor Ge/Ga/Si(112), both values of the diffusion barrier are only rough
estimates with a supposed error in the range of ±20%. Nevertheless, an increase of the
diffusion barrier height, i.e. a reduction of the diffusion length, of Ge atoms reaching
the surface is obvious due to the pre-adsorption of Ga.

The reduction of the Ge diffusion length in the presence of Ga is also supported by
the data shown in figure 5.17. If Ge is grown at 540◦C with Ga pre-adsorption, but
without Ga co-deposition during Ge growth, a significant amount of about 33% of the
Ga is desorbed, as determined from the CLS data in figure 5.17 (d). As a consequence,
the island density is reduced by a factor of about five compared to the island density
expected for Ge growth with Ga co-deposition at the same temperature.

Similar to the growth on bare Si(112) and the growth on Ga-terminated Si(112), as
shown before, the Ge growth on In-covered Si(112) leads to the formation of a wetting
layer, and subsequently to the formation of 3D Ge islands. The island shapes as a
function of the growth temperature can be seen in figure 5.18 for 450 and 500◦C. For
growth at the lower temperature (see figure 5.18 (a) and (b)), in principal, islands with
two different geometries can be found. On the one hand rather isotropic islands are
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<111>
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(a)
4.0 eV575°C

(d)
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1000 nm
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(c)

Figure 5.17: BF-LEEM images after Ge growth on Ga-terminated Si(112) (a) at 575◦C
with Ga co-deposition and (b) at 540◦C without Ga co-deposition during Ge growth,
respectively. In (c) a DF-LEEM image is given which shows the same area as in (b),
but instead of the (00) spot one of the facet spots similar to the one indicated in figure
5.15 (b) was chosen for imaging. In (d) core-level spectra of the samples in (a) and (b)
are shown, indicating that for sample (b) a significant amount of Ga has desorbed from
the surface. The spectra were normalized to the same integral intensity of the Ge 3d
peak. Note that different kinetic energy scales apply for both samples, due to different
photon energies used.

observed and on the other hand Ge islands with a dash-like shape are obvious, which
are elongated along the [11̄0] direction. The average size of these islands is estimated
to 150 nm in [11̄0] and 70 nm in [111̄] direction.

When the growth temperature is increased to 500◦C a different behavior is found
(see figure 5.18 (c)). Small, dash-like islands elongated along [11̄0] are observed as
well (darker region in 5.18 (c) and (d)), but the vast majority of the adsorbed Ge is
incorporated in islands with a triangular outline which have the longer edge in [11̄0]
direction and show a very broad size distribution. Many of these islands approach or
even exceed a length of 1μm in [11̄0]. Nevertheless, there are also many triangular
islands with a length below 350 nm, as can be seen from figure 5.18 (d).

From figure 5.18 it gets directly obvious that the island density decreases with
increasing temperature, which can be understood in terms of thermally activated
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Figure 5.18: Bright-field
LEEM images recorded after
Ge growth on In-saturated
Si(112) at 450◦C (a)-(b) and
500◦C (c)-(d).
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diffusion. Similar to the previous section, a diffusion barrier height can be estimated
within the framework of classical nucleation theory [VDJ80, VSH84]. In the present
case unfortunately only a very small temperature window was accessible: When Ge
was grown at temperatures below 450◦C the islands became too small and dense to
be analyzed reliably. On the other hand, when Ge was deposited above 500◦C, the
desorption of In from the Ge wetting layer was not able to be compensated by In
co-deposition.

Thus, for Ge growth on In/Si(112) only two data points were recorded (cf. figure
5.19). At 450◦C the island density of about 1.8× 109 cm−2 is comparable to the value
for direct growth of Ge on Si(112), but at a growth temperature of 500◦C the density
for Ge/In:Si(112) is about twice as high ( 3.6× 108 cm−2) as for Ge/Si(112). Assuming
an Arrhenius-like behavior for the island density N , i.e. N ∝ eEA/kbT , analogously
to the Ge growth on the bare and the Ga/Si(112) surface, these data points would
indicate a reduced activation energy EA for Ge diffusion as compared to Ge growth on
Ga-covered and bare Si(112). But certainly, more data points are needed to confirm
this assumption and to be able to give a better estimate about an actual value of
EA. However, according to an approximation which is discussed in publication I and
[Spe07, CSF+06], a similarly reduced diffusion barrier Ed would be expected in this
case. Thus, the data might indicate that the Ge diffusion length is enhanced for the
presence of In on the Si(112) surface. This assumption is substantiated by the fact that
a similar impact of In adsorption on the surface diffusion has been reported before for
Ge growth on Si(111) and Si homoepitaxy on Si(111) [VZWB95].
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Figure 5.19: Comparison of the
Ge island density as a func-
tion of the growth temperature
for Ge islands on bare Si(112)
(black squares), on Ga-covered
Si(112) (red triangles), and on
In-covered Si(112) (blue circles).
The slopes in the plots are equiv-
alent to the activation energies
EA. Note: This is the same
graph as in figure 5.16, but
the data for Ge/In/Si(112) are
added.

Interestingly, the data seem to indicate that the two group-III-elements Ga and
In have a contrary impact on the Ge diffusion on Si(112): Ga increases the diffusion
barrier and, thus, reduces the diffusion for Ge adatoms reaching the Si(112) surface,
and In enhances the Ge diffusion on the Si(112) surface (cf. figure 5.19)3. However, as
shown in section 5.2, both elements induce the formation of very similar superstructures
on the Si(112) surface and on the Ge wetting layer as well. Thus, very similar starting
surfaces for the Ge growth. I.e., on both, the Ga/Si(112) and the In/Si(112) surface,
nearly all dangling bonds are saturated, as both elements are trivalent, in contrast to
Si which is tetravalent. Hence, the only difference of the two surfaces can be a different
bonding strength of In to Si and Ge, compared to the values of Ga to Si or Ge. The
diffusion process of Ge atoms on the substrate is always concurring to the site exchange
process between Ge and the surfactant. Thus, in case of a rather strong bond between
Si and the surfactant, a quite high energy must be spent to ’break’ this bond, and as a
consequence, a re-exchange process between Ge and the adsorbate becomes less likely.
In turn, the diffusion is strongly hindered after a site exchange process (between Ge and
the surfactant) has been performed. On the other hand, also before an site exchange
process has been performed the diffusion is less pronounced, if the bond between Ge
and the adsorbate is stronger.

Thus, it is concluded that Ga exhibits a much stronger bond to the Si and Ge than
In, resulting in a reduced diffusion for Ge/Ga:Si(112) and an enhanced diffusion for
Ge/In:Si(112) in comparison to Ge/Si(112).

A LEED pattern of the Ge/In:Si(112) surface after Ge growth at 500◦C is shown
in figure 5.20 (a). Similar to the In/Si(112) surface, it consists mainly of a (N×1)
pattern with 3 < N < 4, which can be attributed to the In-terminated Ge wetting
layer. Additionally, facet spots are visible, some of which have been marked with circles
in figure 5.20 (a). These spots move towards the direction indicated by the arrows

3Although there are only two data points for Ge/In/Si(112) and three data points for Ge/Ga/Si(112),
this trend seems to be very likely. Only the actual values for the slopes in the graphs and, thus, the
activation energies cannot be determined accurately.
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Figure 5.20: (a) LEED pat-
tern, (b) BF-LEEM image
of an island, and (c)–(d)
RSMs of Ge grown on In-
terminated Si(112) at 500◦C.
In (a), several facet spots
have been marked with cir-
cles. The arrows indicate
the direction to which of the
facet spots move with in-
creasing energy. The RSMs
were taken through the (00)
spot along the [111̄] direc-
tion (c) and through the (01̄)
spot along the [714̄] direc-
tion (d). The reciprocal lat-
tice rods are marked with ar-
rows in (c) and (d), respec-
tively. The LEED pattern
has been high-pass filtered
to make the facet spots bet-
ter visible.
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attached to the circles with increasing electron energy, whereas the (N×1) spots are
stationary. Thus, it is concluded that these spots originate from Ge island side facets.
The facet orientations are determined by reciprocal space maps, i.e. from a series of
LEED patterns as a function of electron energy. The orientation can then be identified
from the azimuthal orientation (the projection of the facet’s normal into the (112)
surface plane) and the inclination of the facet normal direction with respect to the [112]
surface normal. For the marked spots, three different azimuthal orientations are found:
[111̄], [7̄1̄4], and its symmetrical counterpart [1̄7̄4]. This corresponds to the existence
of three side facets, two of which are symmetric with respect to the [111̄] axis. The
inclination angles have been determined from the RSMs shown in figure 5.20 (c) and
(d). The first one was taken along the [111̄] direction through the (00) spot. Thus, all
(0n) spots show up as vertical lattice rods in this RSM. Other inclined rods, which
are marked by the red arrows, are also visible. These rods are tilted towards the [111̄]
direction by around 20.3◦, which is in good agreement with the inclination of 19.5◦

expected for a (111) facet.

In figure 5.20 (d) a RSM taken along the [7̄1̄4] direction through the (01̄) direction
is shown. Again, some vertical rods appear, which originate from the (01̄) spot in the
center, and the (31) and (3̄1̄) spots near the edge of the RSM. Some other weak vertical
rods appear in between, which are attributed to (N×1) superstructure spots which are
close to the plane of the RSM. Additionally, one inclined rod marked by green arrows
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5.4 Summary

is clearly visible. Its tilt angle of 24.6◦ towards the [7̄1̄4] direction agrees well with the
angle of 25.4◦ which is expected for a (013) facet. Its symmetric counterpart would
then be a (103) facet. Though there are other oblique rods in the RSMs, none of these
is strong enough to be unambiguously identified. Therefore, it is concluded that the Ge
islands are mainly terminated by (111) and {103} side facets. A real-space image of a
typical Ge island is shown in figure 5.20 (b), where the facet geometry is superimposed.
The top (112) facet appears bright, whereas all side facets are dark.

5.4 Summary

The adsorption of the group-III metals Ga and In on the intrinsically faceted Si(112)
leads to a smoothing of the surface. Surface structures with a mixture of different (N×1)
unit cells are found. For both Ga/Si(112) and In/Si(112), a temperature dependence
and a coverage dependence of the average periodicity N is found.

During Ga deposition superstructure spots evolve at around 0.3ML, the positions
of which remain constant up to coverages of roughly 0.65ML, whereas the spots shift
towards the (00) spot for prolonged deposition. At a deposition temperature of 500◦C
a periodicity of around N = 6.5 is determined, whereas at 660◦C this value is decreased
to around N = 5.5. Thus, only for deposition temperatures above 600◦C an agreement
with previous energy minimization calculations [BEW99, EBWR99] is observed, where
a minimum of the surface free energy of the (N×1) reconstructions was suggested for
5 < N < 6. Obviously, at lower deposition temperatures this cannot be confirmed since
the periodicity is well above N = 6 and, thus, a significant fraction of larger unit cells, i.e.
(7×1) or (8×1), must be present on the surface. With scanning tunneling microscopy the
local structure of the (N×1) surface has been analyzed and a mixture of mainly (5×1)
and (6×1) building blocks is found. Additionally, the adsorbate rows are interrupted
by vacancies, which form continuous vacancy lines with a zigzag arrangement.

A very similar structure is found for In/Si(112), but in this case a mixture of (3×1)
and (4×1) building blocks is present. Here, also an (N×1)-reconstructed surface is
formed after the deposition of around 0.4ML In. Up to a coverage of around 0.85ML
the superstructure spots shift slowly towards the (00) spot until they have reached
their final position. The average periodicity decreases from around N = 3.7 at 390◦C
to around N = 3.5 at 520◦C.

The onset of the final phase in SPA-LEED measurements during deposition at
around 0.8ML for Ga/Si(112) and 0.85ML for In/Si(112), respectively, is assumed
to indicate the saturation coverage of each of the systems. From these coverages
(and for Ga/Si(112) also from STM measurements) it is concluded that the (N×1)
reconstructions include two vacancies per unit cell for Ga/Si(112) and one vacancy per
unit cell for In/Si(112).

The internal structure of the (N×1) building blocks has been analyzed by means
of x-ray standing waves experiments, the results of which were compared with model
structures that were determined using density functional theory calculations. For
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Chapter 5: Ge Growth on Group-III-Metal-covered Si(112)

Ga/Si(112) and In/Si(112) the (N×1) building blocks consist of two parallel rows of
adsorbate atoms along the [11̄0] direction, where the atoms of one row occupy terrace
(i.e., substitutional) sites and the atoms of the other row step-edge (i.e., adatom) sites.

The x-ray standing waves data and density functional theory calculations comply
with the model by Snijders et al. [SRG+05] with two vacancies per unit cell (one in
the terrace site and one in the step-edge site) and, thus, eight Ga atoms per (5×1)
building block. Although two similar models have equivalently good agreement with the
experiment and are, thus, in principle both possible, the Snijders-model is energetically
more favorable since all dangling bonds are saturated in this model.

For In/Si(112) the proposed model by Gai et al. [GZYS00] for a (7×1)-reconstructed
surface could not be confirmed. In fact, the best agreement of experiment with theory
is found for a structure with one vacancy per unit cell in the step-edge site and (3×1)
or (4×1) periodicity. Thus, a new model for the In/Si(112)-(N×1)-structure with only
one vacancy per unit cell and a continuous terrace row is proposed, which is analogously
configured as the model by Gupta and Batra for the Al/Si(112)-(6×1) structure [GB05]
and has only one dangling bond per unit cell.

Upon Ge growth on the Ga-terminated Si(112) surface the structure changes to a
(5×1) reconstruction on the Ge wetting layer. At the lowest growth temperature of
505◦C a bimodal size distribution of Ge islands can be found in low-energy electron
micrographs after deposition of several monolayers of Ge, where dash-like islands and
rather round islands coexist. At higher temperatures a much more monodisperse size
distribution and a strong anisotropy of the Ge islands are determined. The resulting
Ge nanowires are elongated along the direction of the Ga rows with sizes of up to 2μm
and an aspect ratio of up to 7:1. It is assumed, that this shape is caused by a strong
diffusion anisotropy or an anisotropic strain relaxation that is not present for Ge island
growth on the bare Si(112) surface.

The Ge growth on In-covered Si(112) leads to the formation of 3D islands that
exhibit a dash-like shape at a growth temperature of 450◦C and a triangular shape at
a temperature of 500◦C, respectively, while the periodicity of the (N×1) structure is
maintained. By taking reciprocal space maps after the growth at 500◦C, tilted rods
in different azimuthal orientations can be identified, in addition to the perpendicular
superstructure rods. From the azimuthal orientation and the inclination of the facets’
normal directions to the (112) surface plane, it is concluded that the Ge islands with
triangular shape are mainly terminated by (112) top facets as well as (111) and {103}
side facets.

Interestingly, the data give rise to the assumption that Ga and In have a contrary
impact on the diffusion of Ge atoms reaching the Si(112) surface: While Ga reduces
the diffusion in comparison to the Ge growth on bare Si(112), In leads to an increased
diffusion length. Although already observed for Ge growth and Si homoepitaxy on
Si(111) [VZWB95], this fact is not completely understood. Since both elements induce
the formation of very similar superstructures on Si(112) (and on the Ge wetting layer
on Si(112)), it is assumed that the different impact on the diffusion is caused by a larger
bonding strength of Ga to Si and Ge, as compared to In.
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Chapter 6

Influence of Ag-adsorption on the
Ge growth on Si(111) and its
vicinal surfaces

Due to a limited reaction and alloying process between the two materials, the growth of
Ag on Si has been a prototype for a metal-on-semiconductor system for several decades
[VDJ80, Lay83]. Especially the low-index surfaces have been the topic of numerous
publications. However, only a few publications can be found on Ag adsorption on
high-index Si surfaces and, e.g., Ag adsorption on Si(113) is missing completely. Also
no information about how Ag pre-adsorption influences the subsequent Ge growth is
found in the literature. Thus, the experiments presented in the following chapter are
the first which treat this topic.

In the first section of this chapter a short review of Ag adsorption on different
Si surfaces is presented, which is followed by new results which were gained in the
framework of this thesis. Some of the data were already discussed in the Master theses
of I. Heidmann [Hei10] and A. Kubelka [Kub11].

6.1 Short review of Ag adsorption on Si surfaces

For Si(111) different Ag-induced structures, depending on the growth temperature and
the coverage, have been proposed. In 1983 Le Lay [Lay83] found a Frank-van der Merwe
growth of Ag on Si(111) at room temperature, which changes to Stranski-Krastanov
mode above 200◦C. Islanding was also observed for deposition at room temperature
followed by annealing between 200 and 500◦C.

In 1993 Wan et al. studied the behavior of Ag on the Si(111) surface as a function of
overlayer coverage and growth or annealing temperature using STM and LEED [WLN93].
Based on their findings, they proposed a phase diagram which is given in figure 6.1. For
annealing temperatures between 400 and 600◦C and up to a coverage of 1ML they found
a (
√
3×√3) reconstruction, which merges into a (3×1) at higher temperatures. Moreover,
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��� ���

Figure 6.1: (a): Phase diagram of Ag/Si(111) showing surface reconstructions in depen-
dence of coverage and deposition or annealing temperature. (b) Top and side view of the
honeycomb-chain-trimer (HCT) model of the AgSi(111)-(

√
3×√3)-R 30◦reconstruction

(from [WLN93]).

the honeycomb-chain-trimer (HCT) model for the (
√
3×√3)-R 30◦ reconstruction, which

had already been analyzed in earlier publications [DCH91, KWK+91], and a model for
the (3×1) reconstruction were established. According to the HCT model, the (

√
3×√3)-

R 30◦ reconstruction can be imagined to be formed by partially removing half of a BL of
the (7×7) reconstruction and putting it on top of another surface area, thus, producing
BL steps on the surface. Ag can then adsorb on top of the lower and the upper part of
the stepped surface. This morphology can be explained since the (7×7) reconstruction
needs a complete BL to evolve completely and the (

√
3×√3)-R 30◦reconstruction only

half of a Si BL. Also the Ag saturation coverage of this structure is 1ML (1/2BL). The
(3×1) reconstruction can be produced by annealing the (√3×√3)-R 30◦ reconstruction
at higher temperatures and, thus, desorbing Ag from the surface. Hence, the (3×1) is
saturated at lower coverages, whereat 1/3 and 2/3ML are discussed, and 1/3ML seems
to be the most stable coverage [CHWH08]. At lower temperatures transitions from the
(3×1) to other reconstructions, namely (6×1) (at 400 to 500K) and (12×2) (at around
100K), are found [SAZU01, CHWH08].

Also on the Si(001) surface the Ag-induced structures are found to be strongly
dependent on the growth temperature and the coverage. Lin et al. reported a Stranski-
Krastanov growth for deposition temperatures above 450◦C [LWN94], where the 2D
layer exhibits a (2×3) reconstruction. Winau et al. proved the results by Lin et
al. and determined the saturation coverage of the first layer to be around 0.3ML
[WISI94], whereas other publications suggest a coverage of 2/3ML [YMTO98]. Also at
2/3ML a c(6×2) reconstruction is found when Ag is deposited at room temperature
and annealed to 200◦C [MYTO99, AKU+10]. Horn-von Hoegen et al. reported on
the growth of (111)-oriented Ag films on a Si(001) substrate for a deposition at 130K
[HSH+95, FMW+95], where the azimuthal orientation changes from one terrace of the
substrate to another [Sch94].
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6.2 Ag-induced restructuring of Si surfaces

Figure 6.2: Average periodicity length
of Ag-induced facets on Si(112) (deter-
mined from the splitting of the Bragg
spots in reciprocal space maps recorded
with SPA-LEED). The inset shows an
AFM image for a sample prepared at
around 650◦C (from [NWMH10]).

Only a few publications on Ag adsorption on high-index surfaces can be found
in literature. However, for all investigated substrate orientations, i.e. (557), (5 5 12),
and (112), common characteristics can be found, as the growth of highly anisotropic,
quasi-1D structures along the [11̄0] direction is reported. On the (557) surface the
formation of ordered Ag nanowires with a width of around 5 nm is observed [ZTDO04,
MKY08, LMMM08]. Very similar results are found on the Si(5 5 12) surface, where
sawtooth-like nanowires are established with also approximately 5 nm width [SJB99,
BJS01, BSJ01, AKL+02]. On Si(112) larger facets with alternating (111) and (115)
orientation can be induced upon Ag adsorption, the sizes of which strongly depend on
the deposition temperature [NWMH10]. By means of SPA-LEED and AFM the sizes
of the facets have been determined (cf. figure 6.2). At around 400◦C the periodicity
length of the facets perpendicular to the [11̄0] direction is below 10 nm, but it can be
increased to approximately 30 nm at a temperature of around 670◦C.

6.2 Ag-induced restructuring of Si surfaces

6.2.1 Ag-adsorption on Si(111)

Bright-field (BF) LEEM images during the adsorption of Ag on a Si(111)-(7×7) recon-
structed surface at 550◦C are shown in figure 6.3. Before the adsorption starts, nearly
no contrast is visible in the LEEM images at the chosen electron energy. This changes
rapidly when Ag is adsorbed. Already at very low coverages around 0.02ML a strong
contrast is found at the step edges of the substrate, indicating that Ag is nucleating
at the step edges. At around 0.16ML the step edges are nearly completely decorated
with Ag. Upon extended deposition Ag domains also start to nucleate on the terraces.
The reconstruction at this stage of growth is a mixture of (7×7) and (√3×√3)-R 30◦,
as can be seen in figure 6.3 (d). At higher Ag fluxes (

√
3×√3)-R 30◦-domains start
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Figure 6.3: Bright-field
LEEM images (a)-(c)
recorded during Ag adsorp-
tion at 550◦C. The coverages
are indicated in the im-
ages. The bright areas are
Ag:Si(111)-(

√
3×√3)-R 30◦

domains that decorated the
step edges. In (d) a LEED
image recorded after Ag ad-
sorption is shown, revealing
a mixture of (

√
3×√3)-R 30◦

and (7×7) reconstructions.

(a)

0.02 ML

2.0 μm

25.0 eV

(b)

0.16 ML

(c)

0.19 ML

(d)

0.19 ML 25.0 eV

(00)(00)

(10)(10)

(01)(01)

(
1
±
3

1
±
3
)(

1
±
3

1
±
3
)

to grow on the terraces directly at the beginning of the deposition (not shown here).
When the deposition is extended the whole surface can be saturated with Ag forming
a (
√
3×√3)-R 30◦ reconstruction. In a real-space image shown in figure 6.4 (a) a nice

maze pattern can be seen. As no other contributions than (
√
3×√3)-R 30◦ can be

found on the surface (cf. figure 6.4 (b)) this maze pattern must originate from this
superstructure. The maze contrast is seen best at very low energies in the mirror
electron microscopy (MEM) regime. As MEM is very sensitive to surface morphology,
the maze pattern is likely to be produced by surface roughness. Comparing with the
HTC model for the (

√
3×√3)-R 30◦-Ag reconstruction, which was introduced in section

6.1, one can see that the maze contrast is generated by the BL steps of this structure.

A (3×1) reconstruction was produced by forming a (√3×√3)-R 30◦ surface with

Figure 6.4: Bright-field
LEEM image (a) and LEED
pattern (b) taken after satu-
ration of the Si(111)-(7×7)
surface with Ag at 550◦C.

(a) 1.0 μm

0.9 eV

(b)

51.0 eV

(00)

(10)

(01)
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Ag/Si(111)-(3x1)

25 eV

DF: domain 1 DF: domain 2 DF: domain 3

DF sum BF image

1 µm10 eV 10 eV

10 eV 10 eV 10 eV

(a) (b) (c)

(d) (e) (f)

Figure 6.5: (a): LEED pattern of Si(111)-(3×1)-Ag surface taken at 25 eV. The spots
surrounded by the red, green, and blue circle were used to form the DF-LEEM images
in (d), (e), and (f), respectively. The images (d)-(f) are dyed in the according color as
the circles in (a). The sum of the DF images is shown in (b) and the corresponding BF
image in (c). The field of view was 4μm in each LEEM image.

saturation coverage by depositing Ag at either 550◦C or 650◦C, followed by annealing
at 650◦C until no residuals of the (

√
3×√3)-R 30◦ could be observed and LEED

patterns showed a clear (3×1) reconstruction (see figure 6.5 (a)). Complementary
XPS measurements (not shown here) indicate that the (3×1) reconstruction has a
coverage of 1/3ML. Owing to the threefold symmetry of the Si(111) surface, the (3×1)
reconstruction appears in three rotational domains, which can be distinguished from
each other very nicely in DF-LEEM images shown in figure 6.5 (d)-(f), where only one
of the 〈1/3 0〉 spots indicated in the LEED pattern in figure 6.5 were used to form
the image, respectively. When the three DF images are summed up and merged into
one image, it gets obvious that the whole surface (apart from domain boundaries and
pinning centers) is covered with one of the three domains. Thus, the sum of the DF
images has a huge congruence with the BF image in figure 6.5 (c). In both images the
large pinning center in the lower left parts of the images appears dark. The domains,
which appear bright in the BF image (best seen in the right part with a wavy outline),
appear dark in the DF images, and are probably (7×7) reconstructed areas. At a closer
look in the LEED image in 6.5 (a) some residuals of a (7×7) can be found (between
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(b) (c)(a)

Ag/Si(113)

400 nm

15.2 eV

[332]
–

[110]
–
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–

Figure 6.6: LEEM image (a) and LEED pattern (b) of Ag-induced facets on Si(113).
(c): Reciprocal space map along the [332̄] direction through the center of the Brillouin
zone (i.e. along the dashed green line in frame (a)). From the inclination of the CTRs
in the RSM in (c) the orientations of the facets are determined to be (111) (blue line)
and (115) (red line) .

the 1/3 and 2/3 spots of the (3×1) reconstruction).

6.2.2 Ag-adsorption on Si(112) and Si(113)

A completely different situation is found for the adsorption of Ag on high-index surfaces.
On all investigated high-index surfaces Ag induces the formation of a regular pattern of
facets along the [11̄0] direction, the periodicity of which is strongly dependent on the
chosen growth temperature.

In figure 6.6 (a) a LEEM image of a Si(113) surface after Ag deposition at 475◦C is
shown. Regular stripes along the [11̄0] direction, which can be identified as facets, can
be seen nicely. The periodicity of these facets in the perpendicular [332̄] direction is
determined to be (44±4) nm by calculating the autocorrelation function of the image in
figure 6.6 (a). This value is higher than typical values for Ga-induced facets on Si(113)
reported elsewhere [SNMI01, NSMI03, CSF+05].

In the corresponding LEED pattern in figure 6.6 again a clear evidence for a faceted
structure is found. When the electron energy is changed all spots move along the
[332̄] (blue arrows) or [3̄3̄2] (red arrow) direction. From the absence of any stationary
LEED spots it is concluded that the surface is completely decomposed into a facet
structure. A reciprocal space map through the center of the Brillouin zone along the
green line (in [332̄] direction) is shown in figure 6.6 (b). The inclination of the crystal
truncation rods are determined to be (30 ± 1)◦ (blue line) and (10 ± 1)◦ (red line)
with respect to the surface normal. Thus, the corresponding facets are (111) and (115)
oriented, respectively. Additional to integer order spots, superstructure spots at n/3
of the surface Brillouin zone (SBZ) in [11̄0] direction are present, which move towards
[332̄] with increasing energy, and are therefore attributed to (111) facets. These spots
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Figure 6.7: Average width of
Ag-induced facets on Si(113)
as a function of the growth
temperature, determined with
different experimental methods
(from [Hei10]).

are identified as third order spots of the (
√
3×√3)-R 30◦-Ag reconstruction on the

(111) facets. Other superstructure spots are found at 1/2 of the SBZ in [11̄0] direction.
These spots move towards [3̄3̄2] with increasing energy, revealing that they originate
from the (115) facets. Unfortunately, these spots are not clearly resolved and thus an
unambiguous identification of this (2×n)-like superstructure is not possible, but a (2×1)
reconstruction is supposed [Hei10]. At a closer look, these spots are not exactly at 50%
of the SBZ, some of them are situated closer to the center of the SBZ and some are a
bit closer to the edge of the SBZ. As a consequence, a wriggled line along which the
spots are stringed is formed.

A similar undulatory modification was also observed for a Au-covered Si(111) surface
with a coexistence of (

√
3×√3)-R 30◦ and (5×2) domains [Sei06]. As a cause of this

modification an enhanced Au coverage in the (5×2) domains is stated, which results
from the inclusion of mirror domains. Moreover, phase shifts by one lattice constant
were observed by means of STM, which occur together with the mirror domains and
lead to a broadening and an attenuation of the stripe-like reflections.

For an increasing growth temperature the observed spots get sharper which can
be explained by the formation of larger terraces and, thus, wider facets [Hei10]. The
dependence of the facet width in [332̄] direction of the growth temperature is given in
figure 6.7. The different samples were analyzed with the indicated methods and the
facet sizes were determined afterwards. With STM and LEEM the facet width can
be directly determined. For the SPA-LEED measurements FWHM of Gaussian fits
through the facet spots were used to determine the facet periodicity, where the largest
value of (55.4±4.0) nm can be achieved at a growth temperature of 560◦C. In [Hei10] an
Arrhenius-like behavior of the facet width in dependence of the growth temperature is
reported and a relatively low activation energy of EA = (0.31± 0.05) eV is determined,
which is significantly lower than the reported value for the material system Al/Si(113)
of around (1.17± 0.13) eV. It is concluded that the facet width is kinetically limited.

For the case of Ag-adsorption on the Si(112) surface a very similar Ag-induced
structure is observed [Hei10]. In figure 6.8 a so-called timeplot is shown which depicts
the change of the LEED spots’ positions during growth as a function of time (i.e. Ag
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Figure 6.8: Change of the spot positions along the [111̄] (a) and [11̄0] direction in
dependence of the Ag exposure during growth at 600◦C on a Si(112) surface, taken at
an electron energy of 45 eV (from [Hei10]).
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Figure 6.9: LEEM image (a) and LEED pattern (b) of Ag-induced facets on Si(112).
From the inclination of the CTRs in the RSM in (c) the orientations of the facets are
determined to be (111) and (113) (from [Hei10]).

exposure). The initially faceted Si(112) surface (see red and magenta arrows) undergoes
two phase transitions before the final phase is reached. After the exposure of around
0.5ML Ag an intermediate facet structure is observed, which is more or less a mixture
of the initial and the final structure. After extended exposure of Ag the spots of the
initial structure vanish and only the spots which belong to the final phase remain (green
and yellow arrows). After the exposure of around 3.5ML Ag the final structure is
saturated, which is concluded by an unchanging overall intensity in LEEM images at
extended exposure. The experiments were performed at around 600◦C which is higher
than the desorption temperature of Ag on Si(112), which was determined to 550◦C in
a separate experiment, but is needed to achieve facets which are as wide as possible.
Thus, a relatively high desorption can be expected and the values of the exposure are
not equivalent to the Ag coverage on the surface.

In LEED images in the final phase (
√
3×√3)-R 30◦ (green quadrangles in figure 6.9

(b)) and (3×1) (yellow quadrangle) reconstructed areas can clearly be distinguished.
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6.3 Ge growth on Ag-covered Si(111)

The (
√
3×√3)-R 30◦ spots move along the [111̄] direction when the electron energy

is increased and the (3×1) spots in the opposite direction. In a corresponding RSM
through the center of the SBZ which is shown in figure 6.9 (c) CTRs with an angle of
19.5◦ (green arrow) and 10.0◦ (yellow arrow) towards the [112] surface normal can nicely
be identified. Thus, the corresponding facets are (111) and (113) oriented, respectively,
which is a contradiction to earlier works where facets with (111) and (115) orientations
are reported [Nab09, NWMH10]. It is concluded, that another phase transition might
take place which is not reached in [Hei10] as the desorption rate was too high at the
chosen temperature. However, the facet periodicity of the surface with (111) and (113)
facets, prepared at 600◦C, is determined to (39± 4) nm, which is significantly higher
than the values reported in [Nab09, NWMH10]. This surface is, thus, a good starting
surface to achieve pronounced Ge growth along the direction of the facets, as will be
shown in section 6.4.

6.3 Ge growth on Ag-covered Si(111)

Most of the results of this section are also part of the publication III and the manuscript
VI. As the latter manuscript is not yet published, a more detailed description of those
results is given here. Some of the XRD, SEM and TEM data were already analyzed in
the master thesis of A. Kubelka [Kub11].

6.3.1 Ge Growth on partially Ag-covered Si(111)

When Ge is deposited on a (
√
3×√3)-R 30◦ step-edge decorated Ag/Si(111) surface (cf.

figure 6.3), first a wetting layer is formed on which 3D islands start to nucleate at a
coverage of about 3BL. The surface morphology after the growth of 6.6BL is shown in
figure 6.10 (a). The islands mostly exhibit a triangular outline, reflecting the threefold
symmetry of the Si(111) substrate, with a rather inhomogeneous size distribution. In a
corresponding LEED pattern which is shown in figure 6.10 (b) a superposition of (5×5)
and (3×1) reconstructions is visible. The former can be attributed to Ge on bare Si(111)
and the latter corresponds to a low-coverage Ag phase on both, Si(111) [WLN93] and
Ge(111) [HOT+94]. The (3×1) unit cell does not have a threefold symmetry and, thus,
appears in three rotational domains, as can be seen from the indexed spots in figure 6.10
(b). Interestingly, no residuals of the initial (

√
3×√3)-R 30◦-Ag:Si(111) superstructure

are found in the LEED pattern, which leads to the conclusion that all (
√
3×√3)-R 30◦

domains have dissolved and the Ag is completely re-arranged in (3×1) domains.
In order to determine the (3×1) domains in real-space a DF-LEEM analysis has been

performed, which is shown in figure 6.10 (d)-(f). For each of the three images one of the
three indexed spots in figure 6.10 (b) has been used for imaging, respectively. In these
images a bright contrast is observed, and the bright areas can, thus, be unambiguously
identified as (3×1) domains. These domains are exclusively found at the vicinity of
the Ge islands. This becomes obvious in figure 6.10 (c) where the three DF images
are superimposed. Here, a bright Ag-ring around the Ge islands is visible, which
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Figure 6.10: (a): BF-LEEM image of Ge islands after growth of 6.6BL on partially
Ag-covered Si(111) at 500◦C. (b): Corresponding LEED pattern indicating a mixture of
(5×5) and (3×1) reconstructions, where the latter appears in three rotational domains,
indicated with zero, one and two stars. (d)-(f): DF-LEEM images recorded with the
third order spots indicated in (b). In (c) the sum of the DF images (d), (e), and (f) is
shown.

appears dark in the BF-LEEM image in figure 6.10 (a). Another feature which becomes
obvious after closer inspection of the DF image series is that each of the three rotational
domains is attached to exactly two parallel island edges that run along three equivalent
crystallographic directions. From this it is concluded that the island edges provide a
preferential direction for the (3×1) domains and, thus, break the symmetry of the system
which usually shows a random arrangement of (3×1) domains on a smooth surface (cf.
figure 6.5). The main structural elements of the (3×1)-Ag:Si(111) reconstruction are
Ag chains along the 〈11̄0〉 direction [WLN93]. From the experimental settings as used
in figure 6.11 it can be concluded that the Ag chains align with the island edges, which
are, thus, also parallel to the 〈11̄0〉 directions.

A comparison of the surface morphology after Ge growth with and without Ag
pre-adsorption is shown in figure 6.11 (a) and (b). Both images show a strong similarity.
In both cases the Ge islands exhibit the same spectrum of shapes and produce a very
similar variety of contrasts, which is probably related to different height-to-diameter
ratios. The islands in figure 6.11 (b) are slightly smaller than in figure 6.11 (a) (note the
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(a)

with Ag

1.0 μm

7.0 eV

(b)

without Ag

1.0 μm

7.0 eV

Figure 6.11: Comparison
between bright-field LEEM
images after growth of (a)
6.6BL Ge on a step-edge
decorated Ag/Si(111) sub-
strate and (b) 2.9BL Ge on
bare Si(111). The growth
temperature was 500◦C in
both cases.

different scale bars), but this can at least partly be attributed to the smaller Ge deposit
in frame (b) as compared to frame (a). Moreover, the size spread and the density of the
Ge 3D islands are quite similar. For growth after Ag step edge decoration, the island
density is estimated to be about half of that for growth on clean Si(111)-(7×7), which
is still quite comparable.

From these results, it can be concluded that step edge decoration with Ag has
hardly any impact on subsequent Ge growth. Due to Ge deposition, the silver is spread
over the surface and forms small (3×1) domains. Even if these small patches provide
preferential sites for Ge 3D islands nucleation, their even distribution over the wetting
layer leads to conditions that can hardly be distinguished from homogeneous 3D island
nucleation, i. e., from Ge growth on clean Si(111)-(7×7). Due to the low amount
of Ag on the surface, the wetting layer is mostly Ge/Si(111)-(5×5) and, thus, only a
very small impact on the growth kinetics is achieved. This finally leads to a surface
morphology which is very similar to that for growth on clean Si(111).

However, a much stronger impact on Ge growth can be achieved after the Si(111)
surface has been saturated (1ML) with a (

√
3×√3)-R 30◦-Ag structure. The results

gained for this structure are shown in the next section 6.3.2.

6.3.2 Ge Growth on completely Ag-covered Si(111)

Ge growth on Ag/Si(111)-(
√
3×√3)-R 30◦

The evolution of the surface morphology during Ge deposition on the 1 ML-covered
Si(111)-(

√
3×√3)-R 30◦-Ag surface at 500◦C is shown in figure 6.12. As discussed

before in section 6.2.1, at the chosen energy of 9 eV there is hardly any contrast of
the maze pattern seen in frame (a) prior to Ge growth. This is changed rapidly after
submonolayer deposition of Ge, as e.g. seen in frame (b), where the internal step edges
of the maze structure become clearly visible. This can be attributed to a 2D growth of
Ge that nucleates at these internal step edges. At a coverage of around ΘGe ≈ 0.5 BL,
the next Ge layer nucleates at the initial step edges of the substrate (darkest areas
in frame (c)). Only a few nuclei of this uppermost layer can be found between the
step edges, revealing that there are hardly any heterogeneous nucleation sites left on
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(a)

0.0 BL

1.0 µm

9.0 eV

(b)

0.2 BL

(c)

0.7 BL

(d)

1.3 BL

(e)

1.6 BL

(f)

1.9 BL

(g)

3.8 BL

(h)

4.6 BL

Figure 6.12: BF-LEEM images during Ge growth on Ag/Si(111)-(
√
3×√3)-R 30◦

at 500◦C. The deposit is indicated in each frame. First, a wetting layer is formed
(a)-(f), then a large Ge island grows into the field of view in (g) and (h). The display
contrast has been adjusted for each frame separately, due to the large dynamic range of
the LEEM intensities during Ge growth, e.g. the intensity of the bright areas in (c)
correspond to the intensity of the dark areas in frame (b).

the terraces at ΘGe ≈ 0.5 BL, and only the initial step edges of the substrate act as
preferential nucleation sites. This points to a smoothing of the surface when about half
a BL of Ge has been deposited and is consistent with a growth scheme, where Ge first
fills the trenches given by the maze pattern.

However, for extended exposure no step flow or homogeneous nucleation of 2D
islands is seen, as would be expected for a smoothed surface. Instead a modified step-
flow growth which mimics the initial maze pattern is observed. This further supports
the assumption that Ge has filled the trenches of the maze pattern, because now the
terraces are smooth, but consist of Ag/Si(111) and Ag/Ge/Si(111) patches. Thus, the
initial morphological maze pattern has been transformed into a chemical pattern with
the same topology. The modified step-flow growth can then be explained by the fact
that the layer growing on top of the chemical pattern experiences differences in surface,
interface and strain energies.

At ΘGe = 1.6 BL, as illustrated in figure 6.12 (e), the layer which has nucleated in
frame (c) is almost completed. After that, the LEEM contrast is strongly reduced and
nearly no change is detected on the Ge wetting layer upon further deposition. In figure
6.12 (g) a large Ge island appears which has nucleated outside the field of view and
slowly grows from the bottom to the top of the image (cf. frame (h)). Due to their
large size and low density the critical layer thickness Θc is difficult to determine with
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(a) 5.0 µm

25.0 eV

(b) 2.0 µm

9.3 eV

island

WL

Figure 6.13: BF-LEEM
images after the growth of
5.2BL Ge on Ag/Si(111)-
(
√
3×√3)-R 30◦ at 500◦C.

(a): Overview of the mor-
phology. (b): Zoom into
the edge of the island on
the left side in (a). Inset:
Closer view at the area in-
dicated with white square
with enhanced contrast.

LEEM. It is estimated that 3D islands form after a deposition of around 3.0 BL Ge. In
another growth experiment, which is not shown here, it is evident that the islands grow
in expense of the uppermost (unfinished) layer of the wetting layer. Thus, the thickness
of the wetting layer is estimated to 2.5 BL, which consists of half a BL that has filled
the trenches of the (

√
3×√3)-R 30◦-Ag reconstruction, and two additional BLs.

Ge island morphology and surface chemical composition

In figure 6.13 LEEM images after the growth of around 5.2 BL Ge are shown. An
overview LEEM image is given in frame (a). At a first glance, the shapes of the Ge
islands seem quite irregular. Nevertheless, the island edges tend to have preferential
directions, as can be seen nicely from the island at the right edge of the field of view in
figure 6.13 (a) which shows parts of a regular hexagon, owing to the threefold symmetry
of the substrate. The Ge islands are rather large with an estimated typical diameter of
roughly 5μm for the chosen growth parameters. The according island density is very
low and only about 5× 105 cm−2. In figure 6.13 (b) the edge of an island is depicted in
more detail. The wetting layer exhibits a faint maze contrast, as shown in the inset. At
the step edges of the wetting layer and close to the island edges there is a clear bright
contrast. A similar contrast is also seen in the LEEM images during growth (cf. figure
6.12 (g) and (h)), which was taken at a similar energy. As the wetting layer intensity
decreased with increasing deposition in the growth experiment, it is concluded that the
brighter contrast in figure 6.13 (b) is also caused by a thinner wetting layer region.

This assumption is supported by XPEEM images which are shown in figure 6.14 (a)
and (b) and were recorded with Si 2p and Ge 3d photoelectrons, respectively. Whereas
the regions close to the island and close to the step edge appear brighter than the rest of
the wetting layer in the Si 2p image, they appear somewhat darker in the Ge 3d image.
This can be explained by a thinner wetting layer in these region which diminishes the
Ge 3d yield and, in turn, increases the Si 2p yield due to a reduced attenuation of the
Si signal originating from the substrate below the wetting layer. The thinning of the
wetting layer close to the islands is attributed to a growth process in which the islands
grow in expense of the wetting layer. Thus, the wetting layer in the vicinity of the
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Figure 6.14: (a) and (b):
X-PEEM images of the
same surface area as in
figure 6.13 (b), using
(a) Si 2p and (b) Ge 3d
photoelectrons for imaging.
The incident photon
energy was 500 eV. The
local spectra in (c) were
obtained from X-PEEM
image series, integrating
the intensity in the squares
in (a) and (b).
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islands becomes unstable due to the attractive chemical potential of the islands. This
energetically favorable incorporation of Ge atoms into the 3D islands is attributed to a
reduction of the strain energy, since the islands show a strong lattice relaxation, as will
be shown later.

The contrast in the Si and Ge images is inverted, clearly showing that the island
mainly consists of Ge. Except for a few pits in the lower part of the field of view, the
contrast on the island is very homogeneous in both images and especially the island
edge appears quite sharp. Micro-LEED experiments, which are not shown here, exhibit
a (
√
3×√3)-R 30◦ pattern, both on the wetting layer and the island. No additional

LEED spots could be detected which might originate from island side facets, indicating
that the islands are very flat with a huge (111) top facet. Moreover, the (

√
3×√3)-R 30◦

reconstruction on wetting layer and island indicates that the Ag has segregated to the
surface1 since for both Ag/Si(111) as well as for Ag/Ge(111) the high coverage phase is
a (
√
3×√3)-R 30◦ HCT reconstruction [WLN93, GBM00].

In figure 6.14 (c) local spectra from a region on the island and a region from the
wetting layer are compared. As expected, the Ge 3d signal is significantly larger on
the island. Due to a limited inelastic mean free path (IMFP) of the photoelectrons,
the ratio of the Ge 3d intensities does not directly reflect the thickness ratio of island

1Note that no Ag co-deposition was applied during Ge growth for this experiment.
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and wetting layer. However, the attenuation due to a finite IMFP can well be seen in
the local Si 2p spectra. The yield from the island is almost negligible. This very small
Si peak can either originate from the Si substrate if the island is rather thin or from
incorporated Si in the island for a higher island thickness. If homogeneous intermixing
is assumed, the incorporation of Si can be calculated for the latter case. According to
Ratto et al. [RRL+04, RRL+05], the Si content is given by

cSi =
rGe − 1

rGe/rSi − 1
, (6.1)

where rGe and rSi are the ratios of the integrated photoelectron intensities on the
island and on the wetting layer for Ge 3d and Si 2p, respectively. Here, rGe = 2.3
and rSi = 0.057 are determined and, thus, a silicon concentration of about 3% can be
deduced. This is quite a low value compared to around 18%, which was determined
for Ge islands grown directly on Si at the same growth temperature [Cla06]. Hence,
virtually no intermixing between Ge and Si takes place for Ag pre-adsorption at the
chosen growth temperature. This approach to determine the Si content cannot take
into account a gradient of the Si concentration. Hence, parts of the island closer to the
interface might contain more Si.

On the other hand this result can also be consistent with pure Ge islands. In that
case, the Si 2p peak would originate entirely from the substrate and the ratio rSi is
then given by the attenuation through the additional layer thickness to rSi = e−h/Λ,
where h is the island height and Λ the IMFP, which is in the range of 7 to 14Å for a
kinetic energy around 400 eV. In the present case this would require h = 20...40 Å. The
average island height can be estimated from the total Ge deposit to

ΘGe = ΘWL + σisland · � · 〈h〉 , (6.2)

where σisland is the fraction of the surface which is covered by islands and � is the bulk
atom density, i.e. � · 〈h〉 is the average height of the islands in terms of local coverage
(atoms/area). For the given data the Ge deposition and coverage are ΘGe = 5.2BL and
σisland ≈ 0.30, respectively, which is extrapolated from figure 6.13. If a wetting layer
thickness of ΘWL = 2.5BL is assumed it follows from equation (6.2), � · 〈h〉 ≈ 9BL
and, thus, 〈h〉 ≈ 28Å. This value for the average height fits certainly in the range of 20
to 40 Å. Therefore, it is likely that a large part of the Si 2p signal originates from the
substrate and the Si concentration in the island is significantly lower than the value of
3% mentioned before.

Since virtually no contrast between wetting layer and island was observed, no
element-sensitive images using Ag photoelectrons are shown. This is reflected by almost
the same peak height of the Ag 3d5/2 signal on the wetting layer and on the island
as shown in figure 6.14 (c). The almost equal intensities imply that Ag has not been
buried by the Ge deposited on top, because otherwise a similar ratio as for Si would
be expected here as well. Hence, the XPEEM data prove that Ag segregates to the
surface. Moreover, this segregation is very effective, since only a small difference is
found in the Ag surface coverage for the island and for the wetting layer. However,
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Figure 6.15: SPA-LEED
patterns from a clean
Si(111)-(7×7) surface (a)
and after growth of about
10BL Ge on Ag/Si(111)-
(
√
3×√3)-R 30◦ at 500◦C.

In (a) the integer order
spots are indicated. In (b)
the splitting of the spots
can be observed, which
is best to be seen in the
upper right part of the
image. Line scans through
an integer order spot (c)
and a third order spot (d),
marked by a circle and a
square in (b), respectively.
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from the data in figure 6.14 (c) a small difference is obvious and a ratio of 0.87± 0.08
is determined for the Ag 3d5/2 intensity on the islands and on the wetting layer. This
value could be explained by (i) incorporation of Ag into Ge, (ii) by thermal desorption
(which would have to be more effective from the island than from the wetting layer), or
(iii) by strain relaxation. Although Ag incorporation or desorption cannot be ruled out
completely, they seem to be unlikely the main reason for a reduced Ag photoelectron
yield on the islands, because either would lead to a lack of Ag in the (

√
3×√3)-R 30◦

reconstruction. For a reduction of roughly 10% or more, it can be expected that other
surface reconstructions with lower Ag coverage would form locally and coexist with
the (

√
3×√3)-R 30◦, which can be ruled out from μ-LEED experiments, as mentioned

above.

Additional SPA-LEED experiments, which are shown in figure 6.15, further support
this assumption. Whereas no indication for Ag incorporation or desorption can be found
from LEED patterns, LEED provides evidence for lattice relaxation. The LEED pattern
in figure 6.15 (b) shows the surface reconstruction after Ge growth on Ag/Si(111)-
(
√
3×√3)-R 30◦. All diffraction spots, except for the (00) spot, are split. For integer

order spots, a comparison to the initial (7×7)-pattern in figure 6.15 reveals, that the
additional spots appear at positions somewhat closer to the (00) spot, indicating an
additional surface phase with slightly larger in-plane lattice constant. This can be
attributed to a partial relaxation of the Ge 3D islands. The degree of relaxation can be
deduced from figure 6.15 (c), where a high-resolution line scan along the (01) direction
through the spot indicated in (b) is shown. The splitting of the first order integer spot
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6.3 Ge growth on Ag-covered Si(111)

is determined to be (2.7± 0.1)% of the SBZ, corresponding to a lateral lattice constant
which is 1/(1− 0.027) = 1.028 times larger than that of silicon. Thus, assuming that
Ge/Si intermixing is negligible, around (66± 3)% of the 4.2% lattice mismatch between
Ge and Si have been relaxed in the Ge islands.2 This value is comparable to values
determined for Sb or Bi as surfactants [SKC+05, SKF+06].

In the line scan in figure 6.15 (d), which was taken at a third order spot, also a
splitting is obvious. While the reduced absolute splitting is explained by the smaller
distance of this spot to the (00) spot, the presence of a relaxed component at this
superstructure spot proves that the relaxed Ge islands also exhibit a (

√
3×√3)-R 30◦-

reconstruction. Coming back to the XPEEM results, the lattice relaxation detected
with LEED can explain a slightly decreased Ag 3d5/2 intensity on the Ge islands. Owing
to lattice relaxation, the Ge islands have a larger surface unit mesh than the wetting
layer, whereas the surface reconstruction and, thus, the number of Ag atoms per unit
cell remains constant. From these considerations, it can be deduced that the density
of Ag atoms on the islands is reduced by (5.6± 0.3)% compared to the wetting layer,
which shows the same trend as the XPEEM results.

In figure 6.16 SEM images obtained after Ge growth on Ag/Si(111)-(
√
3×√3)-R 30◦

at different temperatures are depicted. In order to prevent Ag desorption during Ge
growth at higher temperatures Ag was deposited during Ge growth for this sample
series. Since different substrates with a larger miscut (0.2◦ instead of 0.05◦) from the
Si(111) orientation (cf. section 3.7) were chosen for these experiments, the samples have
smaller terraces compared to the LEEM samples. As a consequence, the Ge islands do
not exhibit an irregular shape as before and are rather elongated along one preferential
growth direction ([11̄0] direction). Thus, the islands grow along the substrate step-edges,
which exhibit the same preferential direction.

The island sizes increase along the preferential direction with the growth temperature,
whereas the sizes in the perpendicular direction stay nearly constant. At a growth
temperature of 600 ◦C values of up to (4.8 ± 0.9)μm in [112̄] and (32.4 ± 0.9)μm in
[11̄0] direction are determined. An electro migration caused by a heating of the samples
with direct current can be excluded as a reason for the island shape anisotropy, since
the samples were not mounted equally on the sample holders and, thus, the current
flow direction was different for different samples. However, for increasing temperature
the islands tend to fray more and more. 3 This effect is preferentially observed on one
edge of the sample and could be explained by increased interdiffusion of Si into the
Ge islands. Due to the changing of the composition of the islands also many material

2At least in the limits of SPA-LEED, where only the signal from the few uppermost layers is
detected.

3Moreover, it gets obvious that the outline of the Ge islands for the LEEM sample (as to fraying
of the island edges) is comparable to samples where a lower temperature by 50 to 100 ◦C has been
determined (cf. figure 6.16 (a) and (b)). This effect of deviations in the determination of the sample
temperature has also been observed at other experiments as well. This can either be explained by the
employment of different pyrometers (cf. section 3.7) or by unintended coverage of the windows at the
UHV-setups with evaporated material and, thus, a reduced transmission of the infra-red waves which
are used for temperature determination with pyrometers.
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Figure 6.16: Scanning electron micrographs taken after Ge deposition on Ag/Si(111)-
(
√
3×√3)-R 30◦ at different temperatures. The growth temperatures, the Ge deposits

and the fields of view are indicated in each frame (from [Kub11]).

properties like surface free energy, line energy of the step edges or diffusion barriers
change, leading to a change in the morphology of the island for increasing intermixing.

The Ge exposures in the frames (a) to (e) are comparable to each other, but
significantly larger than for the LEEM experiments. It gets obvious that the islands
coalesce at some point, when the coverage on the surface is large enough. Thus, it can
be assumed that a complete layer of Ge can be reached for extended Ge deposition.

Island coalescence and film growth

Figure 6.17 (a) depicts the surface morphology for a Ge deposit of ΘGe = 20.7BL.
At this growth stage, a partial coalescence of the islands has occurred. On top of
the islands, lines with a dark contrast are visible, which is better to be seen in the
higher-magnification image in figure 6.17 (b) which is shown with an increased grey-
scale contrast. These lines are preferentially running along directions that can be
attributed to the threefold symmetry of the surface. At present, it is not clear whether
these lines correspond to step edges or step bunches on the islands’ top facets, or
whether they indicate grain boundaries or other extended defects. To address this issue,
complementary information from x-ray diffraction and transmission electron microscopy
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Figure 6.17: BF-LEEM
images after growth of
20.7BL Ge on Ag/Si(111)-
(
√
3×√3)-R 30◦ at 480◦C.

In (a) much larger field
of view is chosen to give
a good overview of the
surface morphology. The
image in frame (b) is
displayed at increased
grey-scale contrast.

will be needed and are shown later in section 6.3.2.

The island coalescence observed in figure 6.17 suggests that the whole surface will
be covered by a Ge film upon prolonged deposition. This has been investigated in more
detail by means of SPA-LEED, as shown in figure 6.18 (a). During Ge deposition at
440◦C, diffraction profiles similar to the one shown in figure 6.15 (c) were recorded
at the Si(10) reflection at 80 eV electron energy. At the beginning of the deposition,
there is only one spot at 100% SBZ which is associated with the bare Si surface or the
pseudomorphically strained Ge wetting layer. Its integral intensity in dependence of
the total Ge deposit ΘGe is shown in the curve labeled “Si(10)” in figure 6.18 (a). At
the initial stage, the Si(10) intensity drops very rapidly, which is mainly attributed to a
change of the form factor upon Ge wetting layer formation. An additional contribution
to the initial intensity decrease might originate from a high density of diffusing Ge
adatoms, which lead to diffuse scattering [TR93, SFG+07] and, therefore, to a reduction
of the Si(10) intensity. From ΘGe = 0 to the pronounced minimum at ΘGe = 2.7BL the
Si(10) intensity is diminished by a factor of about 10. This dip indicates the onset of
Ge island formation, as can be deduced as follows.

Firstly, for ΘGe > 2.7BL, a second peak can be resolved in the diffraction profiles at
|K‖| < 100% SBZ, similar to figure 6.15 (c). As explained above, this spot is attributed
to partially relaxed Ge islands. The integral intensity of this spot is depicted in the
curve labeled “Ge(10)” in figure 6.18 (a). It shows a strong increase up to ΘGe ≈ 55BL,
indicating that the surface is progressively covered with Ge islands. Secondly, as shown
in the discussion of the LEEM and XPEEM data above, the wetting layer becomes
locally slightly thinner after Ge island nucleation. In regard of the strong decrease
of the Si(10) intensity by one order of magnitude at ΘGe < 2.7BL, a slight increase
as observed for ΘGe > 2.7BL is in agreement with a local thinning of the wetting
layer in the vicinity of Ge islands. Thirdly, the density of diffusing Ge adatoms can be
expected to be reduced in presence of relaxed Ge islands, which offer energetically more
favorable incorporation sites than a strained wetting layer. This might also contribute
to the increase of the Si(10) intensity from the wetting layer after the onset of Ge
island formation. For these three reasons it is concluded that the critical wetting layer
thickness for island formation is around Θc ≈ 2.7BL, which is in the range of the
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Figure 6.18: (a) Evo-
lution of the integral
intensity of the Si(10)
and the Ge(10) LEED
spot at 80 eV dur-
ing Ge deposition on
Ag/Si(111)-(

√
3×√3)-

R 30◦ at 440◦C. Both
curves have been scaled
differently for display
reasons. Frames (b)
and (c) show the LEED
pattern after growth in
the vicinity of the (00)
spot at 80 eV and 84
eV, respectively.
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For ΘGe > 2.7BL, the Si(10) intensity increase that is attributed to wetting layer
thinning and adatom condensation competes with the Si(10) intensity decrease due to
Ge island growth. Since the Ge islands exhibit a different lattice constant and extend
over an increasing fraction of the surface area, as evidenced by the “Ge(10)” curve,
the fraction of the surface which contributes to the Si(10) spot is reduced. This effect
becomes dominant for ΘGe > 6BL, where the Si(10) intensity decreases monotonically.
The intensity vanishes completely at a Ge deposit of around 90BL, which indicates that
at this coverage a contiguous Ge film has formed under the present growth conditions.
In turn, one would expect the Ge(10) intensity to increase up to ΘGe ≈ 90BL. However,
it saturates already at about 55BL and even decreases for still higher Ge deposits.
Though a long-term drift of the emission current of the electron gun of the SPA-LEED
instrument cannot be completely ruled out as an explanation, it seems more likely
that defect formation and/or surface roughness on the Ge islands is the reason for the
unexpectedly low Ge(10) intensity at higher coverages.

Some evidence for surface roughness can be found from the diffraction patterns
in figure 6.18 (b) and (c). Here, additional spots appear in the vicinity of the (00)
reflection which move when the electron energy is changed. Hence, these spots are
identified as facet spots. No such facet spots could be detected, e.g., for the sample
shown in figure 6.15, i.e., at a rather early stage of growth. Though the facet formation
observed after prolonged growth is presently not completely understood, a possible
explanation could be that it is driven by the residual strain in the Ge island layer.
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Figure 6.19: Reciprocal space maps in the Q‖-Q‖ plane in the vicinity of the (2̄2̄4)
reflection [i.e., near the (3̄0)-CTR atQ⊥ ≈ 0.07 r.l.u. = 0.07·(2π/3.136Å) ] for Ge islands
grown at 400◦C (a) and 550◦C (b) on

√
3×√3-R 30◦-Ag terminated Si(111). The scale

is given in reciprocal lattice units (r.l.u., where 1 r.l.u. = 2π/
(
a0 ·

√
3
8

)
= 2π/3.326 Å ).

In (c) the temperature dependence of the reciprocal lateral Ge lattice parameter a∗‖,Ge

in units of the reciprocal lateral Si lattice parameter a∗‖,Si, as determined from XRD
and SPA-LEED measurements, is shown.

Strain state, defects and chemical composition

For a more detailed compositional and strain state analysis, a series of samples was
investigated by means of GIXRD and TEM.4 The Ge and Ag growth temperature TG

was varied from 400◦C to 600◦C for this sample series, whereas the total Ge deposit of
about 10BL and the evaporator flux rates were kept constant throughout the sample
series. Ag co-deposition was applied during Ge growth in order to prevent Ag desorption
at more elevated TG.

In figure 6.19, reciprocal space maps (RSMs) in the Q‖ −Q‖ plane in the vicinity
of the (224̄) Bragg reflection are shown for different TG. As can, e.g., be seen from
figure. 4.5, this Bragg reflection is located on the (3̄0) crystal truncation rod (CTR) at
l = 0, i.e., it has a vanishing scattering component Q⊥ perpendicular to the surface.
Therefore, the bright spot at h = −3 in the RSMs shown in figure 6.19 (a) and (b)
does not represent the Si(224̄) Bragg reflection, but rather the intersection of the Si(3̄0)
CTR with the plane of the RSM which was taken at l ≈ 0.07. The elongated shape
of the Si(3̄0) CTR in the RSMs in figure 6.19 (a)–(c) is caused by the rather large

4The TEM measurements and data analysis were performed by Knut Müller from the Electron
Microscopy Group of the University of Bremen.
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footprint of the beam on the sample and can therefore be considered as an instrumental
broadening. At smaller values of |h|, another bright spot occurs which is identified
as the Ge(3̄0) CTR. For 400◦C, it is found at h ≈ −2.90. Besides the two prominent
CTRs, rather weak spots can be recognized which have been marked with black arrows
in figure 6.19 (a) and (b).

Such an array of satellite spots is typical of periodic lattice distortions induced by an
ordered hexagonal network of interfacial misfit dislocations (MDs) [HPF+93, HAP+93,
JDH01], as has been demonstrated in earlier GIXRD studies for Ge films grown by
Sb surfactant mediated epitaxy (SME) [SKC+05, SKF+06]. At TG=500

◦C, the Ge(3̄0)
CTR becomes narrower and shifts slightly towards the Si(3̄0) CTR, while the array of
satellite spots is still clearly visible (cf. figure 6.19 (b)).5 For a growth temperature
of 600◦C (not shown here) the Ge CTR is still further shifted towards the Si CTR.
Satellite spots, however, can hardly be identified for TG=600

◦C.

From the position of the Ge spot in Q‖ direction, the lateral reciprocal lattice
parameter a∗‖,Ge can be directly determined. Figure 6.19 (c) shows a

∗
‖,Ge as determined

from GIXRD in dependence of the growth temperature. As already seen qualitatively
from the visual inspection of the RSMs in figure 6.19 (a) and (b), there is a monotonic
increase of a∗‖,Ge in the temperature range investigated here. For comparison, according

SPA-LEED results from the same sample series are superimposed in figure 6.19 (c).
Obviously, within the experimental uncertainty, there is a very good agreement between
the GIXRD and the SPA-LEED data. Since SPA-LEED only probes the few uppermost
atomic layers, whereas GIXRD averages over the whole volume of the islands, this
agreement implies that the Ge lattice constant is quite homogeneous across the islands’
height. This points to a strain relaxation mechanism that acts at the Ge/Si interface and,
therefore, provides further support for the presence of an interfacial misfit dislocation
network.

The increase of a∗‖,Ge shown in figure 6.19 (c) could, at first glance, be interpreted

by a corresponding increase in strain, as has been argued for Sb SME of Ge/Si(111)
[SKF+06]. In that case, a∗‖,Ge/a

∗
‖,Si increased from 0.966 to 0.970 in the temperature

range from 465◦C to 635◦C. This has been explained in terms of a reduction of the strain
energy w = 〈ε〉2 + σ2

ε despite of an increased average strain 〈ε〉. This has been shown
to be possible if, as 〈ε〉 increases, the disorder of the dislocation network and, thus,
the standard deviation of the strain distribution σε is strongly suppressed [SKF

+06].
The transition from an disordered to an ordered MD network in case of Sb SME was
concluded from the fact that the satellite spots were diffuse and hardly visible for
TG<500

◦C and became sharper and more intense at higher temperatures. In the present
case of Ge growth on Ag terminated Si(111), such a transition cannot be identified from
the data shown in figure 6.19 (a) and (b), since satellite spots can clearly be resolved
already at 400◦C. Moreover, the increase of a∗‖,Ge shown in figure 6.19 (c) is much larger
than in the case of Sb SME. Hence, the development of a∗‖,Ge cannot be explained in

terms of strain alone, but Ge/Si intermixing has to be taken into account as well.

5However, due to the presence of islands and, thus, an unclosed layer, not all satellite spots are
visible and their hexagonal arrangement is not clearly visible.
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Figure 6.20: Reciprocal space maps in the Q‖-Q⊥ plane, showing the Ge(20) CTR, for

Ge islands grown at 400◦C (a) and 550◦C (b) on
√
3×√3-R 30◦-Ag terminated Si(111).

The scale is given in reciprocal lattice units (r.l.u., where 1 r.l.u. = 2π/
(
a0 ·

√
1
3

)
=

2π/3.136 Å in Q⊥-direction and 1 r.l.u. = 2π/3.326 Å in Q‖-direction). In (c) the
temperature dependence of the reciprocal vertical Ge lattice parameter a∗⊥,Ge in units
of the reciprocal lateral Si lattice parameter a∗⊥,Si is shown.

The importance of Ge/Si intermixing is corroborated by the analysis of the average
vertical lattice parameters, which have been determined from Q‖ −Q⊥ RSMs recorded
along the Ge(20) CTR, such as the ones shown in figure 6.20 (a) and (b) for TG=400

◦C
and TG=550

◦C, respectively. Here, a tail of the Si(331̄) reflection, which is not located
exactly in the planes represented by the RSMs, appears at l = 5/3 (cf. figure 4.5). The
Ge(331̄) Bragg spot appears at l = 1.596 for TG=400

◦C and at slightly higher l for
TG=550

◦C. The dependence of the vertical reciprocal lattice parameter a∗⊥,Ge on the
growth temperature is shown in figure 6.20 (c). Obviously, it increases monotonically
with increasing TG. Hence, with increasing temperature both the lateral and the vertical
lattice parameter of the Ge islands shift towards the Si bulk value. This can only be
explained by progressive Ge/Si intermixing. If the islands would consist of pure Ge for
all growth temperatures, then an increase in a∗‖,Ge should, as an elastic response, be
accompanied by a decrease of a∗⊥,Ge and vice versa.

Using elastic theory, the strain state and composition can be quantitatively de-
termined from the observed lateral and vertical lattice parameters, if Vegard’s law is
assumed for the bulk lattice parameter abulk(x) of a Ge1−xSix alloy is assumed:

abulk(x) = abulkGe · (1− x) + abulkSi · x , (6.3)
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(a) (b) (c)

Figure 6.21: Growth temperature dependence of the calculated Ge concentration
(a) and strain parameter γ (b) in the grown structures. In (c) the values for the
vertical reciprocal lattice parameters (cf. figure 6.20) are plotted over the lateral lattice
parameters (cf. figure 6.19) and a so-called tension triangle is drawn in the graph. All
possible values of the lattice parameters of a Ge structure grown on a Si(111) substrate
lie in this triangle.

as well as a similar linear relationship for the elastic compliances:

cij(x) = cij,Ge · (1− x) + cij,Si · x . (6.4)

After transforming the strain tensor into the (111) reference frame, the vertical strain
component, and accordingly the vertical lattice parameter can be calculated for a given
lateral lattice parameter in dependence of the Si content x, and thus in dependence of
the strain parameter

γ =
a‖ − abulk‖ (x)

abulk‖,Si − abulk‖ (x)
, (6.5)

where γ = 0 corresponds to completely relaxed Ge1−xSix and γ = 1 to pseudomorphically
strained Ge1−xSix. By comparison of the calculated to the experimental data, x and γ
are determined. The results are shown in figure 6.21 (a). Virtually no Si is incorporated
into the islands at a growth temperature of 400◦C, whereas the Si concentration is
increased to cSi = 39% at 600◦C. For the strain parameter, values between 0.11 and
0.17 are obtained. However, there is no clear tendency in dependence on TG. Within
the error bar, γ could be considered constant within the investigated temperature range,
and the change of the Ge Bragg spot positions described above to be almost solely
caused by Ge/Si intermixing. Nevertheless, the GIXRD strain state analysis reveals
that in average more than 80% of the strain induced by lattice mismatch is relieved in
the islands. This behavior is pictured in more detail in figure 6.21 (c) where the values
for the vertical reciprocal lattice parameters (cf. 6.20) are plotted over the vertical
lattice parameter and a so-called tension triangle is superimposed. All possible values
of the lattice parameters must lie inside this triangle. The three corners of the triangle
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Figure 6.22: (a): Growth
temperature dependence of
the fraction of twinned Ge
in the grown layer. In
(b) the dependence of the
peak width (average of the
FWHMs in [11̄0] and [112̄]
direction) of the Ge(333̄)
spots on the growth temper-
ature is depicted.

are determined by the Si bulk value at a∗‖,Ge/a
∗
‖,Si = a∗⊥,Ge/a

∗
⊥,Si = 1, the Ge bulk value

at a∗‖,Ge/a
∗
‖,Si = a∗⊥,Ge/a

∗
⊥,Si = 1/1.042 = 0.9597, and by the value for pseudomorphically

grown Ge at a∗‖,Ge/a
∗
‖,Si = 1 and a∗⊥,Ge/a

∗
⊥,Si = 0.9454. The blue and red lines indicate

planes of equal Ge content and equal strain parameter γ, respectively.

Turning back to the RSMs shown in figure 6.20, it is noteworthy that no thickness
fringes are observed along the Ge(20) CTR. Such thickness oscillations are expected for
a smooth Ge film of uniform thickness and have been reported for Sb and Bi mediated
Ge growth on Si(111) [SKC+05, SFM+99]. Since from the LEED and LEEM results
discussed in the previous sections it can be assumed that the islands exhibit smooth
(111) top facets, the lack of thickness fringes can be attributed to a relatively broad
distribution of island heights.

An additional Bragg spot appears on the Ge(20) CTR of all samples at l ≈ 1.3,
to be seen at the bottom part of the RSMs in figure 6.20. For the diamond crystal
structure, no such Bragg structure is expected. The vertical position of this spot
corresponds to that of the Ge(004) Bragg reflection located on the Ge(2̄0) CTR (cf.
figure 4.5). Therefore, it is concluded that the CTR intensity observed in the experiment
is a superposition of the Ge(20) CTR signal from regularly stacked (“A-type”) island
material and of the Ge(2̄0) CTR intensity from twinned (“B-type”) domains in the
islands, i.e., regions where the crystal structure is rotated by 180◦ around the (111)
direction with respect to the substrate lattice. The transition from A-type to B-type
stacking is accomplished by stacking faults in the (111) plane, as will be demonstrated
below.

Within the kinematic approximation, the integral diffracted intensity IA,B from the
A-type and B-type domains is proportional to the total volumes VA,B of the respective
domains and the structure factor |FA,B|2 of the respective Bragg reflection. Hence, an
estimate of the volume fraction of B-type material is given by

VB

VA + VB

=

(
1 +

∣∣∣∣FB

FA

∣∣∣∣
2
IA
IB

)−1
. (6.6)
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The integral intensities IA and IB have been determined from scans along the Ge(20)
CTR, such as shown in figure 6.20, and additional scans in the Q‖-Q‖ planes (not shown
here) at the Q⊥ positions of the corresponding Bragg spots. Regarding the structure
factor ratio FA/FB, it was assumed that the chemical composition of A-type and B-type
domains are the same, which is justified by the fact that the lateral and vertical lattice
parameters of both domains coincide with each other within the experimental resolution
(not shown here). The results for the twinned volume fraction determined according
to equation (6.6) are presented in figure 6.22 (a). It is obvious that at low growth
temperatures about half of the material in the islands is of B type, which implies a
dramatically reduced crystal quality. From TG=550

◦C to TG=600
◦C, however, the

fraction of B-type material is significantly decreased. This is understood in terms of
thermal activation, which at higher TG prevents the formation of stacking faults that
occurs, conversely, due kinetic limitations at lower TG.

The slight increase of the twinned material at medium temperatures, which might
be identified from figure 6.22 (a) could be explained by the onset of Ge/Si intermixing
that has been evidenced above. In a growth regime where the Ge crystal quality is
kinetically limited, increasing incorporation of (less mobile) Si can be expected to lead to
further enhanced defect formation. Moreover, stacking fault formation can be expected
to be enhanced for increasing Si content from an energetic point of view, since the
stacking fault energy of Si is only around half of that of Ge [DH87]. Both the kinetic
and energetic favoring of stacking fault formation with increasing Si content (relative
to pure Ge) could also explain the still relatively high B-type fraction of about 20%
at 600◦C. For comparison, hardly any twins (below about 1% volume fraction) were
observed at TG=600

◦C in case of Sb mediated SME [SKC+05], where Ge/Si intermixing
is negligible [HCT+94, ZKH99].

In figure 6.23 (a) a high resolution TEM image (HRTEM) in [11̄0] zone axis for a
sample prepared at 550◦C is given. In the upper part of the micrograph the boundaries
of a Ge island are visible. On the left edge the island exhibits a side facet with a
projected angle of about 40◦ to the [111] surface normal, which was not able to be
resolved in the LEEM images on a similarly prepared sample (cf. e.g. figure 6.13).
Since the TEM image only shows a 2D projection of the sample in [11̄0] direction no
clear conclusion for the facet direction can be made.

In the shown sample area three MDs, marked with green boxes, with an averaged
distance of roughly 12.5 nm can be identified. For a better illustration of the defects
in the grown structures the whole HRTEM image in (a) was Fourier transformed
yielding the diffractogramm in (b) which comprises, in contrast to a diffraction pattern,
information about the geometric phase of the real-space image. Around the first order
spots, which originate from according lattice planes in real space, smaller spots are
visible that can be assigned to twins in the grown structures. For comparison, the inset
in figure 6.23 (b) shows a diffractogramm that was generated from the lower part in (a)
and, thus, from the Si substrate. Here, no twin spots can be seen. The diffractogramm
in (b) was then inversely Fourier transformed and only the (000) and one other spot
(here: (111̄)) were used, gaining the Fourier-filtered image in (c) that shows a zoom into
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Figure 6.23: In (a) a high-resolution transmission electron microscopy (HR-TEM)
image of one Ge island for a sample prepared at 550◦C is given in [11̄0] zone axis. The
inset shows a zoomed region with a dislocation at the interface between Si substrate
and grown Ge structure. In (b) a diffractogramm gained by Fourier transform of the
whole TEM image in (a) is shown (For comparison, the inset shows a diffractogramm
of the lower part of the image in (a) and, hence, only of the Si substrate.). For a
better illustration of stacking faults (red lines) and dislocations (yellow circles), the
diffractogramm in (b) was inversely Fourier transformed using only the (000) and the
(111̄) reflection, resulting in the filtered TEM image in (c).
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Figure 6.24: Illustration of the locally determined lateral (a) and vertical (b) lattice
parameters in units of the lattice distances of bulk Si for the sample area shown in
figure 6.23.

the region in the yellow box in (a). Additionally, a Wiener noise filter was applied to the
images to improve the detection of the lattice fringe (LF) maxima. The (111̄) LFs and
the defects in the crystal structure can, thus, be nicely identified in this Fourier-filtered
image. In the lower part of figure 6.23 (c), at the interface between substrate and
film, the two rightmost MDs of frame (a) are visualized and illustrated by the yellow
circles and the blue lines. In the upper half of the circle one LF is missing and, thus, a
MD is induced, whereat the defect penetrates through the sample in [11̄0] (zone axis)
direction. Moreover, in the upper part of the image twinned regions are depicted which
are illustrated by the red lines. The LFs in the direction of the line indicated with ’twin’
are rotated by 180◦ around the [111] direction to the other LFs which originate from
(111̄) lattice planes. In the upper left part a superposition of signals from regularly
stacked and twinned material is given, which results from the 2D projection of the atom
columns in [11̄0] (zone axis) direction.

The distances of the (111̄) LFs (cf. figure 6.23 (c)) and the (111) LFs were determined
with a method based on the programme DALI (Digital analysis of HRTEM lattice
images) by Rosenauer et al. [RKR+96, RRG+97]. The results were then plotted in
so-called color maps. One example of these maps is shown in figure 6.24 (a) and (b) for
the sample area of figure 6.23 (a) for lateral and vertical lattice distances, respectively.
In these maps a value of 1 (green color) represents the bulk Si lattice parameter and a
value of 1.042 (orange color) represents the bulk Ge lattice parameter. By knowledge of
the locally determined values of the lateral and vertical parameters6, it is possible to
calculate the Ge compositions inside the islands locally and plot the results in so-called
composition maps. One of such maps is depicted in figure 6.25 (a) for the sample

6The sample is assumed to be fully relaxed in zone axis, which is a good approximation as the
sample thickness is well below 100 nm. Hence, together with the two experimentally determined ones,
values for lattice parameters in all three dimensions are deduced.
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Figure 6.25: (a): Composition map, gained from the locally determined lateral and
vertical lattice parameters (cf. figure 6.24), for Ge islands grown at 550◦C. A value of 0
(blue color) is equivalent to pure Si and a value of 1 (red color) equivalent to pure Ge.
(b)–(d): Ge content as a function of the position in (111) direction.

shown in figures 6.23 and 6.24. A value of 0 (blue color) is equivalent to 0% Ge and a
value of 1 (red color) equivalent to 100% Ge. In the inset in figure 6.25 (a) a zoom
into the sample area marked with the white rectangle is shown. Here, an interface
between one A-type and one B-type domain is depicted, which leads to a distortion in
the determination of the lattice fringe distances and, thus, to a slightly too high value
for the Ge content at this vertical position.

For samples grown at 400, 450 and 550◦C the Ge content is plotted as a function of
the position in (111) direction in figure 6.25 (b)-(d). All samples have some common
characteristics. Obviously, the interface is not atomically flat, as can be seen from
the rather wide regions, where the Ge content increases slowly. Above the interface
region for all samples a more or less equal content of Ge is found up to the top of
the layer. However, no clear trend is visible for the interface thickness. A rather low
value of around 4 nm is found for the sample prepared at 400◦C (see frame (b)), the
highest value of around 5 nm is observed at the sample prepared at 450◦C (see frame
(c)). In both cases the average Ge content above the interface is in the range of 100%.
The only difference between these two samples is the thickness of the interface, which
results in a slightly reduced overall Ge content inside the Ge1−xSix structure prepared
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at 450◦C, being in good accordance to the values gained by XRD (cf. figure 6.21 (a)).
A different situation is found for the sample prepared at 550◦C. While the interface is
rather sharp (around 3 nm), Si can be found in the whole island in vertical direction.
Thus, the maximal Ge content above the interface does not exceed 80%. At this
point it has to be mentioned that the values for the interface determined with this
method are rather overestimated. The distances of the lattice fringes are determined
by plotting cosine functions to the images (cf. [Mül11]). Especially in regions where
huge gradients appear (i.e. at interfaces) the values are strongly distorted, which is
also accounted for by the large error bars in this region. To be able to determine more
accurate values of the interface thicknesses, additional XRD measurements on samples
with closed adsorbate layers, where thickness oscillations can be found on the CTRs (cf.
[SFM+99, SKC+05, Cla06]), would be needed.

However, in conclusion, the TEM data are in good agreement with the results gained
from XRD. In contrast to other surfactant materials, Ag leads to a significant Ge/Si
intermixing for elevated growth temperatures, whereas already at low temperatures
strain in the grown structures can effectively be reduced by the formation of an ordered
array of MDs.

6.4 Influence of Ag-induced facets on the Ge growth

on Si(112) and Si(113)

The results on the Ge growth on Ag/Si(113) were already published in publication
II, whereas the Ge growth on Ag/Si(112) has been covered in the master thesis of I.
Heidmann [Hei10].

In figure 6.26 (a-e) LEEM images at different stages of Ge growth on a Ag-faceted
Si(113) surface are shown. First, a Ge wetting layer is formed, but the Ag-induced facets
are still maintained. At a coverage of around 5ML113 Ge islands start to nucleate. The
island density increases rapidly up to a coverage of around 8ML113. After subsequent
growth the Ge grows nicely along the direction of the facets. The resulting islands (see
figure 6.26 (f)) are well aligned along the direction of facets and are anisotropic with
the longer edge in [11̄0] direction and the shorter edge in [332̄] direction. The island
sizes range from 50 to 100 nm in [332̄] and from 150 to 400 nm in [11̄0], resulting in an
aspect ratio of roughly 4:1.

Anisotropic Ge islands can also be grown on bare Si(113) surfaces. It is remarkable,
though, that for growth on the bare surface the wire-like Ge islands are extending along
the [332̄] direction and are narrow in [11̄0] direction, whereas after Ag saturation, as
shown here, it is vice versa. The island density can be reduced by a factor of 3 to 5
for the growth on Ag-covered Si(113) in comparison to bare Si(113) [Cla06]. Thus, the
diffusion length is significantly increased and the activation energy decreased for the
case of Ge/Ag/Si(112). This is in strong contrast to, e.g. the growth on Ga-covered
Si(113), where a strong increase of the island density and, thus, a strong decrease of
the diffusion length in comparison to the growth on the bare surface could be achieved
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Figure 6.26: LEEM images during (a-e) and after (f) Ge deposition on Ag-covered
Si(113) surface at a temperature of 400◦C. The latter image was taken at room temper-
ature.

[Cla06, SCF+07].

However, some of the islands in figure 6.26 change from a wire-like shape to a rather
isotropic shape (see island in red circles). In LEEM images these islands exhibit edges
with a darker contrast than before. This can be attributed to different island side facets
which do not contribute to the LEEM intensity at the chosen electron energy. It is
supposed that the length scale of the nanofacet periodicity is one key parameter for the
degree of alignment that can be achieved, and hence for the island anisotropy, since
Ge growth on a shorter-period Ga-induced facet array results in a weaker alignment
and rather isotropic island shapes, which was, e.g. demonstrated for Ge growth on a
Ga-faceted Si(113) surface [Spe07].

The importance of well-chosen growth conditions, especially the growth temperature
of Ag and Ge, is demonstrated for the Ge growth on Ag-induced facets on the Si(112)
surface. In figure 6.27 (a) and (b) two LEEM images after Ge growth at 475◦C and
425◦C are shown, respectively. In both cases the Ag deposition temperature was chosen
to 600◦C, which was the highest possible temperature to achieve an ordered Ag facet
array before the desorption rate from the surface is too high [Hei10]. Thus, the facet
periodicity of roughly 40 nm in [111̄] direction is also the largest that could be achieved.
At the lower Ge growth temperature, i.e. where smaller Ge islands are expected due to
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Figure 6.27: LEEM im-
ages of Ge islands grown at
475◦C (a) and 425◦C (b) on
Si(112) after Ag adsorption
at 600◦C (from [Hei10]).
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a lower diffusion length, a much stronger influence of the Ag-induced facets is obvious.
Most of the islands shown in the corresponding LEEM image in figure 6.27 (b) have
an anisotropic, wire-like shape with the longer edge along the direction of the facets,
whereas most of the islands at the higher growth temperature tend to grow across
the facets and, thus, exhibit a rather triangular shape. The islands in the latter case
have a shape similar to the islands on Ga-covered Si(113), if the facet periodicity
is chosen too small for the Ge island sizes [Spe07], whereas the islands at the lower
growth temperature are much more similar to the previously presented Ge islands on
Ag/Si(113). These nanowires have an extent up to 600 nm along the direction of the
facets with a very high aspect ratio of up to 10:1, which is 2.5 times higher than for Ge
nanowires on Ag/Si(113).

6.5 Summary

In low-energy electron microscopy images of the Ag/Si(111)-(
√
3×√3)-R 30◦ surface

with Ag-saturation coverage (i.e., 1ML) a maze-like structure is observed, which is
attributed to internal bilayer steps of the (

√
3×√3)-R 30◦-Ag reconstruction. Ge growth

on such a surface differs significantly from the growth of Ge on Si(111)-(7×7). Already
the formation of the Ge wetting layer is different from the growth on bare Si substrates
since a heterogeneous wetting layer nucleation is observed, where the internal steps of
the maze structure act as nucleation centers. After the trenches of the maze structure
are filled with Ge, the next Ge layer exhibits a modified step-flow growth, which follows
the trenches of the maze structure.

Upon prolonged Ge growth, the formation of huge islands with a typical diameter
in the range of tens of μm is observed. The respective island density for a sample
prepared at 500◦C is about 5× 105 cm−2 and is, thus, around three orders of magnitude
lower compared to Ge growth on the bare Si(111) surface. Hence, a drastic increase
of the diffusion length is deduced. This is in strong contrast to commonly used group
V surfactant materials like As, Sb, or Bi which tend to reduce the effective diffusion
length [SERB98, VZWB95]. In in-situ low-energy electron microscopy images it is seen
that the Ge islands coalesce after the deposition of several bilayer Ge. From additional
spot-profile analysis low-energy electron diffraction experiments it is concluded that a
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complete Ge film cannot be expected before a deposition of 90BLs, being equivalent to
a film thickness of around 28 nm.

In grazing-incidence x-ray diffraction measurements both the lateral and vertical
reciprocal lattice constants of the Ge islands are found to increase monotonically with
growth temperature in the investigated temperature range of 400 to 600◦C. This is
explained by progressive Ge/Si intermixing. While virtually no Si is found in the Ge
structures grown at 400◦C, this value is increased to around 40% at 600◦C. The residual
strain inside the layers stays nearly constant over the whole temperature range. The
reduction of the strain is achieved by the formation of a regular network of misfit
dislocations at the interface between Ge1−xSix layer and Si substrate, which becomes
already effective at low growth temperatures.

By the occurrence of additional spots on the crystal truncation rods, the formation
of twins (i.e., regions in which the material is rotated around the (111) axis by 180◦

compared to regularly stacked material) is deduced. The volume fraction of such B-type
domains compared to regularly stacked A-type domains is in the range of 50% for
temperatures up to 550◦C, reducing the crystalline quality of the layer significantly.
From 550◦C to 600◦C the fraction of B-type material is strongly reduced to around
20%, which is explained by thermal activation that prevents the formation of stacking
faults at higher growth temperatures.

Complementary transmission electron microscopy measurements show a spatially
resolved distribution of the Ge content and the twins inside the islands. From the
direction and projected length onto the zone axis in [11̄0] direction the misfit dislocations
at the Ge/Si interface are determined to be perfect 60◦ dislocations with Burgers vectors
�b = a0/2 · 〈101̄〉. From a lattice fringe analysis the composition in the Ge structures is
determined locally and for all temperatures no atomically sharp interfaces are found.
Instead the Ge content increases slowly in (111) direction within the first few nanometers.
The maximal Ge content is around 100% for the lower growth temperatures, whereas
for a temperature of 550◦C the Ge content does not exceed 70% even at the topmost
layer of the Ge1−xSix structure.

A completely different situation is found for the Ge growth on the Ag-covered
high-index surfaces Si(112) and Si(113). In both cases Ag-adsorption on the clean
surfaces leads to the formation of a regular array of alternating facets along the [11̄0]
direction, the sizes of which are strongly dependent on the growth temperature. In
reciprocal space maps on both Ag-covered Si surfaces only rods which are inclined
towards the surface normal can be found but no rods perpendicular to the surface
planes, indicating that both Si surfaces are completely decomposed into Ag-induced
facets.

On the Si(113) surface the rods show an inclination angle of roughly 30 and 10◦,
respectively. The corresponding facets are, thus, in (111) and (115) orientation. The
(111) facets exhibit a (

√
3×√3)-R 30◦-reconstruction and the (115) facets an ambiguous

(2×n) reconstruction, where a (2×1) reconstruction is supposed. The corresponding
facets have a maximal periodicity in [332̄] direction of around (55± 4) nm at a growth
temperature of 560◦C.

135



Chapter 6: Influence of Ag-adsorption on Ge growth on Ag/Si(11n)

The initially faceted Si(112) structure undergoes two phase transitions until a
phase with a regular array of alternating (111) and (113) facets is reached, where their
orientations are again determined from the inclination of the corresponding diffraction
rods in reciprocal space maps. Low-energy electron diffraction patterns show a mixture
of (
√
3×√3)-R 30◦ and (3×1) reconstructions which belong to the (111) and (113) facets,

respectively. The maximum periodicity in [111̄] direction at a deposition temperature
of 600◦C is determined to be (39± 4) nm.

On Si(112) and Si(113) the arrays of nanofacets provide a well-suited substrate for
the growth of Ge nanowires along the direction of the facets. On Ag/Si(113) wires with
lengths up to 400 nm and an aspect ratio of 4:1 can be found, whereas the wires on the
Ag/Si(112) surface can reach lengths of up to 600 nm along the direction of the facets
and have an aspect ratio of up to 10:1.

From the occurrence of islands with a rather round or triangular shape, which is
pronounced at higher Ge growth temperatures, it is concluded that the length scale
of the nanofacet periodicity and the sizes of the Ge islands are key parameters for the
degree of alignment that can be achieved.
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Chapter 7

Conclusions and Outlook

Subject matter of this thesis has been the surfactant-mediated growth of Ge nanostruc-
tures on Si(111), Si(112), and Si(113). In general, two major topics have been covered.
The first one is the structural change of the Si(112) surface induced by the adsorption
of the group-III metals Ga and In, accompanied by their influence on the growth of
Ge. Additionally, for the first time, Ag has been employed as surfactant material. The
diverse structural modifications upon Ag adsorption on Si(111), Si(112), and Si(113) as
well as the extensive impact on Ge growth have been discussed.

For this purpose a variety of different, complementary experimental methods, obtain-
ing results in real and reciprocal space, have been utilized. The surface morphologies
and atomic reconstructions were analyzed in-situ using scanning tunneling microscopy,
low-energy electron diffraction and low-energy electron microscopy, while the chemi-
cal composition was measured with x-ray photoemission electron microscopy. X-ray
standing waves experiments, combined with density functional theory calculations,
were utilized to determine the individual adsorbate sites of Ga and In, respectively.
Additional information on the chemical composition as well as on strain and defects
in the Ge layers were gained by grazing-incidence x-ray diffraction and transmission
electron microscopy. Further ex-situ scanning electron microscopy experiments served
to analyze the surface morphology after Ge growth.

Regarding the first topic, a smoothing of the initially faceted Si(112) surface is
observed upon adsorption of either of the group-III metals Ga or In. Both elements
form two types of parallel metal rows on the surface, where the adsorbate atoms
in the one row occupy terrace/substitutional sites and the atoms of the other row
step-edge/adatom sites. Both metal-covered surfaces exhibit a mixture of (N×1)
reconstructions, consisting of building blocks of different sizes. On Ga/Si(112) mainly
(5×1) and (6×1) reconstructions are found, while on In/Si(112) (3×1) and (4×1) unit
cells are formed. The average building block size N for both surfaces is dependent on
(a) the deposition temperature of the respective metal and (b) on the surface coverage,
where the periodicities are higher for lower temperatures and for higher coverages,
respectively. This behavior can be understood by the presence of adsorbate vacancies
that are integral structural elements in the unit cells of both metal/Si(112) systems.
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For Ga/Si(112) two vacancies per unit cell, forming a continuous vacancy line, are
found, while only one vacancy is included in the In/Si(112) unit cell. An increase of
the coverage at constant temperature implies a reduced density of vacancies, which can
be achieved by an increase of the average building block size. Hence, an increase of
the deposition temperature has the same effect as a reduction of the coverage. With
increasing temperature the sticking coefficient of the adsorbate is reduced and the
desorption rate is increased, leading, in turn, to a higher density of adsorbate vacancies.
Based on low-energy electron diffraction and x-ray standing waves experiments as well
as density functional theory calculations, a novel structural model for In/Si(112) has
been proposed.

Upon Ge deposition on either Ga/Si(112) or In/Si(112), first wetting layers are
formed which exhibit very similar surface reconstructions as compared to the pure
metal/Si(112) systems. After the deposition of a few monolayers of Ge small islands
are formed. In case of Ge/Ga:Si(112), dash-like and, additionally, rather round islands
are formed for a growth temperature of around 500◦C, while at higher temperatures
Ge nanowires along the direction of the Ga rows are found. The islands’ sizes and
densities are strongly dependent on growth temperature; for the highest temperature
of 610◦C Ge wires with lengths of up to 2μm and an aspect ratio of 7:1 have been
observed. For Ge growth on In/Si(112), again rather round islands and islands with a
dash-like shape are observed at a growth temperature of 450◦C. When the temperature
is increased to 500◦C, islands are found, which are again elongated along the direction
of the In rows, but with a triangular outline. These islands are terminated by (112) top
and (111), (103), as well as (013) side facets, while they can reach lengths of 1μm and
more. The origin of the anisotropic island shapes for Ge on Ga/Si(112) and In/Si(112)
along one preferential direction is not clear, but is assumed to be diffusion anisotropy
or anisotropic strain relaxation.

For both, Ge on Ga/Si(112) and on In/Si(112) the island densities are decreased
for increasing growth temperatures and in both cases Arrhenius-like behaviors are
determined. Interestingly, In and Ga have a contrary impact on the diffusion lengths
of Ge atoms reaching the surface. While Ga increases the diffusion barrier and, thus,
decreases the diffusion length compared to the Ge growth on bare Si(112), In leads to
an increased diffusion. Since both Ga and In induce very similar structures on Si(112)
(and on Ge wetting layers on Si(112)), the reason for this behavior is assumed to be a
stronger bond of Ga to Si and Ge, as compared to In.

To be able to decide between the two proposed mechanisms (i.e., diffusion anisotropy
or anisotropic strain relaxation) for the formation of the anisotropic Ge wires on Ga-
covered Si(112), additional x-ray diffraction data will be needed. Also the origin of
the preferential direction of the Ge islands on In-terminated Si(112) could be subject
of further investigations. The chemical composition and defects of both of these
island types could be analyzed using x-ray diffraction experiments in combination with
transmission electron microscopy measurements. The spatial correlation of these islands
could be investigated using small angle x-ray scattering.

To complete the picture of the adsorption of group-III-metals on Si(112), additional

138



low-energy diffraction and, especially, x-ray standing wave experiments, combined with
density functional theory calculations, on Al/Si(112) are desired. This is of particular
interest since a recent theoretical work suggested a structure that is in analogy to the
model for In/Si(112) proposed here. But also the adsorption of Tl, although highly
toxic, might give new insights into the topic. Since only low-energy diffraction data
exist for the reconstructions of the Ge wetting layer on both Ga/Si(112) and In/Si(112),
the structural analysis of the adsorption of these metals directly on Ge(112) by means
of x-ray standing waves and density functional theory calculations might be worthwhile
as well.

In the second topic of this thesis, the possible use of Ag as surfactant has been
shown. Ag induces different morphological structures depending on the orientation of
the Si substrate. As a consequence of the differences of these Ag-induced structures,
also completely different Ge structures can be grown on the different Ag-covered Si
surfaces.

The well-known Si(111)-(
√
3×√3)-R 30◦-Ag reconstruction is found to imply a maze-

like morphology with internal steps of bilayer height. Upon Ge growth the formation
of huge Ge islands is observed with typical sizes of several tens of μm. The respective
island density after growth at 500◦C is about 5× 105 cm−2, which is about three orders
of magnitude lower compared to Ge growth on the bare Si(111) surface. Thus, it is
concluded that Ag drastically increases the diffusion length of Ge atoms on the surface.
In contrast to the growth on the bare Si(111) surface, the islands on the Ag-covered
surface do not show a pyramidal or dome shape with mainly (113) facets, instead they
are rather flat with a huge (111) top facet. After island nucleation, the islands grow at
the expense of the wetting layer. Progressive Ge/Si intermixing with increasing growth
temperature is observed using grazing-incidence x-ray diffraction. While virtually no
Si is found in the structures grown at 400◦C, this value is increased to nearly 40% for
growth at 600◦C. The residual strain inside the layers stays nearly constant over the
whole temperature range. A rather high fraction of twins, i.e. material which is rotated
by 180◦ around the (111) axis compared to regularly stacked material (up to 50% at low
growth temperatures), is observed, reducing the crystalline quality. This value can be
reduced to around 20% at a growth temperature of 600◦C. Complementary transmission
electron microscopy measurements indeed show a spatially resolved distribution of the
Ge content and the twins inside the islands. Moreover, the misfit dislocations at the
interface are identified as perfect 60◦ dislocations.

In some respects, Ag behaves like a classical surfactant (i.e., Sb, As, Bi) on Si(111).
Ag efficiently segregates to the surface and the degree of lattice relaxation is also
comparable to values observed for Bi or Sb [SKC+05, SKF+06]. In contrast to other
surfactant materials, Ag leads to a significant Ge/Si intermixing for elevated growth
temperatures, whereas already at low temperatures strain in the grown structures
can effectively be reduced by the formation of an ordered array of misfit dislocations.
However, the striking difference is the strong impact of Ag on the growth kinetics,
which leads to a strong increase of the diffusion length. This is in clear contrast to the
commonly used group V surfactants As, Sb, and Bi, that tend to reduce the effective
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diffusion length [VZWB95, SERB98]. Since a closed layer is not observed for a film
thickness below around 28 nm, Ag cannot be the surfactant of choice if ultra-thin layers
are desired. For applications, however, that require slightly thicker films, Ag might
indeed pose a promising alternative.

With respect to device application, it should pointed out that the low-energy electron
microscopy, x-ray diffraction and transmission electron microscopy experiments have
only been performed on samples with islands (and not with a closed film). To be able
to better compare to other surfactant materials it might, thus, be useful to repeat
the experiments with thicker and contiguous Ge films and compare with the present
results. A characterization of the electronic properties of the Ge films could show if these
structures have similarly high charge carrier mobilities as presented for Ge/Sb:Si(111)
[RKHH97a, RKHH97b]. Moreover, a reduction of the stacking fault density (i.e., a
suppression of B-type Ge) seems to be crucial, if aiming for device applications. Based
upon the results presented here, this might be achieved for growth temperatures well
above 600◦C.

A completely different situation is found for the Ge growth on the Ag-covered
high-index surfaces Si(112) and Si(113). On both surfaces Ag adsorption leads to the
formation of a regular network of alternating facets along the [11̄0] direction. On Si(112)
alternating (111) and (113) facets are found, whereas on Si(113) (111) and (115) facets
are observed. In both cases the sizes of the facets can be tuned by the deposition
temperature, and periodicities across the facets of up to 55 nm are observed, which is
significantly larger than, e.g., for Ga-induced facets on Si(113).

Upon Ge growth, Ge islands are formed which are elongated along the direction of
the facets. Thus, the arrays of nanofacets provide a suitable substrate for the growth of
Ge nanowires. On Ag/Si(113) wires with lengths of up to 400 nm and aspect ratios of
4:1 can be found, while it is possible to grow Ge nanowires with lengths of up to 600 nm
and much larger aspect ratios of 10:1 on Ag-covered Si(112). For both Ag/Si(112)
and Ag/Si(113) the island densities are reduced by around one order of magnitude
compared to Ge growth on the respective bare Si surfaces. Thus, although not as
strongly pronounced as for Ge growth on Ag/Si(111), the diffusion lengths are again
increased due to the presence of Ag, in comparison to Ge growth on the bare Si surfaces.

From the occurrence of islands with a rather isotropic or triangular shape, which is
pronounced at higher Ge growth temperatures, it is concluded that the length scale
of the nanofacet periodicity and the sizes of the Ge islands are key parameters for the
degree of alignment that can be achieved. Thus, it is important to have well-chosen
growth conditions, where the Ag facet periodicity has to be as large as possible and the
Ge island sizes have to be rather small.

At present, it is not clear whether the driving force for the formation of the anisotropic
islands is strain- or diffusion-related to the facet-induced changes in energetics, e.g.,
different surface strains, or a change in kinetics, such as an hindered diffusion across
facet crests. To address this issue, an investigation of the dependence on Ge growth
temperature as well as of the Ag deposition temperature will be necessary. Additional
x-ray diffraction and transmission electron microscopy measurements could provide
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information on strain state and composition inside the islands, while scanning tunneling
or atomic force microscopy as well as small angle x-ray scattering experiments could
give insight on facet orientations, height distributions and spatial correlation of the Ge
islands. On the path to an implementation of these structures in optoelectronic devices,
such as quantum-cascade intersubband lasers or light-emitting diodes, the overgrowth
with Si and, thus, the realization of embedded Ge nanostructures in Si/Ge superlattices
would be the next important step.

Concluding the results of the second topic of this thesis, it has been shown that Ag
might become a good alternative to commonly used surfactant materials. While group-V
elements usually provide the possibility to grow thin, closed Ge layers, the adsorption
of group-III elements induces, under appropriate growth conditions, the formation of
small Ge islands on Si surfaces. With Ag as surfactant material, however, it is possible
to grow both Ge thin films and small Ge islands, depending on the orientation of the
Si substrate. For future applications, which could comprise Ge/Si transistors with
optoelectronic Ge/Si devices, the use of only one surfactant material, that is able to
induce the formation of both kinds of structures, is probably more easily integrated
into fabrication processes. Moreover, due to its low equilibrium solubility the undesired
incorporation of Ag into the grown structures is very unlikely and, thus, a complete
removal after growth might be easier as compared to other surfactant materials.
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flächen. Zeitschrift für Kristallographie 110 (1-6), 372 (1958). 7, 12,
13

[Bau85] E. Bauer. The resolution of the low energy electron reflection microscope.
Ultramicroscopy 17 (1), 51 (1985). 41

[Bau94] E. Bauer. Low energy electron microscopy. Reports on Progress in Physics
57 (9), 895 (1994). 41

[Bau98] E. Bauer. LEEM Basics. Surface Review and Letters 5 (6), 1275 (1998).
41

[BBNT87] T. Berghaus, A. Brodde, H. Neddermeyer, and S. Tosch. Scanning tunneling
microscopy on Si(112). Surface Science 184 (1-2), 273 (1987). 58, 59

143



BIBLIOGRAPHY

[BC64] B. Batterman and H. Cole. Dynamical Diffraction of X Rays by Perfect
Crystals. Reviews of Modern Physics 36 (3), 681 (1964). 17, 18, 19, 24, 25

[BCGG] S. Baroni, A. D. Corso, S. de Gironcoli, and P. Giannozzi. The PWscf
(Plane-Wave Self-Consistent Field) package. http://www.pwscf.org. 88

[BEW97] A. Baski, S. Erwin, and L. Whitman. The structure of silicon surfaces
from (001) to (111). Surface Science 392 (1-3), 69 (1997). 54, 55, 61, 72

[BEW99] A. A. Baski, S. C. Erwin, and L. J. Whitman. The structure of Si(112):Ga-
(N×1) reconstructions. Surface Science 423 (2-3), L265 (1999). 69, 70, 77,
101

[BH86] H. Busch and M. Henzler. Quantitative evaluation of terrace width distri-
butions from LEED measurements. Surface Science 167 (2-3), 534 (1986).
35

[BHS82] G. B. Bachelet, D. R. Hamann, and M. Schlüter. Pseudopotentials that
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rekonstruktionen mit Röntgenbeugung. PhD thesis, Universität Hamburg,
Hamburg (1999). 31, 32

[BW95a] A. A. Baski and L. J. Whitman. Quasiperiodic Nanoscale Faceting of
High-Index Si Surfaces. Physical Review Letters 74 (6), 956 (1995). 59, 61

144



BIBLIOGRAPHY

[BW95b] A. A. Baski and L. J. Whitman. A scanning tunneling microscopy study of
hydrogen adsorption on Si(112). Journal of Vacuum Science and Technology
A 13, 1469 (1995). 59, 61

[BW96] A. A. Baski and L. J. Whitman. Ga-induced restructuring of Si(112) and
Si(337). J. Vac. Sci. Technol. B 14, 992 (1996). 69, 70, 83

[BWE95] A. A. Baski, L. J. Whitman, and S. C. Erwin. A Stable High-Index Surface
of Silicon: Si(5 5 12). Science 269 (5230), 1556 (1995). 55, 72

[Cha84] D. J. Chadi. Theoretical study of the atomic structure of silicon (211),
(311), and (331) surfaces. Physical Review B 29 (2), 785 (1984). 59

[CHWH08] F. Chuang, C. Hsu, C. Wang, and K. Ho. Atomic and electronic structures
of Ag/Si(111)-c(12 x 2) surface: A first-principles study. Physical Review
B 78 (24), 245418 (2008). 104

[Cla06] T. Clausen. Wachstum und Charakterisierung von Ge-Nanostrukturen
auf Si(113) durch Adsorbat-modifizierte Epitaxie. PhD thesis, Universität
Bremen, Bremen (2006). 15, 40, 45, 51, 62, 65, 67, 96, 117, 132, 133

[CRHT90] M. Copel, M. C. Reuter, M. H. von Hoegen, and R. M. Tromp. Influence
of surfactants in Ge and Si epitaxy on Si(001). Physical Review B 42 (18),
11682 (1990). 14, 15

[CRKT89] M. Copel, M. C. Reuter, E. Kaxiras, and R. M. Tromp. Surfactants in
epitaxial growth. Physical Review Letters 63 (6), 632 (1989). 14, 15

[CSF+05] T. Clausen, T. Schmidt, J. I. Flege, J. Falta, A. Locatelli, T. O. Menteş,
S. Heun, and F. Z. Guo. Real-time low-energy electron microscopy study of
Ga adsorption and facet array formation on Si(113). e-Journal of Surface
Science and Nanotechnology 3, 379 (2005). 108

[CSF+06] T. Clausen, T. Schmidt, J. Flege, A. Locatelli, T. Menteş, S. Heun, F. Guo,
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[KH04] K. Kopitzki and P. Herzog. Einführung in die Festkörperphysik. 5th edition.
B. G. Teubner Verlag, Wiesbaden (2004). 7, 15, 16
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Abstract
The pre-adsorption of Ga on Si(112) leads to a drastic change of the morphology of
subsequently grown Ge islands. In contrast to the case for Ge growth on bare Si(112), even
nanowire growth can be achieved on Ga terminated Si(112). Employing low energy electron
microscopy and low energy electron diffraction, the initial phase of Ge nucleation and Ge island
growth was systematically analysed for growth temperatures between 420 and 610 ◦C, both on
clean and on Ga terminated Si(112). In both cases the island density exhibits an Arrhenius-like
behaviour, from which diffusion barrier heights of about 1.3 and 1.0 eV can be estimated for
growth with and without Ga pre-adsorption, respectively. The Ge island shape on the bare
Si(112) surface is found to be nearly circular over the whole temperature range, whereas the
shapes of the Ge islands on the Ga terminated Si(112) become highly anisotropic for higher
temperatures. Ge nanowires with sizes of up to 2 μm along the [11̄0] direction are observed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The growth of germanium nanostructures on silicon substrates
is a promising approach towards the production of high-speed
devices, since it combines the higher carrier mobility and
the smaller band gap of germanium with the well-established
and cost-efficient silicon technology. Thus, this field is
attracting a lot of interest in current research [1–4]. To change
and influence the characteristic Stranski–Krastanov growth of
Ge on Si [5] there are different methods, e.g., the use of
graded buffer layers [6] or surfactants [7, 8], which allow
for achieving the desired surface morphology like smooth
two-dimensional layers [9–13] or enhanced three-dimensional
island growth [14–16].

The high step densities of vicinal silicon substrates like the
(112) surface may lead to advanced technological applications
because of enhanced step flow and improved growth [17–19].
Due to the low symmetry of such substrates, the growth
of highly anisotropic structures like Ge nanowires can be
expected.

The clean Si(112) surface is unstable and, as a result,
(111) and (337) facets appear. The self-organized growth
of atom wires along the highly reactive step edges of these
facets was already observed for Ga [20–22] and Al [23].
In this study we analysed the influence of the pre-adsorbed
Ga on the growth of Ge islands by means of low energy
electron microscopy (LEEM), low energy electron diffraction
(LEED), x-ray photoemission microscopy (X-PEEM) and core
level spectroscopy (CLS). In particular, we will focus on the
temperature dependence of the Ge island growth and present a
systematic study comparing the Ge growth on bare Si(112) and
on the Ga terminated Si(112) surface.

2. Experimental details

All experiments of this study were performed under ultra-
high vacuum (UHV) conditions with a base pressure in the
low 10−10 mbar regime. The LEEM, X-PEEM, CLS and
LEED data were taken at the beamline U5UA at the VUV-IR

0953-8984/09/314020+07$30.00 © 2009 IOP Publishing Ltd Printed in the UK1
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storage ring of the National Synchrotron Light Source (NSLS)
at the Brookhaven National Laboratory (BNL) in Upton, NY,
USA [24]. The core level spectra were extracted from X-
PEEM images that were taken at photon energies ranging from
120 to 145 eV.

The microscope employed for this study is a LEEM III by
Elmitec GmbH. All images and spectra were processed with
the programme Gxsm by Zahl et al [25].

After cutting from a silicon wafer and cleaning with
methyl or ethyl alcohol the samples were degassed in UHV for
at least 16 h at a temperature of about 600 ◦C. Subsequently the
samples were flashed several times up to about 1200 ◦C for 30–
60 s until the native oxide layer was completely removed and
the LEED patterns obtained after cool-down clearly showed
the expected reconstructions. The heating was performed with
e-beam bombardment from the back side of the sample. The
temperature was monitored with an infrared pyrometer and a
thermocouple attached below the sample. Small amounts of Ge
(a few monolayers), either with or without prior Ga adsorption,
were deposited onto the Si(112) samples at temperatures in the
range from 420 to 610 ◦C, using an electron beam evaporator
(Omicron triple EFM). For Ge growth on Ga terminated
Si(112), the Ga flux was maintained during Ge deposition.

The Ga and Ge exposures were estimated from the
transition of the (

√
3 ×

√
3)-R30◦ to the (6.3 × 6.3)

reconstruction and the transition of the (7 × 7) to the (5×5)
structure on the Si(111) surface, respectively. The (

√
3 ×√

3)-R30◦ structure is completely developed at a Ga coverage
of exactly 1

3 ML111 [26, 27], where 1 ML111 corresponds to
7.83 × 1014 atoms cm−2, and the (5×5) structure is completed
at a coverage of 4 ML111 [28]. The Ge flux was in the range
of (0.18 ± 0.02) ML min−1. Here and in the following we
refer to a monolayer (ML) as the atom density of the bulk-
terminated Si(112) surface, i.e. 1 ML = 5.54 × 1014 cm−2.
The preparation was monitored in situ with LEED or LEEM.

3. Results and discussion

3.1. Ge wetting layer formation on Si(112)

LEED patterns (cf figure 1) of the bare Si(112) surface
exhibit spots at n

7 and 1
2 of the surface Brillouin zone

(SBZ) that are elongated along [111̄] direction. Thus, the
corresponding domains in real space are narrow in [111̄] and
large in the perpendicular [11̄0] direction. In agreement with
literature [29–31] we assign these spots to (7×7) reconstructed
(111) facets [32] and (2 × 1) reconstructed (337) facets [33].

In figure 2(a) a LEEM image of such a bare Si(112)
surface is depicted. A faint contrast with stripes along
[11̄0] can be observed. As the expected width of the facets
(�13 nm [29]) is below the resolution limit of the microscope
(≈40 nm), it is not clear whether these stripes correspond
to individual facets or, e.g., to step bunches. In any case,
a contrast with preferential direction from the lower right to
the upper left is obvious. After deposition of around 1 ML
of Ge onto this surface the contrast in the LEEM image (cf
figure 2(b)) vanishes completely. This can be attributed to a
change in the surface structure and/or the roughening of the
step edges due to the formation of a Ge wetting layer.

Figure 1. LEED pattern of the bare Si(112) surface. The image
clearly reveals different n

7 order spots (the 3
7 spots are indicated with

I and the 4
7 spots with III), that belong to the (7 × 7) reconstruction

on the Si(111) facets, and 1
2 order spots (indicated with II) along the

[111̄] direction, that belong to the (2 × 1) reconstruction on the (337)
facets.

3.2. Ge island growth on Si(112)

Figure 2 shows in situ LEEM images during Ge deposition at
a sample temperature of 590 ◦C with different Ge coverages
�. On the bare surface (figure 2(a)) first a Ge wetting layer
is formed (see figure 2(b)). After subsequent Ge deposition
three-dimensional (3D) islands are observed (figure 2(c)). The
island density increases rapidly (cf figures 2(c) and (d)) until it
saturates (see figures 2(e) and (f)).

In figure 3 different bright-field LEEM images after Ge
deposition with saturated Ge island density are displayed.
The deposition temperature was varied between 420 ◦C in
figure 3(a) and 590 ◦C in figures 3(e) and (f). At all
growth temperatures the Ge islands exhibit a nearly circular
shape, only at higher temperatures (see figures 3(e)) a slight
shape anisotropy is visible. Similar to the growth on
Si(111) [34, 35] and in sharp contrast to the Ge island growth
on Si(113) [36, 37], no preferential growth direction can be
seen. Further deposition beyond the stages shown here only
results in larger island sizes, the island density stays unaffected.
This underlines that the nucleation stage has been completed
and subsequently deposited Ge can diffuse on the surface until
it reaches an existing island. In this growth stage the diffusion
length can be estimated from the island density.

Figure 4 shows the evolution of the Ge island density as
a function of the growth temperature. In the range from 420
to 590 ◦C an Arrhenius-like behaviour is found. The slope of
the fit is equal to an activation energy EA = 2.06 eV. With
this value and the following considerations the diffusion barrier
height Ed can be estimated. According to nucleation theory by
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Figure 2. In situ bright-field LEEM images of Ge nanoislands on Si(112) during growth at 590 ◦C. In (a) the bare Si(112) surface with a
preferential direction along [ 11̄0] is shown. At the initial stages of Ge deposition a wetting layer is formed (b). This can be seen by the fading
of the contrast in this image. At higher Ge coverages 3D islands are formed (c)–(f), whose density increases quite rapidly up to a coverage of
around 9 ML. The Ge coverages � and the electron energies are denoted in each frame. Note the larger field of view in (e) and (f).

Venables et al [38, 39] the island density is given by

N ∼ exp

(
Ec(i∗) + i∗Ed

(i∗ + 2)kBT

)
, (1)

where i∗ is the critical nucleus size and Ec(i∗) the binding
energy gained by the formation of a cluster with i∗ atoms. In
a first order approximation Ec(i∗) is the covalent Ge–Ge bond
energy Eb times the number n of additional covalent bonds
within a cluster. For large clusters n is proportional to the
number of atoms in the cluster:

Ec(i
∗) ∼= α112i∗Eb (2)

with α112 being the average number of additional bonds per
atom. From equations (1) and (2) the activation energy is
determined as

EA
∼= i∗

i∗ + 2
(α112 Eb + Ed) . (3)

On Si(111) a critical nucleus size of i∗ ≈ 6 was reported [40]
for Si homoepitaxy. As the Si(112) surface orientation is close
to the Si(111) orientation and even consists partially of (111)
facets the assumption of a large critical nucleus size can be
justified in the present case. Since the Ge bond strength is
much smaller compared to Si, an even larger critical nucleus

size can be expected in our case. Hence, equation (3) can be
approximated by

Ed
∼= EA − α112 Eb. (4)

With the heat of formation for Ge of around 291 kJ mol−1 [41]
a value of Eb = 1.51 eV can be calculated. As the atomic
structure of the Ge covered Si(112) surface is yet unknown we
cannot determine the exact value for α112. But because the
(112) surface lies crystallographically between the (111) and
(113) surface and is furthermore consisting partially of (111)
facets, we assume α112 to be in the range of the values of
α111 and α113 as well. For the (5×5) structure [28] on the Ge
wetting layer on Si(111) the number of dangling bonds of the
25 Ge atoms per (5×5) unit cell reduces from 25 to nine, so
α111 = 0.64. For the eight atoms in the (2 × 2) structure [42]
of the Ge wetting layer on Si(113) only two dangling bonds
are left, resulting in α113 = 0.75 [37]. Hence, α112 ≈ 0.70 is
supposed. With this we obtain Ed ≈ 1.0 eV for the diffusion
barrier height3. This value is nearly twice as high as the value
reported in [37] for the Ge growth on Si(113). This might be
due to hindered diffusion across the facet boundaries.
3 Taking into account the systematic error due to the approximation that leads
from equation (3) to equation (4), i.e., the assumption of a virtually infinite
critical nucleus size, as well as the uncertainty in the determination of α, we
estimate a biased error bar of about +25% and −15% for the diffusion barrier
heights given here.
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Figure 3. Bright-field LEEM images of Ge nanoislands on Si(112) surfaces for different growth temperatures. The island size increases with
the temperature, whereas the island density N decreases. The Ge coverages � and the electron energies are denoted in each image. Note the
larger field of view in (f).

Figure 4. Growth temperature dependence of the Ge island density
N on bare Si(112) in a range of 420–590 ◦C. The slope in the plot is
equivalent to the activation energy EA.

3.3. Ge island growth on Ga terminated Si(112)

Figure 5(a) shows a LEED image of the Ga covered Si(112)
surface. We observe sharp LEED spots, indicating that the
adsorption of Ga leads to a smoothening of the surface.
Nevertheless, a few facet spots are still visible (see circles
in figure 5(a)), showing that the surface is not completely
defaceted. The vast majority of the surface area is terminated

by a complex reconstruction that is connected to intense
superstructure diffraction spots with a spot distance of 18%
surface Brillouin zone (SBZ). This distance corresponds
to an ‘incommensurate (5.55 × 1)’ reconstruction. From
recent scanning tunnelling microscopy measurements (not
shown here), it is revealed that this structure is not truly
incommensurate but consists of a mixture of (5×1) and (6×1)
building blocks. In core level spectroscopy (CLS) experiments
we determined the saturation coverage to be 4.67×1014 atoms·
cm−2, which corresponds to (0.84±0.04) ML and confirms the
proposed model for the (6 × 1) reconstruction as proposed by
Snijders et al [22]. This model is further supported by our latest
x-ray standing waves (XSW) experiments, where we were able
to determine the two Ga adsorption sites to be one terrace and
one step edge site. Both the CLS and the XSW data will be
presented and discussed in a separate publication [43].

Deposition of several ML Ge onto the Ga/Si(112) system
results in a (5 × 1) reconstructed surface with additional facet
spots (see figure 5(b)). In contrast to the facet spots in
figure 5(a) that have been attributed to remaining substrate
facets, the facet spots in figure 5(b) are assigned to side facets
of Ge 3D islands, as proven by the strong contrast in dark-field
LEEM images (similar to the one shown in figure 7(c)). In
additional X-PEEM (see figure 5(c)) images, where we used
the Ge 3d signal for imaging, the Ge islands appear clearly
bright (cf figure 5(c)).

Similar to the study of Ge growth on bare Si(112) we
analysed the Ge deposition on the Ga terminated Si(112)
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Figure 5. LEED patterns of the Ga terminated Si(112) surface (a) before and (b) after Ge island growth at 540 ◦C. The surface reconstruction
in (a) is an ‘incommensurate (5.55 × 1)’ reconstruction, a mixture of (5 × 1) and (6 × 1) building blocks, with additional facet spots (see
circles). In the LEED pattern in (b), a (5 × 1) reconstruction with additional facet spots is visible. These facet spots belong to Ge island facets.
(c): X-PEEM image at a growth temperature of 610 ◦C; (d)–(f): bright-field LEEM images of Ge nanoislands on Ga terminated Si(112) for
different growth temperatures between 505 and 610 ◦C. The island size increases with the temperature, whereas the island density N
decreases. Note the larger field of view in the X-PEEM image in (c).

Figure 6. Comparison between the Arrhenius plots for the Ge island
density N on bare (black) and on Ga terminated (grey) Si(112) in a
range of 500–610 ◦C. The slopes in both plots are equivalent to the
corresponding activation energies EA.

surface at different growth temperatures between 505 and
610 ◦C. The resulting bright-field LEEM images are shown
in figures 5(d)–(f). At the lowest growth temperature in
figure 5(d) we observe slightly anisotropic islands with a
bimodal size distribution, where there are denuded zones

around the larger islands. A similar bifurcation of the size
distribution was found for strained Ge islands on Si(001),
which has been explained in terms of a change of the island
chemical potential as a consequence of a strain induced shape
transition [44]. In the present case, the observed surface
morphology could likewise be explained by coarsening due to a
more effective strain relaxation within larger Ge islands which,
therefore, offer energetically more favourable incorporation
sites as compared to smaller islands.

At higher growth temperatures the Ge islands exhibit a
much more monodisperse size distribution and a pronounced
anisotropy. The resulting Ge nanowires are elongated along the
[11̄0] direction with a length of up to 2 μm and an aspect ratio
of about 7:1 at a growth temperature of 610 ◦C (see figure 5(f)).
This shape indicates a strong diffusion anisotropy and/or an
anisotropic strain relaxation along the direction of the wires as
compared to the perpendicular direction.

The temperature dependence of the Ge island density on
the Ga terminated Si(112) surface is shown in figure 6, in
comparison to the plot for the island density on the bare Si(112)
surface. For all growth temperatures, the island density is
significantly higher in case of Ga pre-adsorption. This can
be attributed to a decreased Ge diffusion length due to the
presence of surface Ga. Again an Arrhenius-like behaviour is
found. Analogously to the procedure in the previous section
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Figure 7. Bright-field LEEM images (a), (b) of Ge islands grown on Ga terminated Si(112) (a) with and (b) without Ga co-deposition during
Ge growth. The dark-field LEEM image (c) shows the same area as the image in (b), but instead of the (00) spot one of the facet spots similar
to the one in the LEED pattern in figure 5(b) was chosen, indicating that the facet spots belong to Ge island side facets. In (d) core level
spectra of the samples in (a) and (b) are shown, indicating that for sample (b) a significant amount of Ga has desorbed from the surface. For
better comparison the spectra of the sample in (b) were normalized so that both Ge spectra showed the same integrated intensity. Note that
different kinetic energy scales apply for both samples, due to different photon energies used.

we determined the Ge diffusion barrier Ed to be about 1.3 eV
(see footnote 1). The reduction of the Ge diffusion length
in the presence of Ga is also supported by the data shown
in figure 7. If Ge is grown at 540 ◦C with prior Ga pre-
adsorption, but without Ga co-deposition during Ge growth,
a significant amount of about 33% of the Ga is found to be
desorbed, as determined from the CLS data in figure 7(d). As a
consequence, the island density is strongly reduced, by a factor
of about 5 as compared to the island density expected for Ge
growth with Ga co-deposition at the same temperature.

4. Summary

In this study we analysed the Ge growth on Si(112) surfaces,
both with and without Ga pre-adsorption. For both cases an
Arrhenius-like behaviour of the Ge island density is found.
Compared to Ge island growth on Si(113) [37] we found a
much larger Ge diffusion barrier with a value of Ed ≈ 1.0 eV,
most likely due to hindered diffusion by the facets of the
underlying substrate. Pre-adsorption of Ga leads to a decreased

Ge diffusion length and thus to an enlarged diffusion barrier of
about Ed ≈ 1.3 eV. The Ge islands on the bare Si(112) exhibit
a nearly circular shape over the whole temperature range and
no preferential growth direction is found. In contrast to this, the
Ge islands on the Ga terminated Si(112) surface show a strong
anisotropy. We observe Ge nanowires with a length of up to
2 μm in [11̄0] direction and an aspect ratio of about 7:1. This
shape suggests a strong diffusion anisotropy or an anisotropic
strain relaxation that is not present for Ge island growth on the
bare Si(112) surface.
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The growth of Ge thin films on Si substrates provides a 

great potential for technological application in the field of 

electronic devices, such as high-speed transistors. In case 

of nanoscale Ge structures like quantum dots or wires, 

even the drawback of the bulk indirect bandgap might  

be overcome [1], which might open the gate to efficient 

Si/Ge optoelectronic devices. Thus, this field is attracting a 

large interest in today’s fundamental and applied research 

[2].  

The bare Si(113) surface is one of a few stable high-

index silicon surfaces. Due to the lack of rotational sym-

metry, the Si(113) surface is highly suitable for the growth 

of anisotropic nanostructures. For a narrow range of 

growth parameters, dash-like Ge islands extending in the 

[332]  direction have been reported [3]. However, these 

quantum wires have been discussed to be not very stable, 

since annealing at the growth temperature converts them 

into rather isotropic islands [5]. Similar Ge wires were also 

reported for a certain miscut of the Si(113) substrate, 

where step bunching occurs [4]. A promising approach to 

influence the growth of Ge nanostructures on Si substrates 

is the employment of growth catalysts, also referred to as 

surfactants (surface active agents). Recently, the selective 

growth of Ge nanoislands on Si(111) after step edge deco-

ration with gallium has been demonstrated [6, 7]. Also on 

the Si(113), Ga can be used as a growth catalyst that 

strongly modifies the Ge growth. It is well known [8–11], 

that the deposition of Ga onto the Si(113) surface induces 

the formation of a regular nanofacet pattern with (112) and 

(115) facet pairs; recently, it was shown [7, 10, 11] that the 

growth of Ge on such an array of Ga induced facets results 

in the formation of anisotropic islands aligned along the 

facets.  

With this study we will show that silver is well-suited 

to act as a growth catalyst for Ge on Si(113). Compared to 

Ga, the adsorption of Ag on Si(113) leads to a very similar 

array of nanofacets along the [110] direction. Subsequently 

grown Ge islands are highly anisotropic and almost per-

fectly aligned along the direction of the facets. As Ag has a 

larger atomic radius than Ga it can be expected that the  

incorporation of Ag into the Ge structures during growth 

and into Si during overgrowth is even more unlikely than 

compared to Ga. This is also supported by the relatively 

low equilibrium solubility of Ag in Si 
16 3

(1 10 cm ),
-

¥   

compared to Ga in Si 
20 3

(6 10 cm )
-

¥  or In in Si 

18 3

(4 10 cm )
-

¥  [12]. Moreover, unintentional doping by 

Ag is further diminished by the fact that Ag forms a deep 

localization center with an ionization energy of about 

130 meV. Hence, Ag is an inefficient dopant in Ge and Si, 

opposed to the conventional surfactant materials like Ga, 

The impact of silver pre-adsorption on germanium growth on

Si(113) was investigated using in-situ low-energy electron

microscopy (LEEM) as well as low-energy electron diffrac-

tion (LEED). The adsorption of silver leads to the formation

of a regular pattern of nanofacets along the [110]  direction.

The periodicity of this pattern in [332] direction was deter-

mined to (44 4)±  nm. From LEED series at different ener-

 gies the facets were identified to be of (111) and (115) orien-

tation. While the (111) facets show a ( 3 3)¥ -R30° recon-

struction, the (115) facets exhibit a (2 )n¥  superstructure. The

subsequent growth of Ge results in the formation of nanois-

lands that are aligned along the facets. These Ge islands have

an anisotropic shape with typical sizes of about 100 nm in

[332] direction and 400 nm in [110] direction. 
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In, Sb, and Bi that are shallow impurities with ionization 

energies below 15 meV.  

All experiments presented in this study were performed 

at the SPELEEM setup [13] that comprises a LEEM III 

microscope by ELMITEC GmbH at the nanospectroscopy 

beamline [14] at the Elettra Synchrotron Light Source,  

Italy. Heating of the silicon substrates was achieved with 

electron bombardment from the back face of the samples. 

The temperature was monitored with a thermocouple  

attached to the sample holder and with an infrared pyrom-

eter. The samples were degassed for at least 12 hours  

at about 600 °C, followed by several short flashes for 30  

to 60 seconds up to 1200 °C. This resulted in a bright  

Si(113)–(3 × 2) LEED pattern, and no contamination visi-

ble in LEEM. For the deposition of Ag and Ge two Knud-

sen cells were used. First, Ag was deposited onto the clean 

Si(113) surface at around 475 °C. Subsequently, Ge was 

grown at 400 °C. The flux rates for Ag and Ge were esti-

mated to 0.3 ML/min and 0.55 ML/min, respectively (1 

ML corresponding to 
14

4 09 10. ¥  atoms/cm
2

).   

In Fig. 1a, a LEEM image of a Ag terminated Si(113) 

surface is shown. One can clearly see regular stripes, 

which can be identified as facets, along the [110] direction.  
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Figure 1 (online colour at: www.pss-rapid.com) a) Bright-field 

LEEM image of Ag induced facets on Si(113), after exposure of 

the substrate to about 2.5 ML Ag at 475 °C. b) Cross section 

through the autocorrelation function (see inset) of the LEEM im-

age in a). 

To determine the periodicity of  the facet  structure  in  the 

perpendicular [332] direction the autocorrelation function of 

this image has been calculated and is shown in the inset of 

Fig. 1b. The line scan through the autocorrelation function 

along [332], as shown in Fig. 1b, reveals highly correlated 

facets. Not only a nearest neighbor correlation is visible, but 

also higher order correlation maxima. From the autocorrela-

tion function, a periodicity of the facet arrangement of 

(44 4)±  nm is determined. This value is considerably higher 

than the typical values of about 10 nm reported for the pe-

riodicity of Ga induced facets on Si(113) [8, 9]. On a facet 

arrangement at the length scale observed here, aligned Ge is-

lands can be grown, as proven below.  

In LEED patterns (see Fig. 2a) of the Ag terminated 

Si(113) surface, again clear evidence for a faceted structure 

is found. When changing the electron energy, all diffrac-

tion spots move along the [332]  direction. From the ab-

sence of any “stationary” LEED spots [15] it is concluded 

that the surface is entirely decomposed into facets. Accord-

ing to the reciprocal space map in Fig. 2b we determined 

the facet inclination with respect to the (113) surface nor-

mal to (30 1)± ∞  (blue line) and (10 1)± ∞ (red line). Hence, 

the corresponding facets are of (111) and (115) orientation, 

respectively. In addition to integer order spots, superstruc-

ture spots are identified at 3n/  of the surface Brillouin zone 

(SBZ) in [1 10]  direction (see blue arrows in Fig. 2a). 

These move towards [332] with increasing electron energy 

and are therefore attributed to the (111) facets. A compari-

son to geometric LEED simulations (not shown  

here) clearly identifies them as third order spots of  a 

( 3 3)¥ -R 30° reconstruction on these (111) facets. Ad-

ditional superstructure spots are found close to 2n/  of the 

SBZ that move towards the [332] direction with increasing 

energy, revealing that they originate from the (115) facets. 

However, these spots are not clearly resolved, therefore an 

unambiguous identification of this (2 )n¥ -like superstruc-

ture is not possible at present. 

 

 

Figure 2 (online colour at: www.pss-rapid.com a) LEED pattern 

of Ag terminated Si(113) with (111) (blue arrows) and (115) (red 

arrows) facet spots. The arrows indicate the direction to which the 

corresponding facet spots move with increasing energy. b) Recip-

rocal space map along the [332] direction through the center of the 

Brillouin zone (i.e. along the dashed green line in frame (a)), with 

(111) (blue line) and (115) (red line) reciprocal lattice rods. 
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Figure 3 (online colour at: www.pss-rapid.com) Bright-field 

LEEM image of Ge islands on Ag terminated Si(113), after 

growth of about 22 ML Ge at 400 °C. 

 

The influence of Ag pre-patterning and the suitability 

of Ag as a growth catalyst can be seen in Fig. 3, where a 

LEEM image of Ge islands on a Ag terminated Si(113) 

surface is shown. The Ge islands are well aligned along the 

direction of the facets. They are highly anisotropic with the 

shorter edge in [332] direction and the longer edge in [1 10] 

direction, i.e. along the facets. A similar island morphol-

ogy was observed for Ag and Cu islands on step-bunched 

Ru surfaces, where whole metal islands move accross the 

steps and grow by picking up material from the wetting 

layer [16]. In the present case, such a behavior can be ruled 

out from real-time microscopy during growth (not shown 

here), where no such island movement is visible. The sizes 

observed here range from 50 nm to 100 nm in [332] and 

150 nm to 400 nm in [1 10],  resulting in an aspect ratio of 

roughly 4:1. As mentioned before, anisotropic Ge islands 

can also be grown on bare Si(113) surfaces. It is remark-

able, though, that for growth on the bare surface the wire-

like Ge islands are extending along the [332] direction and 

are narrow in [1 10] direction, whereas after Ag saturation, 

as shown here, it is vice versa. This clearly demonstrates 

the strong impact of Ag pre-adsorption on Ge growth.   

In conclusion, our study shows that Ag acts as a 

growth catalyst for the formation of small, anisotropic Ge 

islands. The mechanism behind this is that Ag adsorption 

induces a regular nanofacet arrangement of (111) and 

(115) facets that leads to an aligned Ge island growth. 

These islands are highly anisotropic and extend along the 

facets in [1 10] direction, in contrast to Ge growth on the 

bare Si(113) surface. At present, it is not clear whether the 

driving force for the formation of the anisotropic islands is 

strain or diffusion related to the facet-induced changes in 

energetics, e.g. different surface strains, or a change in ki-

netics, such as an impeded diffusion across facet crests. To 

address this issue, an investigation of the dependence on 

Ge growth temperature will be necessary. The nanofacet 

array oberved here is very similar to that found after Ga 

pre-adsorption. However, as mentioned before, Ga induces 

(115) and (112) facets, whereas Ag leads to the formation 

of (115) and (111) facets. Especially the presence of the 

low-index (111) facet might have important implications 

on the Ge islands’ properties like their side facet orienta-

tion, their strain state and defect structure, which need to 

be investigated in future experiments. Moreover, we sup-

pose that the length scale of the nanofacet periodicity is 

one key parameter for the degree of alignment that can be 

achieved, and hence for the island anisotropy, since Ge 

growth on a shorter-period Ga induced facet array results 

in a weaker alignment and rather isotropic island shapes 

[17]. For the preparation conditions used here, the perio-

dicity of the nanofacet pattern is about (44 4)±  nm in 

[332] direction, while facet lengths in the micron range can 

be found in the perpendicular [1 10]  direction. It is ex-

pected that these length scales can be tuned, e.g., by the 

adsorption temperature [17]. In particular, higher tempera-

tures should enable still slightly larger facets that might al-

low for an even better alignment and uniformity of the Ge 

islands, which is certainly required when aiming at device 

applications.  
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The growth of Ge on Ag:Si(111)-
√
3×√

3-R 30◦ has been studied by low-energy electron microscopy (LEEM),
low-energy electron diffraction (LEED) and x-ray photoemission electron microscopy (XPEEM). For submonolayer
adsorption of Ag at 550◦C, the Ag terminated

√
3×√

3-R 30◦ domains decorate the step edges of the substrate.
The wetting layer growth and Ge island nucleation on such a step-edge decorated surface is quite similar to Ge
growth on bare Si(111)-7×7. During Ge deposition, the

√
3×√

3-R 30◦ domains dissolve and small Ag terminated
3×1 domains are formed that are distributed over the whole surface. Larger 3×1 domains are found only at the
circumference of the three-dimensional (3D) Ge islands. From the Ge 3D island morphology, size distribution and
density it is concluded that in this submonolayer Ag pre-adsorption scenario there is only little influence of the
Ag on the growth kinetics and island geometry. This is completely different for Ge growth on an entirely covered
Ag:Si(111)

√
3×√

3-R 30◦ surface. As compared to growth on bare Si(111)-7×7, a strong increase of the diffusion
length is observed that leads to a drastic reduction of the island density. Also the island morphology is strongly
affected by Ag pre-adsorption in this regime. Instead of triangular islands, we observe huge, irregularly shaped
islands that rather resemble a discontinuous Ge film. [DOI: 10.1380/ejssnt.2010.221]

Keywords: Low-energy electron microscopy; Low-energy electron diffraction; Growth; Nucleation; Surface structure, mor-
phology, roughness, and topography; Si(111); Ag; Ge

I. INTRODUCTION

The adsorption of foreign species on silicon surfaces can
have a strong impact on subsequent growth of germa-
nium, with a broad variety of structures and morpholo-
gies that cannot be achieved by growth of Ge on bare
Si. For instance, the adsorption of group V elements like
As, Sb, or Bi suppresses the formation of large Stranski-
Krastanov islands, which are ubiquitous in Ge epitaxy on
clean Si, and promote the growth of smooth Ge layers [1–
5] with atomically sharp interfaces [6–8]. Especially on
the Si(111) surface, the pre-adsorption of such surface ac-
tive agents (surfactants) can also improve the structural
quality of the Ge films, as the lattice mismatch is accom-
modated by an interfacial network of misfit dislocations
[9–11], which prevents the lattice relaxation via extended-
defect formation in the Ge film [12, 13].

The influence of the foreign species on Ge epitaxy in
many cases depends on the surface coverage and on the
surface reconstruction. Gallium has been shown to act
as a surfactant and enable the growth of smooth films at
high coverage, i. e. if the Ga:Si(111)-6.3×6.3 reconstruc-
tion is prepared prior to Ge growth [14]. In contrast, the

lower-coverage Ga:Si(111)-
√
3×√3-R 30◦ surface leads to

the formation of Stranski-Krastanov islands [14]. When
the Ga coverage is further reduced, only the step edges
and domain boundaries of the Si(111)-7×7 substrate are
decorated [15]. This can be employed for the selective

∗This paper was presented at 10th International Conference on
Atomically Controlled Surfaces, Interfaces and Nanostructures
(ACSIN-10), Granada Conference Centre, Spain, 21-25 September,
2009.
†Corresponding author: tschmidt@ifp.uni-bremen.de

growth of small Ge islands that align at the step edges
and domain boundaries of the substrate [16]. A simi-
lar, yet opposite phenomenon has been observed on the
Si(113) surface where, in terms of Ge growth, a partially
covered Ga surface behaves similar to a bare Si substrate
[17], whereas after Ga saturation the Si(113) surface de-
composes into facets [18] and anisotropic, nanoscale three-
dimensional Ge islands with a high degree of spatial or-
dering can be obtained [17].

One of the requirements any species to be used as a sur-
factant (or growth modifier) has to comply with, is that
it has to segregate to the surface. Due to kinetic limi-
tations, one can expect that the segregation will not be
perfect, and even under thermodynamic considerations,
there is a non-vanishing solubility of these elements in Si
and Ge. This is especially important for group III and
group V elements that are very efficient dopants for Si
and Ge and thus might lead to an unintentional doping of
the Ge/Si structures. In this respect, silver is a promising
alternative, since its volume solubility in Si is by orders
of magnitude lower than, e. g., that of Ga [19]. Moreover,
we could recently show that on the Si(113) surface, the
adsorption of Ag leads to a destabilization of the surface
and finally to its decomposition into facets which enables
the growth of wire-like Ge islands [20]. This is very sim-
ilar to the findings for Ga adsorption on Si(113) [17, 18]
and raises the question, whether Ag also behaves simi-
lar to Ga when adsorbed on the Si(111) surface, i. e., if
Ag can promote smooth Ge film growth and/or selective
growth of nanoscale Ge islands. In order to address this
question, and guided by the above-mentioned similarities
between Ag and Ga, the work presented in the following
discusses the growth of Ge on Si(111) in two regimes: (i)
after submonolayer pre-adsorption of Ag, and (ii) for a

completely
√
3×√3-R 30◦ terminated Ag:Si(111) surface.
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II. EXPERIMENTAL

The Si(111) substrates were cut from commercially
available Si wafers. After cleaning with methanol, they
were introduced into ultra-high vacuum (UHV), where
they were degassed at about 600◦C for at least 12 hours.
The native oxide was removed by flash heating up to
about 1250◦C, accomplished by electron bombardment
from the back face of the sample. The temperature
was measured with an infra-red pyrometer and with
a thermocouple attached to the sample holder. Low-
energy electron microscopy (LEEM) and low-energy elec-
tron diffraction (LEED) were used to monitor all prepa-
ration steps. After flash heating, a brilliant Si(111)-
7×7 LEED pattern was obtained, and no contaminations
were visible with LEEM. Two Knudsen cells were used
for the evaporation of Ag and Ge, respectively. The
flux rates were monitored with quartz micro-balances and
calibrated in separate experiments. In case of Ge, the
7×7 to 5×5 transition was used, which is complete [21]
when 2BL Ge are deposited onto bare Si(111) at 500◦C
(1BL=2ML=1.57×1015 atoms/cm2). For the calibration
of the Ag evaporation cell, the layer-by-layer growth of Ag
on W(110) [22, 23] was monitored with LEEM. For the
experiments discussed below, x-ray photoemission elec-
tron microscopy at an incident photon energy of 500 eV
was employed in addition to LEEM and LEED. All ex-
periments were performed at the SPELEEM setup at
the nanospectroscopy beamline at the ELETTRA syn-
chrotron light source, which is described in detail else-
where [24, 25].

III. RESULTS AND DISCUSSION

A. Ge growth on partially Ag covered Si(111)

The adsorption of Ag on the Si(111)-7×7 surface at
550◦C is illustrated in Fig. 1. Prior to Ag adsorption,
there is hardly any LEEM contrast at the electron energy
of 25 eV chosen for the experiment. This changes rapidly
as soon as the surface is exposed to Ag. Already at a cov-
erage of only 0.02ML, as shown in Fig. 1 (a), bright stripes
develop at the step edges of the substrate, which meander
from the bottom to the top right of the LEEM images in
Fig. 1. At 0.16ML, the step edges are virtually completely
decorated with Ag, as can be seen from Fig. 1 (b). Once
the step edges are decorated, additional Ag terminated
domains form on the terraces between the step edges, as
shown for a Ag coverage of 0.19ML in Fig. 1 (c). The
LEED pattern in Fig. 1 (d), which was recorded at a Ag
coverage of 0.5ML, clearly reveals the coexistence of the
7×7 reconstruction of the bare surface and a

√
3×√3-

R 30◦ reconstruction that is attributed to the Ag termi-
nated regions of the surface. Since no other contributions
can be found in the LEED pattern, it is concluded that
under the adsorption conditions used here, no additional
surface phases, in particular no lower-coverage reconstruc-
tions [26] like Ag:Si(111)-3×1 are formed. Hence, for the
conditions used here, it is possible to use Ag to prepare
a chemically modulated surface. This resembles the ad-
sorption of Ga on Si(111), which at high temperatures

(a)

0.02 ML

2.0 µm

25.0 eV

(b)

0.16 ML

(c)

0.19 ML

(d)

0.50 ML 25.0 eV

(00)(00)

(10)(10)

(01)(01)

(
1
–
3

1
–
3
)(

1
–
3

1
–
3
)

FIG. 1: Bright-field LEEM images (a) – (c) recorded during
and (d) LEED pattern obtained after deposition of Ag on
Si(111) at 550◦C. The Ag coverage is indicated in each frame.
The bright stripes are Ag:Si(111)-

√
3×√

3-R 30◦ domains that
decorate step edges. The red arrow marks Ag:Si(111)-

√
3×√

3-
R 30◦ domains that have nucleated on a terrace.

also leads to step edge (and domain boundary) decora-
tion that was found to enable preferential nucleation con-
ditions for Ge nanoislands upon subsequent Ge growth
[16]. Like in the case of Ga, the step edge decoration
demonstrated here can only be achieved for adsorption at
high temperatures, as step edge decoration is, of course,
a diffusion limited process. For Ag deposition at 440◦C
it has been reported that

√
3×√3-R 30◦domains nucle-

ate both at the step edges as well as at the 7×7 domain
boundaries on the terraces [27]. This kinetic limitation is
also reflected in the dependence on flux and on the step
density. In the experiment discussed so far, the Ag flux
was only 0.065ML/min. The same experiment was per-
formed with a much higher Ag flux rate of 0.58ML/min.

This lead to an almost equal
√
3×√3-R 30◦ domain nu-

cleation at the step edges and on the terraces (not shown
here). Moreover, even for the conditions used in Fig. 1, a
more pronounced nucleation on the terraces in observed
for wider substrate terraces [28].

When Ge is deposited on a perfectly step-decorated
Ag:Si(111) surface, a wetting layer is formed on which
three-dimensional (3D) islands nucleate at a coverage of
about 3BL (not shown here). The surface morphology af-
ter growth of 6.6BL Ge is depicted in Fig. 2 (a). The Ge
islands have a triangular or frustrated triangular outline,
reflecting the threefold rotational symmetry of the sys-
tem, with a quite inhomogeneous size distribution. The
arrangement of the Ge 3D islands appears random, in
particular no alignment with step edges of the substrate
can be seen. The corresponding LEED pattern shown
in Fig. 2 (b) is a superposition of a 5×5 reconstruction
and a 3×1 superstructure. Whereas the former is at-
tributed to bare Ge on Si(111), the latter is known to
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be a low-coverage Ag phase both on Si(111) [26] as well
as on Ge(111) [29–31]. Since the 3×1 unit cell does not
have a threefold symmetry, three different rotational do-
mains appear, as can be seen, e. g., from the indexed
third-order spots in Fig. 2 (b). It should be pointed out
that, apart from weak facet spots that are hardly vis-
ible even in the logarithmic-grayscale representation in
Fig. 2 (b), all diffraction spots can be attributed to a
3×1 or a 5×5 structure. In particular, no traces of the
initial

√
3×√3-R 30◦ reconstruction is found. This leads

to the conclusion that the Ag:Si(111)-
√
3×√3-R 30◦ do-

mains have completely dissolved, and that the Ag has
re-arranged in 3×1 domains instead.
In order to identify the Ag:Si(111)-3×1 domains in real

space, a dark-field LEEM analysis has been performed
that is presented in Fig. 2 (c) to (f). In frames (c) to (e)
the third-order spots marked in Fig. 2 (b) have been used
for dark-field imaging. These images show a strong con-
trast typical of dark-field imaging, from which the bright
areas are unambiguously identified as 3×1 domains. In-
terestingly, these domains are located next to the Ge 3D
islands. This becomes very clear from a comparison of the
bright-field image in Fig. 2 (a) to the image in Fig. 2 (g),
in which the three individual images of the three rota-
tional domains of the 3×1 have been superimposed. Each
Ge 3D island has a surrounding ring that is 3×1 recon-
structed. Moreover, from the series of dark-field images
in frames (c) to (e) it is obvious that each domain type is
attached to exactly one pair of two parallel (opposite)
island edges that run along three equivalent crystallo-
graphic directions. This implies that the edges of the Ge
3D islands provide a preferential direction for the 3×1 do-
mains and thus breaks the symmetry of the system which
usually shows a random arrangement of 3×1 domains on
a smooth surface [27]. The main structural feature of
the Ag:Si(111)-3×1 reconstruction are chains along the
〈11̄0〉 direction [26]. Since the directions in real space
(LEEM images) are rotated by about 90◦ with respect
to the directions in reciprocal space (LEED pattern) for
the instrumental settings used in Fig. 2, and since, e. g.,
the ( 1

3
0)� reciprocal lattice vector is perpendicular to the

chains [26] in the (3×1)� domains, it can be concluded
that the chains of the 3×1 reconstruction align with the
island edges which, then, also are parallel to the 〈11̄0〉
directions.
In the dark-field image in Fig. 2 (f), the wetting layer

appears bright, indicating that it is 5×5 reconstructed,
whereas the islands appear somewhat darker. Notably,
the contrast between wetting layer and the top facets of
the islands is quite weak for a dark-field image. Therefore,
it is very likely that also the top facets of the islands
are 5×5 reconstructed, and that the dark-field contrast
arises from different form factors for electron diffraction
at a bulk-like Ge island on the one hand, and for electron
diffraction at a thin Ge wetting layer on Si on the other
hand.
Element-specific images using Ge 3d and Ag 3d5/2 pho-

toelectrons for imaging are shown in Fig. 3 (a) and (b), re-
spectively. In the Ge 3d XPEEM image, the Ge 3D islands
appear much brighter than the Ge wetting layer, which
reflects the three-dimensional island geometry. Around
these islands, dark regions appear in Fig. 3 (a). Since the
attenuation of the Ge 3d photoelectrons by the extremely
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FIG. 2: After growth of 6.6BL Ge at 500◦C on a step-edge
decorated Ag:Si(111) surface. (a) Bright-field LEEM image;
(b) LEED pattern with 5×5 and 3×1 contributions, the latter
appearing in three rotational domains denoted with zero, one,
and two stars. Dark-field LEEM images (c) – (f) recorded with
the three third-order spots and the fifth order spot marked in
(b). Frame (g) shows the sum of the datasets from the three
third-order spots.

thin Ag overlayer is virtually negligible at the kinetic en-
ergy used here (467.2 eV), the reduced Ge 3d intensity
points to a thinning of the wetting layer in the vicinity of
the three-dimensional islands. This is in agreement with a
growth scheme in which the islands grow in expense of the
wetting layer [32]. The dark areas in the Ge 3d image ap-
pear bright in the Ag 3d5/2 image in Fig. 3 (b), where Ag
rich regions are found around every Ge 3D island. Apart
from these silver rings, the wetting layer is depleted of
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(a)

Ge 3d

1.0 µm

467.2 eV

(b)

Ag 3d5/2 128.2 eV

FIG. 3: XPEEM images from the same surface as in Fig. 2,
using (a) Ge 3d and (b) Ag 3d5/2 photoelectrons for imaging.

(a)

with Ag

1.0 µm

7.0 eV

(b)

without Ag

1.0 µm

7.0 eV

FIG. 4: Bright-field LEEM images after growth of (a) 6.6BL
Ge on a step-edge decorated Ag:Si(111) substrate and (b)
2.9BL Ge on bare Si(111). The growth temperature was
500◦C in both cases. Note the slightly different fields of view.

Ag, except for more or less homogeneously distributed
small patches that are attributed to the less pronounced
bright spots in Fig. 3 (b). The Ag 3d5/2 XPEEM image
is very similar to the sum of the 3×1 dark-field images
in Fig. 2 (g), in which also small bright spots are visi-
ble that indicate the presence of small 3×1 reconstructed
areas distributed all over the wetting layer.
A comparison of the surface morphology observed for

Ge growth with and without submonolayer Ag deposition
is presented in Fig. 4 (a) and (b). The two images, which
were recorded at the same electron energy, show a striking
similarity. In both frames the Ge 3D islands exhibit the
same spectrum of shapes and produce the same variety of
contrasts which is probably generated by different height-
to-diameter aspect ratios. The islands in Fig. 4 (b) are
slightly smaller than in Fig. 4 (a) (note the different scale
bars in Fig. 4), but this can at least partly be attributed
to the smaller Ge deposit in frame (b) as compared to
frame (a). Moreover, the size spread and the density of
the Ge 3D islands are quite similar. For growth after Ag
step edge decoration, the island density is estimated to be
about half of that for growth on clean Si(111)-7×7, which
is still quite comparable.
From the above results, it can be concluded that step

edge decoration with Ag has hardly any impact on sub-
sequent Ge growth. Upon Ge deposition, the silver is
redistributed all over the surface and forms small 3×1 re-
constructed domains. Even if these small patches provide
preferential sites for Ge 3D islands nucleation, their even
distribution over the wetting layer leads to conditions that
can hardly be distinguished from homogeneous 3D island
nucleation, i. e., from Ge growth on clean Si(111)-7×7.
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FIG. 5: Bright-field LEEM image (a) and LEED pattern (b)
after saturation of the Si(111)-7×7 surface with Ag at 550◦C.

Due to the low amount of Ag on the surface, the wet-
ting layer is mostly bare Ge/Si(111)-5×5 and, thus, only
a very minor impact on the growth kinetics is achieved.
This finally leads to a surface morphology very similar to
that for growth on clean Si(111).

B. Ge growth on entirely Ag terminated Si(111)

The starting surface for Ge growth on a Ag saturated
Si(111) surface, which was prepared at the same temper-
ature and at a slightly higher Ag flux as compared to the
previous section, is demonstrated in Fig. 5. The LEED
pattern shown in Fig. 5 (b) implies that the whole surface

is
√
3×√3-R 30◦ reconstructed, corresponding to a cover-

age of 1ML Ag [26]. No contributions from other surface
phases like 7×7 or 3×1 can be identified. Nevertheless,
the surface shows a labyrinthine structure in real space,
as can be seen from the LEEM image in Fig. 5 (a). This
labyrinth-like structure is attributed to a surface rough-
ness on atomic height scale that arises from the Si mass
transport which is necessary for the transition from the
7×7 to the

√
3×√3-R 30◦ reconstruction, as detailed else-

where [28]. On the formerly smooth Si(111)-7×7 terraces,
this transition leads to a high-density of meandering step
edges that produce the contrast observed with LEEM.

After deposition of about 0.5BL Ge on a surface like the
one depicted in Fig. 5, the trenches of the labyrinth struc-
ture shown in this figure are filled up [28] and the surface
gets smooth again. This is reflected by the exclusive nu-
cleation of the second Ge layer at substrate step edges, as
illustrated in Fig. 6 (a), where the freshly nucleated layer
appears dark. In the following, this Ge layer grows in a
modified step flow growth with a rather dendritic growth
front, as obvious from Fig. 6 (b). In Fig. 6 (c), this sec-
ond layer is almost complete. The third Ge layer grows
in the same fashion, to be seen in Fig. 6 (d). Though
the contrast between the two visible Ge layers is rather
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(c)
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(e)

2.0 BL

2.0 µm (f)

3.1 BL

2.0 µm

(g)

3.5 BL

2.0 µm (h)

13.6 BL

5.0 µm

FIG. 6: Bright field LEEM images during Ge growth at 480◦C
on a Ag saturated Ag:Si(111)-

√
3×√

3-R 30◦ surface. The Ge
deposit is indicated in each frame. While the same gray scale
(i. e. the same LEEM-intensity to gray-shade relation) was
used for frames (a) to (c), a different gray scale was applied
in frame (d): the bright areas in frame (d) correspond to the
dark areas in frame (c). The display contrast in frame (e) has
been enhanced to make the different layers visible that are si-
multaneously exposed at the surface. Note the much larger
field of view in frame (h).

poor, the dendritic shape of the growth front can still be
recognized. Before this layer completes, the wetting layer
roughens. This roughening is initiated at the step edges,
where a fourth layer or even higher islands form, appear-
ing as still darker regions in Fig. 6 (e). In this image, the
display contrast has been enhanced. By careful inspection
of Fig. 6 (e) at least three different layers can be identified

to be visible at the surface. At a Ge deposit of 3.1BL, a
large island has nucleated in the upper part of the field
of view in Fig. 6 (f). In its surrounding, a bright region
is visible. Since in the initial stages the LEEM intensity
had become weaker from layer to layer, as discussed be-
fore, the increased LEEM intensity in the vicinity of the
island is interpreted as an inverse growth, i. e., as a local
thinning of the wetting layer. In Fig. 6 (g), the island
has grown, whereas the wetting layer is further depleted.
Especially the fourth Ge layer seems unstable against de-
cay in favor of the 3D island growth. The island exhibits
edges that show mostly a threefold symmetry. The over-
all shape, however, is rather irregular. At a later stage
of growth, the Ge 3D islands start to coalesce, as can be
seen in Fig. 6 (h), which shows a larger surface area.

Comparing the morphology in Fig. 6 (h) to that in
Fig. 4 (a) and (b), the difference is obvious. Instead of
compact pyramidal islands, huge rather two-dimensional
islands are formed when growing Ge on Ag:Si(111)-√
3×√3-R 30◦ with saturation coverage. The island

density, in turn, is drastically reduced. Judging from
Fig. 6 (h), a value of only about 1 × 106 cm−2 is esti-
mated for the growth conditions used here, i. e., for a
growth temperature and a Ge deposition rate of 480◦C
and 0.14BL/min, respectively. For comparison, the is-
land density in case of Ge growth on bare Si(111)-7×7, as
depicted in Fig. 4 (b) is about 360 times higher, at very
similar growth conditions (500◦C, 0.15BL/min).

During all growth stages, even after prolonged Ge
growth, and although the Ag flux was turned off dur-
ing Ge deposition, the surface reconstruction remains√
3×√3-R 30◦, as has been verified by similar growth ex-

periments monitored with LEED [28]. This indicates that
Ag segregates to the surface, which is further supported
by XPEEM analyses [28]. Together with the Ag induced
change of the surface morphology, which rather resembles
a (discontinuous) film growth than a pyramidal Stranski-
Krastanov island growth, this leads to the conclusion that
Ag can be considered as a surfactant for smooth Ge film
growth like As, Sb or Bi. A big difference, however, is that
Ag enhances the surfaces diffusion of Ge species, as is re-
flected in the drastically reduced island density, whereas
the group V elements are known to reduce the Ge surface
diffusion length [33, 34]. It is this difference that leads to
a discontinuous instead of a continuous Ge film.

IV. CONCLUSION

A detailed structural and morphological characteriza-
tion of the impact of Ag pre-adsorption on subsequent Ge
growth has been presented. At an elevated temperature
of 550◦C, the adsorption of Ag on Si(111)-7×7 exclusively

leads to the formation of the Ag:Si(111)-
√
3×√3-R 30◦

reconstruction. In case of submonolayer Ag adsorption,
step edge decoration has been observed. In contrast to Ga
pre-adsorption [16], the Ag step-edge decorated surface
cannot be used for selective growth of aligned nanoscale
Ge islands. Whereas Ga remains at the step edges and
domain boundaries of the Si(111)-7×7 substrate upon Ge
deposition [16], Ag has been demonstrated here to be re-
distributed all over the surface. As a consequence, Ge 3D
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island nuclueation conditions are induced that are very
similar to the case of Ge growth on bare Si(111)-7×7, and
the 3D island morphology after Ag step edge decoration
can hardly be distinguished from that found for growth
without Ag.
One of the most striking impacts of Ag pre-adsorption

has been found to be the increase of the Ge surface dif-
fusion length. In the submonolayer regime, this influence
is rather small due to the low integral Ag coverage, and
perhaps also due to the transition of the surface recon-
struction from

√
3×√3-R 30◦ to 3×1. For a Ag saturated√

3×√3-R 30◦ surface, however, the effect is dramatic and
leads to a reduction of the island density by more than
two orders of magnitude. In that case, also the island
morphology has been shown to be completely changed.

Instead of compact tetrahedral pyramids, giant islands
with a huge (111) top facet are formed that finally co-
alesce and will form a smooth Ge film upon further Ge
deposition.
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[12] Th. Schmidt, R. Kröger, T. Clausen, J. Falta, A. Janzen,
M. Kammler, P. Kury, P. Zahl, and M. Horn-von Hoegen,
Appl. Phys. Lett. 86, 111910 (2005).
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In adsorption on Si(112) and
its impact on Ge growth

M. Speckmann

Th. Schmidt

J. I. Flege

J. Falta
The change of the Si(112) surface morphology and structure induced
by In adsorption, as well as the impact of In preadsorption on the
growth kinetics and island morphology in Ge/Si(112) epitaxy, has
been investigated by means of low-energy electron microscopy and
diffraction. The intrinsically faceted Si(112) surface is smoothed
upon In saturation. In contrast to a previously reported (7 � 1)
reconstruction (reported in a recent work of Gai et al.), we observe a
½ð3þ xÞ � 1� superstructure, with x � 1=2. This is attributed to the
coexistence of (3 � 1) and (4 � 1) building blocks with In vacancies.
The presence of such vacancy rows is confirmed by the saturation of
the ½ð3þ xÞ � 1� structure at about 0.8 monolayers. Ge growth on
In-saturated Si(112) leads to the formation of 3-D islands, the
morphology of which depends on the growth temperature. At 450�C,
isotropic and dashlike islands are observed, whereas at 500�C,
larger islands with a triangular outline are found. The orientation of
the side facets of these triangular islands have been identified to
be (111), (013), and (103). The dependence of the island density on
the growth temperature indicates an enhanced Ge surface diffusion,
as compared with growth on bare Si(112).

Introduction
The adsorption of group-III metals on Si and Ge surfaces has

been intensively studied for (001) and (111) surfaces. The

technological potential for this class of material systems is

mainly based on the surface passivation that is achieved by

the adsorption of the trivalent metals on the group-IV

semiconductors. Such a passivation can play an important role

in surface functionalization, for example, for inorganic/organic

material interfaces, where the interaction between the inorganic

substrate and organic adlayers is modified by the group-III

substrate termination. Another field of application is Ge/Si

heteroepitaxy, where the growth mode has been shown to be

drastically influenced if the surface is passivated prior to growth

[1–9]. As Ge/Si growth is usually performed at elevated

temperatures that provide sufficient activation energy for

site-exchange processes [10], and since it is energetically

favorable to keep the surface passivated, the group-III metals

will, in general, segregate to the surface during Ge/Si

growth [5, 11].

In contrast to low-index surfaces like Si(111) and Si(001),

vicinal surface orientations like Si(112) or Si(113) provide less

symmetry, which can be exploited for the growth of

anisotropic nanostructures such as quantum wires. For

instance, Ge nanowires can be grown on bare Si(113) in a

narrow temperature window [12, 13]. In the case of Ga

preadsorption on Si(113), the surface is completely

decomposed into (112) and (115) facets, which can be

employed to increase the density and to change the orientation

of the Ge wires [14]. Hence, for a better understanding of

the influence of metal preadsorption on subsequent Ge growth,

the investigation of the adsorbate-induced change in

substrate surface reconstruction and morphology is an

important issue [15, 16]. For indium on silicon, many studies

can be found for (111) and (001) surface orientations. In the

case of In/Si(112), the only report is by Gai et al. [17], who

found that the intrinsically faceted [18, 19] Si(112) surface is

smoothed upon In adsorption and exhibits a (7 � 1)

reconstruction. In this paper, we revisit the In/Si(112) surface

structure and show that the surface reconstruction does not

have a (7 � 1) but rather a ½ð3þ xÞ � 1� periodicity, with x

close to 1/2.

The impact of group-III metals on Ge growth on Si(112)

has been already studied for Ga. Ga adsorption also leads to

smoothing of the Si(112) surface [20, 21], and a

½ð5þ xÞ � 1� reconstruction is found [22]. Subsequent Ge

deposition on Ga-terminated Si(112) enables the growth

�Copyright 2011 by International Business Machines Corporation. Copying in printed form for private use is permitted without payment of royalty provided that (1) each reproduction is done without

alteration and (2) the Journal reference and IBM copyright notice are included on the first page. The title and abstract, but no other portions, of this paper may be copied by any means or distributed

royalty free without further permission by computer-based and other information-service systems. Permission to republish any other portion of this paper must be obtained from the Editor.

Digital Object Identifier: 10.1147/JRD.2011.2158763

M. SPECKMANN ET AL. 11: 1IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 11 JULY/AUGUST 2011

0018-8646/11/$5.00 B 2011 IBM

191



of wirelike Ge islands, whereas rather isotropic Ge islands

are found for growth on bare Si(112) [22]. For In,

however, no reports on the influence on Ge growth on

Si(112) are found in the literature. Therefore, this paper

addresses this issue and reveals the In-induced change in Ge

growth kinetics and island morphology.

Experimental details
The low-energy electron microscopy (LEEM) and diffraction

(LEED) measurements were performed at the LEEM/PEEM

end station [23] of beamline U5UA at the National

Synchrotron Light Source (NSLS), Brookhaven National

Laboratory. The experiments were performed under

ultrahigh-vacuum (UHV) conditions with a base pressure in

the low 10�10 mbar range. The microscope is a LEEM III

by Elmitec, which is equipped with an electron energy

analyzer for additional use as an x-ray photoemission

electron microscope.

The silicon samples were cut from a Si(112) wafer with a

miscut of less than 0.1�. After transfer into the UHV system,

the samples were degassed at around 600�C for at least

12 hours to remove impurities from the surface and the

sample holder. The native oxide layer was removed by

several short flash heating cycles up to 1,200�C. After this
procedure, a clear diffraction pattern was observed in LEED,

and no contamination was obvious from LEEM images.

Heating was performed by electron bombardment from the

backside of the samples. The temperature was monitored

with a thermocouple attached to the sample holder and with

an infrared pyrometer operating at wavelengths below 1.1 �m.

Subsequently, indium was adsorbed on the clean Si(112)

surface at a deposition temperature of 500�C, until In
saturation coverage was reached, i.e., until the LEED pattern

did not change anymore. Ge was grown onto In-saturated

Si(112) at deposition temperatures between 450�C and

500�C. During Ge growth, In was co-deposited, i.e., the In

flux was kept on, in order to compensate for In desorption.

For the deposition of both materials, an electron beam

evaporator (Omicron Triple EFM) was employed. The

evaporator fluxes were calibrated in separate experiments

on Si(111) substrates, via the well-known

ðp3�p
3Þ-R30�-In and (4 � 1)-In reconstructions and the

transition of the (7 � 7) to the (5 � 5)-Ge structure on the

Si(111) surface, respectively. The ðp3�p
3Þ-R30�

reconstruction is completely evolved at a coverage of 1/3

ML111 [24–26], whereas the (4 � 1) reconstruction is

completely evolved at a coverage of 1 ML111 [25, 27, 28],

where 1 ML111 corresponds to 7:83� 1014 atoms/cm2.

(Here, ML stands for monolayer.) The Ge/Si(111)-(5 � 5)

structure is completed [29] at a coverage of 4 ML111. In the

following (if not differently stated), 1 ML refers to 1 ML112,

which is equal to 5:54� 1014 cm�2. Hence,

1 ML112 ¼ 1=
p
2 ML111.

Results and discussion

In adsorption

A typical LEED pattern of the clean Si(112) surface with

(111) and (5 5 12) facets is shown in Figure 1(a). All spots

line up in rows along the ½11�1� direction. Between the

integer-order stripes, additional spots occur at n=7 and n=2 of

the surface Brillouin zone (SBZ) along the ½1�10� direction, as
indicated by the red and green arrows, respectively. These

fractional order spots can be assigned to a (7 � 7)

reconstruction on the (111) facets and to a (2 � 1)

reconstruction on the (5 5 12) facets [19].

Upon In adsorption, the faceted structure evolves via a

disordered transition regime [a snapshot of this stage is

shown in Figure 1(b)] into a flat surface with an ordered

superstructure, as depicted in Figure 1(c).

The dynamics of this transition is illustrated in Figure 1(d).

At the beginning of the deposition, the (00) spot becomes

more intense, until it reaches its maximum at around

0.35 ML. This rise in intensity is explained in terms of

surface smoothing. As the starting surface is completely

decomposed into facets, there is no specular reflection along

the [112] surface normal direction at all, but the (00) signal

plotted here is generated from rather diffuse intensity

associated with the facet spots near the center of the LEED

pattern. Smoothing of the surface will therefore very likely

increase the specularly reflected intensity, as observed here.

An even stronger evidence for surface smoothing is given by

the evolution of the facet spot intensity, which drops more

or less linearly with In coverage, until it reaches a constant

level (which corresponds to diffuse background intensity

only) at about 0.25 ML. Although the surface seems to be

smooth at this stage, it is not very well ordered, as shown

from the LEED pattern in Figure 1(b). From this rather

diffuse pattern, a clear indication for neither remnants of

facets nor an ordered superstructure can be identified. When

the indium deposit is further increased, the (00) intensity

drops again. At the same time, new spots appear and

become more intense, which we assign to an In-induced

superstructure. As no change in the (00) intensity and in the

superstructure spot intensities is observed after the exposure

to around 0.8 ML, it is concluded that the newly formed

structure is saturated at a coverage of about 0.8 ML. A

typical LEED pattern recorded at the final stage is

shown in Figure 1(c). The yellow rectangle marks a

reciprocal (1 � 1) unit mesh. The three spots labeled A1 to

A3 and the three spots labeled B1 to B3 have the same

spacing of about 28.5% SBZ for the preparation conditions

used here. This finding could, in principle, be explained by

the presence of a (7 � 1) structure, as proposed by

Gai et al. [17]. However, these authors could not observe

ð1=7 nÞ or ð6=7 nÞ superstructure spots. In addition, in our

experiments, no electron energies could be found where

these spots occur. This leads us to conclude that the average
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surface periodicity is indeed ½ð3þ xÞ � 1�, with x ¼ 0:5 in

this case.

We assume that this Bpseudoincommensurate[ structure is

composed of (3 � 1) and (4 � 1) building blocks, similar to

the situation on the Ga/Si(112) surface. The latter mainly

consists of (5 � 1) and (6 � 1) building blocks, as has been

observed by scanning tunneling microscopy [20, 21],

leading to a ½ð5þ xÞ � 1� LEED pattern [22]. Moreover,

high-resolution LEED measurements (not shown here) prove

that the value of x depends on the In coverage and

adsorption temperature, which clearly rules out a (7 � 1)

reconstruction and is detailed elsewhere [30]. A common

structural element in the (5� 1) and (6� 1) building blocks of

the Ga/Si(112) surface are Ga vacancies that produce a

missing-row structure. In one (6 � 1) building block, only 10

of the 12 possible Ga sites are occupied. Returning to the

results for In/Si(112), and assuming a similar atomic

configuration as for Ga/Si(112), i.e., including one or two In

vacancies per building block, a saturation coverage between

0.67 and 0.875 ML is expected for a ½ð3þ xÞ � 1� periodicity,

Figure 1

LEED patterns (a) prior, (b) during, and (c) after In deposition onto clean Si(112) at 500�C (logarithmic grayscale), as well as (d) evolution of the

intensity of selected diffraction spots at 32 eV. The clean surface is composed of (111) and (5 5 12) facets, which expose (red arrows) a (7 � 7)

reconstruction and (green arrow) a (2 � 1) reconstruction, respectively. In (c), the three spots labeled BA[ and the three spots labeled BB[ have the same

spacing, leading to an average surface periodicity of ½ð3þ xÞ � 1�. The yellow rectangle shows the reciprocal (1 � 1) unit mesh. The spots whose

intensities are plotted as a function of coverage in (d) are marked with circles in (a)–(c).
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in agreement with our results. The similarity between the

Ga/Si(112) and In/Si(112) atomic structures will be

demonstrated by means of x-ray standing wave results in an

upcoming publication [30].

Ge growth on In/Si(112)

As on the bare Si(112) surface [22], Ge growth on In-covered

Si(112) leads to the formation of a wetting layer and,

subsequently, to 3-D Ge islands. The island morphologies

obtained for different growth temperatures are illustrated in

the LEEM images in Figure 2. For growth at 450�C, as
shown in Figure 2(a) and 2(b), essentially two island

geometries are found. In addition to islands with a rather

isotropic appearance, Ge islands with a dashlike shape are

also observed, extending along the ½1�10� direction. The
average size of the dashlike islands is estimated to be about

150 nm in the ½1�10� direction and 70 nm in the ½11�1�
direction. Most of the dashlike islands appear much brighter

than the isotropic ones, whereas the latter tend to have a

wider region with low LEEM intensity at their

circumference. Since the LEEM contrast is influenced by

form factors and field distortions, this finding might indicate

that these two island types have different side facets that yield

different intensities at the energy used here. Owing to the

Figure 2

Bright-field LEEM images obtained after Ge growth on In-saturated Si(112) at [(a) and (b)] 450�C and [(c) and (d)] 500�C.
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small size of the islands and, thus, of their side facets, a

detailed investigation of the facet orientations with LEED, as

presented for the 500�C growth temperature below, was

not possible in our experiments.

When the growth temperature is increased to 500�C, the
surface morphology changes, as shown in Figure 2(c). Still, a

few dashlike islands elongated in the ½1�10� direction are

observed, but most of the islands have a triangular outline,

with the longest edge along ½1�10� and with the apex pointing

toward the ½�1�11� direction. The size distribution of these

triangular islands is rather broad. The vast majority of the Ge

is incorporated into large islands, many of which approach

or even exceed a width of 1 �m in ½1�10� direction, as obvious
from Figure 2(c). Nevertheless, there are also many triangular

islands with a width below 350 nm, as shown in Figure 2(d).

Comparing the LEEM images for 450�C with those for

500�C, it is obvious that the island density decreases with

increasing temperature. This is readily understood in terms of

thermally activated diffusion. From a quantitative analysis of

the dependence of the island density on growth temperature,

the diffusion barrier height can be estimated within the

framework of the classical nucleation theory [31], as has been

demonstrated, e.g., in the case of Ge growth on bare and

Ga-covered Si(112) and Si(113) surfaces [22, 32]. In the

present case of Ge growth on In-terminated Si(112),

unfortunately, only a very small temperature window was

accessible in our experiments. When, on one hand, Ge was

significantly grown below 450�C, the islands became too

small and too dense for a reliable analysis. When, on the

other hand, the growth temperature was raised well above

500�C, the desorption of In from the Ge wetting layer could

no longer be compensated by In co-deposition. Hence, only a

rough estimate of the diffusion barrier height can be given

here. For 450�C, the island density is about 1:8� 109 cm�2,

which is comparable [22] with Ge growth on bare Si(112). At

500�C, however, the island density for Ge/In:Si(112) is

nearly twice as high (about 3:6� 108 cm�2) as for

Ge/Si(112). Assuming an Arrhenius behavior for island

density N , i.e., N / expðEA=kBTÞ, we obtain an activation

energy EA of approximately 1.5 eV, which is significantly

smaller compared [22] with Ge/Si(112) ðEA ¼ 2:06 eVÞ and
Ge/Ga/Si ðEA ¼ 2:35 eVÞ. According to a previously

detailed approximation [22, 32], a similarly reduced diffusion

barrier is implied. Thus, in the presence of In on the Ge/

Si(112) surface, the Ge adatom diffusion is enhanced. A

similar impact of In adsorption on surface diffusion has been

also reported for Ge/Si(111) [6].

A LEED pattern of the Ge/In:Si(112) surface after Ge

growth at 500�C is shown in Figure 3(a). It consists mainly

of a ½ð3þ xÞ � 1� pattern that is attributed to the

In-terminated Ge wetting layer, which makes up the largest

part of the surface. Within the experimental resolution, no

change for the value of x is observed, as compared with the

In:Si(112) starting surface. Hence, the periodicity (and,

presumably, the atomic structure) is virtually maintained

upon Ge wetting layer formation.

Apart from the ½ð3þ xÞ � 1� pattern, facet spots are
visible, some of which have been marked by circles in

Figure 3(a). When increasing the electron energy, these spots

move toward the directions indicated by the arrows attached

to the circles, whereas the ½ð3þ xÞ � 1� spots are stationary

on the projection screen. (Contrary to conventional LEED

systems, where scattering angles are detected, the LEEM

instrument probes the momentum transfer parallel to the

surface. Thus, diffraction spots originating from flat regions

on the surface appear at the same position for different energy

levels.) Therefore, we attribute these additional spots to

originate from Ge island side facets. The orientation of a

facet can be determined from its azimuthal orientation, i.e.,

the projection of the facet’s normal into the (112) surface

plane, and the inclination of the facet normal direction with

respect to the [112] surface normal direction. Both quantities

can be determined from a series of LEED patterns as a

function of electron energy. The azimuthal orientation is then

identified by the direction into which the facet spots move, as

indicated by the arrows in Figure 3(a). For the marked spots,

we find three different azimuthal orientations, namely, ½11�1�,
½�7�14�, and its symmetric counterpart ½�1�74�. This corresponds
to the existence of three side facets, two of which are mirror

symmetric with respect to the ½11�1� axis. The inclination

angles have been determined from the reciprocal space maps

(RSMs) shown in Figure 3(c) and 3(d). These RSMs were

composed from line scans through the stack of LEED

patterns for different energy levels. In particular, for low

energies, the Kk�K? dependence within a single LEED

pattern becomes important. This dependence has been

accounted for, which leads to the curved contours of the

RSMs. The RSM shown in Figure 3(c) was taken along the

½11�1� direction through the (00) spot. Therefore, all the ð0nÞ
spots appear as vertical reciprocal lattice rods in this RSM.

Apart from these vertical rods, at least two inclined rods can

be identified, which are marked by arrows in Figure 3(c).

These oblique rods are tilted toward the ½11�1� direction by

20.3�, which is in reasonable agreement with the inclination

of 19.5� expected for a (111) facet. In Figure 3(d), an RSM

taken along the ½�7�14� direction through the ð0�1Þ spot is
shown. Again, some vertical rods appear, which originate

from the ð0�1Þ spot in the center and the (31) and ð�3�1Þ spots
near the edge of the RSM. Some other weak vertical rods

appear in between, which are attributed to ½ð3þ xÞ � 1�
superstructure spots that are close to the plane of the RSM. In

addition, one inclined rod marked by arrows is clearly

visible. Its tilt angle of 24.6� toward the ½�7�14� direction
agrees well with the angle of 25.4� expected for a (013) facet.
Its symmetric counterpart, then, is a (103) facet. Although

there are indications for additional oblique rods in both

Figures 3(c) and 3(d), none of these is sufficiently intense to

unambiguously be identified. Therefore, we conclude that the
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Ge islands are mainly terminated by (111) and {103} side

facets. A real-space image of a typical Ge island is shown in

Figure 3(b), where the facet geometry is superimposed. The

top (112) facet appears bright, whereas all side facets are

dark. This is in agreement with geometrical LEED

simulations (not shown here), which imply that, at the

Figure 3

LEED and LEEM patterns. (a) LEED pattern (logarithmic grayscale), (b) bright-field LEEM image of an island, and (c) and (d) reciprocal space maps

(RSMs) for Ge grown on In-terminated Si(112) at 500�C. In (a), several facet spots have been marked with circles. The arrows indicate into which

direction the facet spots move with increasing electron energy. The RSMs were taken (c) through the (00) spot along the ½11�1� direction and (d) through
the ð0�1Þ spot along the ½71�4� direction. The reciprocal lattice rods related to (111) and (013) facets are marked with arrows in (c) and (d), respectively.

The LEED pattern in (a) has been high-pass filtered to make the facet spots better visible.
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electron energy used here, neither the (111) nor the {103}

facets contribute to the (00) intensity and, thus, to the

bright-field LEEM intensity.

Note added in proof: The In-terminated {103} facets

observed here have most likely a (1 � 1) reconstruction [33],

as this type of facet has been shown to be energetically very

favorable in theoretical work [34], and such facets are also

found after In adsorption on bulk Ge(001) [35] and bulk

Ge(113) [36].

Conclusion
The adsorption of In on Si(112) and its influence on the

surface morphology and atomic structure, as well as its

impact on subsequent Ge growth, has been studied with

LEEM and LEED.

The initially faceted Si(112) is smoothed upon In

adsorption, and a complex superstructure is formed. In

contrast to a previously proposed (7 � 1) structure [17], our

results indicate the existence of a Bpseudoincommensurate[

½ð3þ xÞ � 1� structure that consists of (3 � 1) and (4 � 1)

building blocks, similar to Ga/Si(112), where a ½ð5þ xÞ � 1�
is reported [22] that consists of (5 � 1) and (6 � 1) unit cells

[20, 21]. The In:Si(112)-½ð3þ xÞ � 1� structure saturates at a
coverage of around 0.8 ML, which agrees with a vacancy

Bpseudoincommensurate[ model.

For subsequent Ge growth, a strong influence of In

preadsorption on the island morphology has been found.

Whereas on bare Si(112), islands with a rather circular

outline have been reported [22], anisotropic islands are

observed in the presence of In, the shape, size, and density of

which depend on growth temperature. At 450�C, dashlike
islands are formed, whereas at 500�C, mainly triangular

islands occur, the side facets of which have been determined

to be of (111) and {103} orientations.
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Vielen Dank auch an alle Kollegen, mit denen ich im Laufe der letzten Jahre
seit meiner Diplomarbeit auf diversen Messzeiten (insgesamt 19 (!!), wenn ich mich
nicht verzählt habe) an verschiedenen Synchrotronstrahlungsquellen war, für die an-
genehme Atmospähre und gute Stimmung, die das Tag-und-Nacht-Arbeiten überhaupt
erst erträglich gemacht haben. Zu nennen wären da (in ungeordneter Reihenfolge):
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Viele der hier präsentierten Ergebnisse wären ohne den unermüdlichen Einsatz und
die vielen Reparaturen, Erweiterungen, Basteleien etc. von Jürgen Lauckner an den
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