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“... I equate the rational attitude (towards a problem of the natural sciences
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Abstract

In this work the epitaxial growth of germanium on SrHfO3(001), and
the La2Hf2O7/Si(001) and SrTiO3/GaAs(001) interfaces were studied theo-
retically using the Projector-Augmented Wave (PAW) method. The studied
systems have great technological interest in the context of the development of
future transistors. The PAW method is based on Density Functional Theory
and it is implemented in the Car-Parrinello Ab-Initio Molecular Dynamics. It
is an all-electron method that treats explicitly the core and valence electrons
and gives access to the complete (also close to the nucleus) wave function.

The goal of the germanium growth on SrHfO3(001) is to form a germa-
nium film with low density of defects and smooth morphology, to be used as
channel in a transistor. Such a film can not be formed by direct growth due
to the fact that germanium grows in three dimensional islands on the oxide
substrate. Therefore, in this work, the feasibility of using a third material to
achieve germanium layer-by-layer growth was investigated. It was found that
antimony does not wet the oxide substrate and therefore can not be used to
initiate epitaxial growth of germanium. On the other hand, strontium is an
interesting candidate, since previous studies have demonstrated that 1/2ML
passivates the Si(001) surface. The formation of an ordered strontium film
on a SrO-terminated oxide substrate, to be used as template for germanium
overgrowth, was studied. It was found that careful control of the experimen-
tal conditions, in a growth chamber where the only sources are strontium
and germanium, may lead to the formation of a strontium 1ML film. On
the other hand, the formation of an ordered 1/2ML film is unlikely. The
strontium 1ML film increases the surface reactivity, and it is important to
avoid oxidation because it leads to germanium clustering. It has been found
that oxidation from the oxide subsurface is thermodynamically unfavorable.
However, insignificant oxygen contamination in the growth chamber is nec-
essary. Deposition of germanium on the strontium 1ML template results in
wetting and thus a change of the growth mode to layer-by-layer. A germa-
nium adatom binds strongly to the surface at the hollow site. Moreover,
germanium remains at the surface and does not diffuse into the substrate
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below. Nevertheless, the diffusion barrier of germanium on the strontium
surface is larger than the atomization energy of the strontium film, so that
germanium diffusion can not be activated at coverages up to 1/4ML. Un-
der these growth conditions, the formation of a uniform 1/4ML film is not
possible and regions with lower and higher coverage coexist on the surface.
At coverages higher than 1/2ML, the Ge adatoms occupy the hollow sites
but also form short chains. The short chain structure is stable at 3/4ML
coverage, and it is part of the first and second layers of the Ge(001) 2ML
film. Therefore, the first germanium epitaxial layers do not form in a layer-
by-layer fashion. Moreover, it has been found that at germanium coverages
between 1ML and 2ML, (interfacial) strontium atoms from the template dif-
fuse to the germanium surface. The germanium surface is then passivated
and a germanium compound is initially formed with strontium at the sur-
face and interface. At this stage, a thermal treatment may be beneficial
for the formation of a uniform germanium film on the oxide substrate. Fi-
nally, at 3ML coverage, the obtained stable surface configuration consists of
a germanium epitaxial film passivated on both surfaces by strontium 1/2ML.
Therefore, during germanium deposition, the strontium 1ML template has
separated into two halves: 1/2ML has segregated to the surface and the
remaining 1/2ML forms the interface. The strontium 1/2ML-interface has
unpinned Fermi level and its calculated band offsets are suitable for transis-
tor applications. On the germanium surface, the strontium 1/2ML film may
in principle be used as surfactant, since it passivates the Ge(001) surface and
it is expected to have low incorporation in bulk germanium due to the large
atomic radius of strontium. Furthermore, the strontium film may also be
used as template for heteroepitaxial growth of a strontium-based perovskite
on Ge(001).

The interfacial structure and valence band offsets of the La2Hf2O7/Si(001)
crystalline system were studied. It was found that the La3HfO5 class of
interfaces unpin the Fermi level. A surface structure with a large relaxation
of an interfacial oxygen atom into the oxide has a calculated valence band
offset of 1.81±0.27 eV. On the other hand, a degenerate structure without the
interfacial oxygen relaxation and with a different relative orientation of the
silicon substrate, has an estimated valence band offset of 2.37±0.02 eV. The
large difference in the band offset is due to the electric dipole perpendicular
to the interface originated by the relaxation of the interfacial oxygen atom.
Both valence band offsets are larger than 1 eV, which is a suitable value
for transistor applications. This study indicates that a variety of interfacial
structures may coexist, moreover, the calculated valence band offsets overlap
with the experimental data for the amorphous system.

The SrTiO3/GaAs(001) crystalline interfaces with unpinned Fermi level
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were investigated. It was found that the unoxidized Sr 1/4ML interface has
a valence band offset of 0.97±0.25 eV, and the oxidized Sr 3/4ML interface,
a valence band offset of 1.53 ± 0.25 eV. The atomic structure of the latter
interface is qualitatively similar to the experimental Z-contrast image for the
crystalline system.





Contents

1 Introduction 1
1.1 The MOS capacitor and the MOSFET . . . . . . . . . . . . . 1
1.2 High mobility channels . . . . . . . . . . . . . . . . . . . . . . 3
1.3 GeOI substrates for MOSFETs . . . . . . . . . . . . . . . . . 3
1.4 Growth Modes . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 GeOI fabrication techniques . . . . . . . . . . . . . . . . . . . 5

2 Theoretical Approach 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Density-Functional Theory . . . . . . . . . . . . . . . . . . . . 8
2.3 Car and Parrinello Ab Initio Molecular Dynamics . . . . . . . 11

2.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Fictitious Lagrangean and Equations of Motion . . . . 11
2.3.3 Molecular Dynamics and Adiabatic Decoupling . . . . 13
2.3.4 Equilibrium Geometry: Simulated Annealing . . . . . . 15

2.4 The PAW Method . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Construction of the Wave Functions . . . . . . . . . . . 16
2.4.3 The Core Electrons . . . . . . . . . . . . . . . . . . . . 19
2.4.4 Transformation Operator . . . . . . . . . . . . . . . . . 20
2.4.5 Partial Waves and Projectors . . . . . . . . . . . . . . 22
2.4.6 Expectation Values, Total Energy . . . . . . . . . . . . 24
2.4.7 Dynamics of the Nuclei and the Wave Functions . . . . 27

2.5 The Supercell Approach . . . . . . . . . . . . . . . . . . . . . 30

3 Surfactant-mediated epitaxial growth of Ge on SrHfO3(001) 33
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Computational details . . . . . . . . . . . . . . . . . . . . . . 34
3.3 The perovskite crystal structure : Bulk SrHfO3 . . . . . . . . 39
3.4 The SrHfO3(001) surface . . . . . . . . . . . . . . . . . . . . 39
3.5 Ge clustering on SrHfO3(001) . . . . . . . . . . . . . . . . . 40



xiv CONTENTS

3.5.1 Adsorption of an isolated Ge adatom . . . . . . . . . . 41

3.5.2 Adsorption of Ge films . . . . . . . . . . . . . . . . . . 49

3.6 Heteroepitaxial growth of Ge without surfactant . . . . . . . . 59

3.6.1 The two temperature-step growth process without sur-
factant . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.6.2 Seeding for heteroepitaxial growth . . . . . . . . . . . . 61

3.6.3 Stabilization of metastable Ge structures . . . . . . . . 62

3.7 Surfactant for Ge heteroepitaxial growth . . . . . . . . . . . . 64

3.7.1 Surfactant-mediated growth . . . . . . . . . . . . . . . 65

3.7.2 Two examples of Ge heteroepitaxial growth with Sb as
surfactant . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.7.3 Sb as surfactant for heteroepitaxial growth of Ge on
SrHfO3(001) . . . . . . . . . . . . . . . . . . . . . . . 69

3.7.4 Can Sr be considered as a surfactant? . . . . . . . . . . 74

3.8 Formation of Sr 1ML film on SrHfO3(001) . . . . . . . . . . 76

3.8.1 The isolated Sr adatom . . . . . . . . . . . . . . . . . . 77

3.8.2 The Sr 1/2ML surface configuration . . . . . . . . . . . 78

3.8.3 The Sr 1ML surface configuration . . . . . . . . . . . . 80

3.8.4 Process of formation of Sr 1ML . . . . . . . . . . . . . 81

3.9 Oxidation of the Sr 1ML film . . . . . . . . . . . . . . . . . . 83

3.10 Substrate termination and surface roughness . . . . . . . . . . 86

3.11 Initial Ge deposition on Sr 1ML . . . . . . . . . . . . . . . . . 87

3.11.1 The isolated Ge adatom . . . . . . . . . . . . . . . . . 88

3.11.2 Ge incorporation in the substrate . . . . . . . . . . . . 91

3.11.3 The Ge 1/2ML surface configuration . . . . . . . . . . 93

3.11.4 The Ge 3/4ML surface configuration . . . . . . . . . . 96

3.11.5 The Ge 1ML surface configuration . . . . . . . . . . . 98

3.12 Stability of Ge epitaxial layers on Sr 1ML . . . . . . . . . . . 101

3.12.1 The Ge 2ML surface configuration . . . . . . . . . . . 103

3.12.2 The Ge 3ML surface configuration . . . . . . . . . . . 106

3.13 Mechanism for Ge growth on a Sr-covered oxide surface . . . . 106

3.14 The Sr-interfaces of SrHfO3/Ge(001) . . . . . . . . . . . . . 108

3.15 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4 The La2Hf2O7/Si(001) interface 111

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . 111

4.3 The La3HfO5 class of interfaces . . . . . . . . . . . . . . . . . 113

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114



CONTENTS xv

5 The SrTiO3/GaAs(001) interface 119
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . 120
5.3 The unpinned interfaces . . . . . . . . . . . . . . . . . . . . . 121
5.4 The initial stages of SrTiO3 growth on GaAs(001) . . . . . . 124
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 Summary 133

Bibliography 137

List of Total Energies 143

Curriculum Vitae 149

Papers 155





Chapter 1

Introduction

Metal-oxide-semiconductor-field-effect-transistors (MOSFETs) are at the
heart of today’s computers, but also at the heart of today’s society and
lifestyle. Modern transportation, communications, commerce and entertain-
ment depend on computers. The development of MOSFETs and microelec-
tronics has been fast and continuous during the last few decades providing
cheaper, faster, smaller and less power consuming transistors. The so-called
mobile technology is a direct consequence of this development and it has had
a profound impact on society, revolutionizing the way we interact with other
people. Today’s society demands for further improvement of the MOSFETs
performance to satisfy its growing computational needs. But is there a limit
for this improvement? In 1965, Gordon Moore [1] reviewed the then current
state of development in microelectronics and proposed a development trend
for semiconductor integrated circuit technology. This trend is known today
as Moore’s law, and predicts that the shrinking of the transistor’s dimen-
sions and the improvement of its performance approach a linear dependence
with time. Nowadays the International Technology Roadmap for Semicon-
ductors [2] dictates the new trends and technologies in the semiconductor
industry. The apparently unlimited performance improvement of a MOS-
FET has indeed a limit imposed by quantum mechanical effects. To clarify
the reason for this limitation it is necessary to have a general idea of the
operation of a MOSFET.

1.1 The MOS capacitor and the MOSFET

A traditional metal-oxide-semiconductor (MOS) capacitor (Figure 1.1)
consists of a silicon (Si) substrate, a silicon dioxide film (SiO2), and a metal
plate. Its operation is similar to that of a capacitor with the metal plate and
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the Si substrate being the metal plates of the capacitor. The substrate is not
made of pure Si but it is alloyed (doped) with small quantities of another
material that can act as an electron acceptor (e.g. boron, aluminum, gallium)
or an electron donor (phophorous, arsenic, antimony). Depending on the
type of material that dopes the Si substrate it is called p-type (acceptor-like
doping) or n-type (donor-like doping). The p-type substrate has a majority
of holes as charge carriers, whereas in the n-type, the electrons are the charge
carriers. Additionally, there are two zones in the substrate which are doped
with the opposite type of materials as the substrate, and they are called
source and drain. So, when a voltage is applied on the metal plate it will affect
electrostatically the substrate surface and charge carriers can accumulate at
or be repelled from the substrate. If a voltage is then applied between the
source and drain during accumulation of charges at the substrate surface, the
MOSFET is on the “off state” and there is no charge transport between the
source and drain. On the other hand, if the majority charges are repelled from
the surface substrate an inversion layer can form with the minority carriers
which are of the same type as the source and drain, and the the MOSFET
will be on the “on state”. The gate dielectric, SiO2, must isolate the charge
carriers in the two metal plates of the MOSFET capacitor, diffusion through
the gate dielectric must not occur.

Figure 1.1: Scheme of a metal-oxide-semiconductor field effect transistor (MOSFET).
The germanium on insulator (GeOI) architecture is shown, which includes a buried oxide
(BOX) below the channel.
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Since the reduction of the MOSFET dimensions is necessary for better
performance, there is a potential problem when the thickness of the gate
dielectric is too small so that electrons can tunnel through due to quantum
mechanical effects. In order to avoid this without sacrificing scalability, it
has been proposed the use of gate dielectrics with higher dielectric constant
than SiO2 (3.9), and they are the so-called high-k dielectrics. The advantage
is that the thickness of the gate dielectric can be increased while the capaci-
tance of the MOSFET is maintained. A challenge for the high-k materials is
integration with Si and Ge in the MOSFET.

1.2 High mobility channels

In addition to high-k dielectrics, the performance of the MOSFET can
in principle be improved when a material with higher mobility than Si is
used in the channel. Ge seems to be better suited for transistors than Si.
It has better transport properties than Si which allows for higher saturation
currents, and a smaller band gap which translates to lower supply voltages
and power dissipation [3]. In fact, it was used in the first transistors but
it was abandoned due to difficulties in processing Ge oxide [3]. The high
optical absorption coefficient of Ge makes it also suitable for photodetectors
and optoelectronics [4]. Another advantage is that the lattice parameter is
compatible with GaAs which opens the road to integration of both materials
in a CMOSFET.

1.3 GeOI substrates for MOSFETs

Semiconductor-on-insulator (SeOI) substrates place an insulating oxide
material between the channel and the substrate, the so-called buried-oxide
(BOX). The BOX insulates the channel from the substrate and the transistor
from adjacent transistors. SeOI substrates offer better electrostatic control
for MOSFETs over conventional ’bulk’ substrates due to less short channel
effects, reduced junction capacitances and lower substrate coupling in radio
frequency [3]. The SeOI architecture also offers the possibility to integrate
Ge or GaAs to be used in the channel with existing low-cost and widely
available Si substrates. In this way, the current Si-wafer processing lines
may continue to be exploited in the production of future MOSFETs. When
a material other than Si is used in the channel, such as Ge or GaAs, the BOX
can be used to adjust the lattice mismatch between the Si substrate and the
channel.
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Ge-on-insulator (GeOI) substrates use a Ge channel on a Si substrate,
and so benefit from the Ge transport properties (Section 1.2) and lattice
parameter similar to GaAs. The GeOI substrate can be used as template
for high-quality epitaxial growth of GaAs enabling Si/III-V monolithic in-
tegration. In these substrates a limited quantity of Ge is used providing
mechanical stability over fragile and heavy Ge bulk substrates. The me-
chanical behaviour is close to Si wafer giving GeOI a practical advantage for
processing in the current Si device lines. It has also been found that GeOI
substrates have better heat dissipation by the Si substrate beneath, even
with the BOX layer in-between, compared to Ge and GaAs substrates [4].

One of the main challenges in GeOI substrates for MOSFETs is to create
a high-quality single-crystal layer for the channel material. A promising
technique for achieving this goal is heteroepitaxial growth. A significant
misfit strain exists between Si and Ge (4 %) that makes direct heteroepitaxy
challenging but, on the other hand, the strain in the Ge channel is desirable
because it can be used to optimize the carrier transport properties. Thus,
the goal for a GeOI-based MOSFET device is to have a highly strained Ge
channel with minimal density of crystal defects [5].

Successful Ge p-channel mobility enhancement has been reported much
more often than significant enhancement in n-channel mobility (see Ref. [4]
and references therein). This is a generally found limitation in Ge, and possi-
ble causes include: insufficient Ge surface passivation, poor dopant activation
in S/D regions, impurity induced structural defects. In order to improve the
n-channel mobility, strained Si or GaAs can be used instead of Ge in the
same structure with a Ge p-channel, to form a dual channel heterostructure.

1.4 Growth Modes

There are three growth modes: Franck-van der Merwe or layer-by-layer,
Volmer-Weber or 3D-island, and Stranski Krastanov. They depend on the
wetting and strain conditions of the film on the substrate. If the film wets the
substrate, layer-by-layer or Stranski-Kastranov growth modes are possible.
The difference between the two is the strain condition on the growing layer.
Under high strain (or compressive strain) a film that initially growed in
a layer-by-layer mode (due to favorable wetting) can change to 3D-island
growth in order to relax the strain in the film, e.g. Ge growth on Si (lattice
mismatch is 4 %). If the film does not wet the substrate, it grows in 3D-
islands to minimize the surface energy, e.g. Si growth on Ge.

It can be seen that Ge wets Si but Si does not wet Ge, similarly, the oxides
used as gate dielectrics wet Si, on the other hand, Si grows in 3D-islands on
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these oxides. This can be understood using a surface energy argument. If
material A is deposited on B, and if γA, γB, and γAB are the surface energy
of material A (interface A/vacuum), material B (interface B/vacuum), and
interfacial energy between material A and B. Then a layer-by-layer growth
mode is expected when γA + γAB < γB. If this condition is satisfied, and A
(e.g. gate oxide) does grow layer-by-layer on B (e.g. Si), then unless γAB is
a negative number, B will grow in 3D-islands on A, since γA < γB.

1.5 GeOI fabrication techniques

Nowadays there are several fabrication techniques for GeOI substrates.
The most widely used are the Ge condensation technique [6] and the Smart-
Cut process. Other methods include liquid phase epitaxy [7], the bond and
grinding method, the grind and etch-back method.

The Ge condensation technique consists basically of two steps: the epitax-
ial growth of a SiGe layer on a SOI substrate, followed by selective oxidation
of Si. This Si selective oxidation is performed under dry O2 and at high
temperature. The result is the accumulation of Ge at the oxide interface
and simultaneously, due to the high temperature used, Ge diffusion through
the top Si layer of the SOI substrate and then through the remaining SiGe
layer [6]. The thickness of the SiGe layer decreases during oxidation due to Si
consumption. The decrease in SiGe thickness and the diffusion of Ge produce
a Ge content enrichment. Enrichments up to 100 % in ultra thin SGOI layers
(about 10 nm), for long-enough oxidation times, have been reported [3]. In
the Ge condensation technique, initial parameters have a drastic influence on
the final enrichment values and the final SGOI or GeOI thicknesses. These
initial parameters are: the top Si thickness of the starting SOI wafer, the Ge
content in the deposited SiGe layer and the SiGe thickness before oxidation.
In addition, the final properties of the GeOI substrate are also sensitive to
physical non-homogeneities induced in the prestructure fabrication, such as
the uniformity of the Si and SiGe thicknesses and of the Ge content. At the
current state of development, line density of dislocations (18/µ m) and low
surface roughness (≈ 0.4 nm Rms) characterize the Ge condensation tech-
nique [4]. The main advantage of this technique is its localized approach. It
allows for Si and Ge-on-insulator co-integration, and it is adequate for very
thin GeOI formation. Among the drawbacks are its high thermal budget
(> 1000 ◦C), and plastic deformation during the oxidation process [4].

The Smart-Cut process is based on wafer bonding and uses two wafers,
one is a Si wafer and the other, called donor wafer, contains the Ge layer
to be transferred. The basic process flow for GeOI fabrication consists of:
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oxide formation on the Si wafer, ion implantation on the (donor) wafer that
contains the Ge layer, hydrophilic bonding of the two wafers, Ge film trans-
fer by mechanical separation from the donor wafer, and finishing steps [4].
After the process is finished, the donor wafer can be reutilized to fabricate
additional GeOI substrates. This is an efficient method for SOI fabrica-
tion and has been adapted for ’full sheet’ (not-localized, continuous Ge film)
GeOI fabrication. The quality of the donor wafer plays an important role
because it contains the starting material for layer transfer. The Ge layer in
the donor wafer should have minimum defectivity. The donor wafer can be a
Si wafer where Ge has been grown or else a Czochralski-grown Ge bulk wafer
with zero dislocations. Although the Ge bulk donor wafers offer ideal crystal
quality for GeOI, the heterostructure produced after bonding has a thermal
mismatch that increases with the wafer diameter. GeOI fabrication from Ge
bulk donor wafers has been demonstrated for 200 mm wafers with low surface
roughness (below 0.5 nm Rms) and without detection of extended defects [4].
However, future availability of 300 mm Ge bulk donor wafers, necessary for
high performance MOSFET applications, is still not clear.

Liquid phase epitaxy (LPE) is yet another technique. It starts by sputter
deposition of Ge on the oxide substrate followed by rapid thermal annealing
(RTA) above the melting temperature of Ge. The oxide is deposited on the
Si wafer but does not cover it completely and so Ge is also in contact with
Si. The natural cooling down of Ge initiates the process. The LPE starts at
the seed region in contact with the Si substrate and proceeds to the region
on the insulator. The crystal orientation of the Ge film is then determined
by the orientation of the Si substrate. Typically, the lateral extent of GeOI
fabricated with this technique is limited to 20µm [4].

None of the currently used GeOI fabrication techniques is based on direct
heteroepitaxial growth due to the fact that Ge grows on an insulator in a
Volmer-Weber mode, that is forming 3D-islands (Section 1.4). Although after
certain thickness the Ge islands do coalesce, the resulting density of defects
in the film is too high for transistor applications. Nevertheless, it is still
possible to attempt to obtain a metastable epitaxial structure by affecting
growth kinetics through low temperature growth or high deposition rate.
Moreover, it is possible, in principle, to change the growth mode to layer-by-
layer through the use of a third material during heteroepitaxial growth, called
surfactant. In the past, Sb and As have been used as surfactants to achieve
layer-by-layer growth for the fabrication of Ge/Si heterostructures [8, 9].
The general effect of surfactants is discussed in Section 3.7. The choice of a
suitable surfactant that is compatible both with Ge and the oxide substrate
is investigated in this work.



Chapter 2

Theoretical Approach

2.1 Introduction

In this section I will describe the theoretical approach used in my simula-
tions, and I begin by mentioning briefly some aspects of the theories used by
the computational approach. The complete description of a many-particle
interacting system (electrons and atomic nuclei) requires the quantum me-
chanical treatment of the electronic and nuclear parts of the system. As
a consequence of the great difference between the masses of the electrons
and nuclei, the Born-Oppenheimer approximation [10] (or adiabatic approx-
imation) allows to separate the scales of time of the electronic and nuclear
movements. Therefore, it is assumed that the (fast) electrons possess enough
time to readjust and therefore follow the movement of the (slow) nuclei, so
in each instantaneous nuclear configuration, the electrons are always in their
ground state. This is equivalent to a parametric evolution of the ground state,
which depends (parametrically) on the instantaneous nuclear configuration.

The Born-Oppenheimer approximation separates the electronic and nu-
clear degrees of freedom in such a way that it is possible to introduce an
effective classical nuclear system. In this system, the nuclear movements
can be treated classically. The forces acting on the nuclei are determined
by the electrons in the ground state, and can be obtained from the Born-
Oppenheimer potential energy surface (PES). The PES describes the total

energy E as function of the nuclear configuration {~RI}. The total energy E
represents the potential energy of the nuclear system, and it is the sum of the
electronic total energy and the nucleus-nucleus repulsion energy. The forces
obtained from the PES are used to integrate the classic equations of motion
for the nuclei and, in this way, generate a new nuclear configuration. The
dynamic evolution of the system on the PES is called Born-Oppenheimer
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dynamics. The equilibrium geometry is the global minimum (on the PES)
of the total energy E with respect to the nuclear configuration.

2.2 Density-Functional Theory

The theoretical study of the electronic structure (for a fixed nuclear con-
figuration) requires the solution of only one Schrödinger equation for the
system of interacting electrons in an ”external” potential v(~r) originating
from the nuclei. The many-electron wave function of the ground state (so-
lution corresponding to the lowest eigenvalue of this Schrödinger equation),
allows for the determination of all the electronic properties of the ground
state [11]. For the description of the ground state, a theory exists that uses
the electronic density ρ(~r) as basic variable, instead of the many-electron
wave function. This theory is the density-functional theory (DFT) that was
introduced by Hohenberg and Kohn [12] in 1964. DFT greatly simplifies
calculations of the electronic structure and significantly reduces the compu-
tational cost, especially for systems with large number of particles.

The first Hohenberg and Kohn theorem [12] (according to the order given
by Parr and Yang [11]) enunciates that the external potential is determined,
up to a trivial additive constant, by the electronic density of the ground state.
Since ρ(~r) also determines the number of electrons, then, it determines the
Hamiltonian of the system. Consequently, ρ(~r) determines the many-electron
wave function of the ground state and all of the electronic properties of the
system, in particular, the total energy. In this way, the (electronic) total
energy is a functional of the density and it is constituted by a term of kinetic
energy, a term of electron-electron repulsion (potential) energy and a term
of electron-nucleus attraction (potential) energy. Among them, the kinetic
energy and the electron-electron repulsion are defined independently of the
external potential and, therefore, together form a universal functional of the
density, that does not depend on the studied system.

The second theorem of Hohenberg and Kohn [12] enunciates that the
minimum of the total energy (the energy of the ground state), is obtained for
the density of the ground state. This is a variational principle and it allows
for the calculation of the density by minimizing the total energy (functional
of the density), whenever the universal functional is known exactly. Unfor-
tunately, the exact explicit form of this functional is not known.

The Kohn and Sham formulation of the DFT [13] (1965) translates the
problem of the electronic structure of a system of interacting electrons to
a system of non-interacting electrons, and both systems possess exactly
the same electronic density of the ground state ρ(~r). This effective sys-
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tem of N non-interacting electrons moving in an effective external potential
vef(~r) has a Hamiltonian that is the sum of N one-electron Hamiltonians,

Ĥs =
∑N
i=1(−1

2
∇2
i + vef(~ri)), where electron-electron repulsion terms do not

exist [11]. The density of this system is constructed from the first N eigen-
functions of the one-electron Hamiltonian HKS :

HKSψi(~r) =

{

− 1

2
∇2 + vef (~r)

}

ψi(~r) = εiψi(~r), (2.1)

where the Kohn-Sham effective potential (KS) is defined as:

vef(~r) =
∫

d~r′
ρ(~r′)

|~r − ~r′|
+ vxc(~r) + v(~r), (2.2)

with the exchange-correlation potential :

vxc(~r) =
δExc[ρ]

δρ(~r)
, (2.3)

and the electronic density of the ground state is determined by:

ρ(~r) =
N

∑

i=1

|ψi(~r)|2, (2.4)

with the restriction:

N =
∫

d~rρ(~r). (2.5)

i represents any group of appropriate quantum numbers, v(~r) is the external
potential of the original system and Exc is the exchange-correlation energy,
both are functionals of the density. The set of equations, Eqs. (2.1), (2.2)
and (2.4), should be solved self-consistently and they are known as the Kohn-
Sham equations. The KS eigenfunctions {ψi} are called KS orbitals and they
are orthonormal 〈ψi|ψj〉 = δij . In this chapter, atomic units are used (unless
otherwise indicated), e2 = h̄ = m = 1, where e is the charge of the electron,
h̄ is the Planck constant and m is the mass of the electron.

The (electronic) total energy KS, of the ground state, can be written as:

EKS[ρ] =
N

∑

i=1

∫

d~rψ∗
i (~r)(−

1

2
∇2)ψi(~r) +

1

2

∫ ∫

d~rd~r′
ρ(~r)ρ(~r′)

|~r − ~r′|
+ Exc[ρ] +

∫

d~rv(~r)ρ(~r). (2.6)
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The first term is the kinetic energy of the system of non-interacting electrons
and contains most of the kinetic energy of the original system. The second
term, called the Hartree energy, is the (classic) electrostatic repulsion energy
of a charge distribution interacting with itself. The third term, the exchange-
correlation energy, contains the corrections for the first two terms of Eq. (2.6)
with respect to kinetic and electron-electron repulsion energies of the original
system. The last term is the electron-nucleus attraction energy, considering
that the external potential v(~r) is fixed (fixed nuclear configuration). EKS

is also known as the KS (total energy) functional.
The minimization of theEKS energy, Eq. (2.6), with respect to the density

and with fixed N , Eq. (2.5), or with respect to the KS orbitals subject to the
orthonormality restriction, generates the Kohn-Sham equations [11].

The Kohn-Sham equations are exact and produce the exact density. The
exact vef(~r) potential can be considered as the fictitious and unique poten-
tial that when acting on the system of non-interacting electrons produces the
same density ρ(~r) of the system of interacting electrons in the external poten-
tial v(~r) [14]. In practice, the Kohn-Sham equations of the non-interacting
system are much easier to solve than the Schrödinger equation of the origi-
nal system, especially when the number of electrons is large. Nevertheless,
the Exc[ρ(~r)] functional is not exactly known and has to be approximated.
Commonly used approximations for Exc[ρ(~r)] are the local-density approxi-
mation [13] (LDA) that uses information about ρ in each point of the space
and the generalized gradient approximation (GGA) that uses information
about ρ and the gradient |∇ρ|.

In a rigorous treatment of the electronic and nuclear variables, consis-
tent with the Born-Oppenheimer approximation, the temporal evolution of
the electronic variables, ψi(~r; t), would be determined by the solution of:
HKS(t)ψKSi (~r; t) = εi(t)ψ

KS
i (~r; t), where the temporal dependence of HKS

originates from the slow nuclear evolution, which in turn is determined by

the Newton’s equations: MI
~̈RI = ~FI = −∂UKS

∂ ~RI

. UKS is the minimum of the

total energy E[ρ] = EKS[ρ] + En−n, equal the KS electronic total energy,
Eq. (2.6), plus the nucleus-nucleus repulsion energy1.

1The nucleus-nucleus repulsion energy can be added to EKS after the selfconsistent
calculation of the Kohn-Sham equations or else it can be included in the definition of
HKS ; the total energy E will be the same [11].
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2.3 Car and Parrinello Ab Initio Molecular

Dynamics

2.3.1 Introduction

The ab initio molecular dynamics simulates the Born-Oppenheimer dy-
namics calculating ab initio the electronic structure of the ground state for
each nuclear configuration (at each time step). However, the selfconsistent
solution to the electronic structure problem for each time step has a high
computacional cost. An alternative approach to perform ab initio molecular
dynamics simulations was presented by Car and Parrinello [15] (AIMD). The
AIMD approach uses the DFT [12], in the Kohn-Sham formulation [13], to
describe the instantaneous electronic structure. And the Newton equations
of motion to approximate by a classic dynamic evolution the parametric evo-
lution of the electronic {ψi} and nuclear {~RI} variables. It is important to
note that the KS orbitals ψi(~r; t), and not the electrons, are considered as
classic variables.

From the computacional point of view, this approach provides a very
efficient algorithm because, in the evolution of the electronic variables, it is
not necessary to minimize E (i.e. selfconsistent calculation of the electronic
structure) for each subsequent nuclear configuration. The dynamic evolution
of the nuclear system generated by the AIMD approximates well an evolution
with conserved energy (of the classic system), and the forces that act on the
nuclei are indistinguishable from those obtained from the PES, whenever an
adiabatic decoupling exists between the electronic and nuclear variables [16]
(Section 2.3.3). On the other hand, the equilibrium geometry can be obtained
using the technique of simulated annealing (Section 2.3.4).

2.3.2 Fictitious Lagrangean and Equations of Motion

In the AIMD approach, the classic dynamic evolution of the electronic
and nuclear variables is described by the Lagrangean2:

LCP =
1

2

∑

I

MI
~̇R

2

I +
∑

i

mψfi〈ψ̇i|ψ̇i〉 − E[{~RI}, {ψi}]

+
∑

i,j

(

〈ψi|ψj〉 − δij
)

Λji. (2.7)

2The extension of the Kohn-Sham formulation to variable occupation numbers {fi}
(introduced by Janak [17]) has been used; these occupation numbers have the Fermi-Dirac
distribution.
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The first term is the kinetic energy of the nuclei, with masses MI and ve-

locities ~̇RI . The second term is the fictitious (classic) kinetic energy of the
electronic wave functions (taking into account the double occupation of the
ψi). This quantity is called fictitious because it is not related to the physical
quantum kinetic energy. mψ is a (fictitious) mass parameter, fi is the occu-
pation number of the ψi, and ψ̇i is the time derivative of the wave function.
The third term is the total energy E = EKS + En−n, which is a functional
of {ψi} and {~RI}, and represents the potential energy for this classic sys-
tem. The last term is an orthonormality constraint for the wave functions,
implemented using the technique of Lagrange multipliers Λji

3.
The Lagrangean LCP is also known as the fictitious Lagrangean due to

the inclusion of the fictitious dynamics of the {ψi} in the Born-Oppenheimer

Lagrangean [18]: LBO = 1
2

∑

IMI
~̇R

2

I − E[{~RI}, ρ].
The equations of motion resulting from LCP are:

MI
~̈RI = −∂E[{~RI}, {ψi}]

∂ ~RI

= −∇IE[{~RI}, {ψi}] = ~FI , (2.8)

mψ|ψ̈i〉 =
1

fi

[

− δE[{~RI}, {ψi}]
δ〈ψi|

+
∑

j

|ψj〉Λji

]

= −HKS |ψi〉 +
1

fi

∑

j

|ψj〉Λji.

(2.9)
These coupled equations describe the simultaneous evolution of the nuclear,
{~RI}, and electronic, {ψi}, variables. At each time step, the {~RI} evolve

due to forces ~FI obtained from the instantaneous electronic structure and,
simultaneously, the {ψi} evolve adapting to the instantaneous nuclear con-
figuration. Thus, the total energy E is not explicitly minimized through
selfconsistency cycles at each time step.

In a molecular dynamics simulation, the total energy of the (classic) sys-
tem should remain constant. From the definition of LCP , Eq. (2.7), it is

possible to identify a constant of motion of the system ({~RI} and {ψi}),
which is the total energy:

Econs =
1

2

∑

I

MI
~̇R

2

I +
∑

i

fi〈ψ̇i|mψ|ψ̇i〉 + E[{~RI}, {ψi}]

= Tn + Tψ + E = Efis + Tψ. (2.10)

3This constraint does not perform work on the system and does not originate dissipa-
tion [16].
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Tn is the physical kinetic energy of the nuclei, Tψ is the fictitious temperature
of the wave functions, and Efis is the physical energy of the nuclear and
electronic system (note that it corresponds to the total energy of the system
described by LBO). The conservation of Econs does not have a direct physical
interpretation.

Whenever Tψ ≪ Efis, then Efis will be almost constant. And so it is
possible to approximate a microcanonical molecular dynamics (Efis = const)

that will simulate the nuclear trajectories if the forces ~FI , Eq. (2.8), are very
close to the (exact) forces obtained from the PES.

In the following, I will describe briefly the way the forces on the nuclei
~FI , Eq. (2.8), are calculated when a basis of plane waves is used. If the

Hellmann-Feynman theorem [19] is used: ∇IE[{~RI}, {ψi}] = ∇I〈Ψ|H|Ψ〉 =
〈Ψ|∇IH|Ψ〉, where H is the Hamiltonian of the electronic system (it can
also be HKS) and Ψ is an eigenfunction of H (that determines the exact
density ρ). In an ab initio calculation, corrections should be added to the
Hellmann-Feynman force. One correction is due to the use of a (finite) in-
complete basis and the other, due to the non-selfconsistency of ρ [20]. The
first correction, also known as Pulay force, disappears when the calculated
eigenfunction is exact or when the basis that expands the eigenfunctions
does not depend on the nuclear coordinates {~RI}, for instance, a basis of
plane waves. The second correction does not need to be evaluated when the
electronic and nuclear degrees of freedom evolve simultaneously [20], as it

is the case in AIMD. Therefore, the forces ~FI can be calculated using the
Hellmann-Feynman theorem, when the AIMD and a basis of plane waves are
used.

2.3.3 Molecular Dynamics and Adiabatic Decoupling

A AIMD simulation is performed by numerically integrating Eqs. (2.8)

and (2.9), starting from an initial nuclear configuration ~RI(t = 0) with the
electronic system the closest possible to the ground state ψi(~r; t = 0), and

appropriate initial conditions for the velocities ~̇RI(0) and ψ̇i(~r; 0). In order
to simulate the physical dynamics of the nuclei at a fixed temperature, the
electronic wave functions have to remain very close to the PES (of the ground

state) at all times. Thus, in a AIMD simulation, the system ({~RI} and {ψi})
should remain in a state with two independent temperatures: the tempera-
ture of the eletronic variables (fictitious, associated with Tψ), that should be
very low to approximate the ground state, and the (physical) temperature
of the nuclei [15]. Thus the nuclear and electronic variables should remain
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adiabatically decoupled during the simulation.
In systems with large energy gap, a AIMD simulation (with appropriate

choice of the time step) determines an energy Econs that is well conserved
and an energy Efis that oscillates with a very small amplitude around the
mean value (which remains constant within the precision of the integration
algorithm). Thus, on average, the dynamics of the nuclei maintains Efis
constant. This oscillation originates from Tψ (which represents the ”agita-
tion” of {ψi}), and can be divided into two components, one of low frequency
that corresponds to the synchronization with the vibration frequency of the
nuclei, and another of high frequency (superimposed) originating from the
intrinsic dynamics of the {ψi} [16]. The high frequency oscillations corre-
spond to the oscillations of the electronic degrees of freedom (the coefficients
of the expansion of {ψi} in a basis) around the instantaneous ground state,
which represents the energy minimum for the sub-system of the {ψi}. These
oscillations are originated by the change in position of the ground state (in

the PES) as a result of the evolution of the {~RI}. The high frequency oscil-
lations allow the {ψi} to follow the slow evolution of the nuclear variables,
remaining on average very close to the ground state, and also allow the ir-
reversible energy transfer among {ψi} and {~RI} to be slow. Since also the

forces ~FI depend continually on {ψi}, Eq. (2.8), they also show oscillations
of low and high frequency around the correct value from the PES, with the
deviations being very small and oscillatory. In metals, the transfer of energy
is very difficult to control because there is no energy gap. In this cases, a
method that controls the temperatures of {ψi} and {~RI} can be used, for
instance, the thermostats method of Blöchl and Parrinello [21].

In order to produce physical results through AIMD simulations over long
periods of time, the irreversible energy transfer should be slow. This energy
transfer thermically balances the {ψi} and {~RI}, in other words, it heats

up {ψi} (detachment from the PES) and it cools {~RI} (departure from the
physical temperature of the simulation).
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2.3.4 Equilibrium Geometry: Simulated Annealing

For the calculation of the equilibrium geometry (the nuclear configuration
whose energy in the PES is a global minimum), AIMD uses the technique
of simulated annealing [15]. In this technique, the minimum of the total

energy E[{~RI}, {ψi}] is obtained by quenching the {ψi} (Tψ) and {~RI} (Tn)
to temperatures close to zero.

To remove kinetic energy from the system (to reduce the temperature),
classic constants of friction are coupled to the equations of motion:

MI
~̈RI = −∂E[{~RI}, {ψi}]

∂ ~RI

− αRMI
~̇RI , (2.11)

mψ|ψ̈i〉 = −HKS |ψi〉 +
1

fi

∑

j

|ψj〉Λji − αψmψ|ψ̇i〉, (2.12)

where MIαR and mψαψ are the constants of friction for the {~RI} and {ψi},
respectively. By varying αR and αψ it is possible to control the quenching of
the system.

Note that when the system has been totally quenched, ψ̈i = 0. Con-
sequently, Eq. (2.9) is identical to the Kohn-Sham equations by a unitary
transformation4 (the resulting equation represents the minimization of E[ρ]
with respect to the KS orbitals under the orthonormality constraint), and
the eigenvalues of the Λji matrix coincide with the KS eigenvalues [15]. It is
essential to first bring the electrons to the ground state before releasing the
atoms.

2.4 The PAW Method

2.4.1 Introduction

The Projector-Augmented Wave (PAW) method developed by Blöchl [22]
is an ab initio all-electron method, within the formalism of the DFT [12],
and the Kohn-Sham formulation [13]. An all-electron (AE) approach treats
explicitly all the electrons (core and valence) of the system and gives access
to the complete wave function (in the whole space), called AE wave function.
This is essential for the calculation of properties that depend on the electronic
density in the area close to the nucleus, such as hyperfine parameters; see

4The KS orbitals are obtained applying an appropriate unitary transformation to the
calculated {ψi} [18]
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Petrilli et al. [23] for an application of the PAW method to the calculation
of electric field gradients in the nucleus.

The AE wave function is the KS orbital, |ψi〉, and has a characteristic
form in different areas of the space. Close to the nucleus, it oscillates very
fast due to the strong attractive potential of the nucleus and it has a nodal
structure. Far away from the nucleus, in the interstitial area (also called the
bonding region), it is smooth. Therefore, it is convenient to expand |ψi〉 in
an appropriate basis in each area of the space.

In PAW, the AE wave function is expanded in different bases inside and
outside the augmentation region, ΩI , centered in the atom5: outside ΩI , in
plane waves and, inside of ΩI , in fixed partial waves that are imported from
atomic (isolated atom) calculations. To achieve this, the PAW method builds
the AE wave functions |ψi〉 from pseudo wave functions |ψ̃i〉, which extend
over the whole space and are smooth. Since they are smooth, they can be
calculated using a basis of plane waves, and subsequently transformed into
|ψi〉. The PAW method can be implemented in the Car and Parrinello ab
initio molecular dynamics, taking advantage of the use of a basis of plane
waves.

In this section, I will describe the important aspects of the method, all
the details can be found in the original work of Blöchl (whose nomenclature
is used here) [22].

2.4.2 Construction of the Wave Functions

The essence of the PAW method lies in the three-component construction
of the AE wave functions, |ψi〉, using the pseudo wave functions |ψ̃i〉:

|ψi〉 = |ψ̃i〉 +
∑

k

|φk〉〈p̃k|ψ̃i〉 −
∑

k

|φ̃k〉〈p̃k|ψ̃i〉. (2.13)

The first term, |ψ̃i〉, is the pseudo wave function. |ψ̃i〉 is smooth and ex-
tends over the whole space, so it can be represented as an expansion in plane
waves. The second term represents the expansion of |ψi〉 in AE partial waves,
|φk〉, with coefficients 〈p̃k|ψ̃i〉. The |φk〉 are the solutions of the Schrödinger
equation for the isolated atom (Section 2.4.5). The third term represents the
expansion of |ψ̃i〉 in pseudo partial waves, |φ̃k〉, also with coefficients 〈p̃k|ψ̃i〉.
The |φ̃k〉 are built using an approach analogous to the pseudopotential ap-
proach in the isolated atom (Section 2.4.5), and they are identical to the |φk〉
outside the augmentation region ΩI . The 〈p̃k| are the projector functions (or

5The augmentation region corresponds to the atomic or muffin-tin sphere of the linear
methods [24] and to the core area of the pseudopotential methods [25].
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simply projectors) that determine the coefficients of the expansions in par-
tial waves; this coefficients are the same for both expansions (Section 2.4.4).
The |φk〉, |φ̃k〉 and |p̃k〉 are fixed functions, and they are not affected by the
selfconsistent process during the calculation of |ψ̃i〉.

The index of the sum k refers to the atomic sites I, to the angular mo-
mentum quantum numbers per site l and m, and to the number of partial
waves per angular momentum per site n, that is, k ≡ I, l,m, n. Eq. (2.13)
is valid only for valence electrons, the core electrons are treated in a similar
way (see next Section below).

It is interesting to analyze the contribution of each term in Eq. (2.13) to
the AE wave functions |ψi〉:

1. The first term |ψ̃i〉, the pseudo wave function, is identical to the AE
wave function outside ΩI , and a smooth continuation inside6.

2. The second term is the expansion of |ψi〉 in AE partial waves |φk〉
(centered at the site I). For an incomplete (but converged) basis set,
this term should provide a good description of |ψi〉 only inside ΩI and
a poor description outside.

3. The third term is the expansion of |ψ̃i〉 in pseudo partial waves |φ̃k〉
(centered at the site I). Similar to the second term, when using an
incomplete (but converged) basis set, it should describe well the |ψ̃i〉
only inside ΩI and poorly outside.

4. Outside ΩI , the second and third terms cancel because the |φk〉 are
identical to the |φ̃k〉 by construction and the coefficients of the expan-
sions in partial waves are the same.

∑

k

|φ̃k〉〈p̃k|ψ̃i〉 =
∑

k

|φk〉〈p̃k|ψ̃i〉 outside ΩI (2.14)

5. Inside ΩI , the first and the third terms cancel formally when a complete
basis is used. In practice, this does not happen because it depends on
the quality of the expansion of |ψ̃i〉 in |φ̃k〉. However, the difference is
usually very small [26].

∑

k

|φ̃k〉〈p̃k|ψ̃i〉 = |ψ̃i〉 inside ΩI . (2.15)

6|ψ̃i〉 can be identified with the envelope function of the linear methods [24] or with
the pseudo wave function of the pseudopotential methods [25].
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6. In this way, the third term will provide the necessary correction to
the first two terms, eliminating the smooth part of |ψ̃i〉 inside ΩI (first
term), and the poor description of |ψi〉 in |φk〉 outside ΩI (second term).

7. Thus, there will be a cancellation of terms inside and outside ΩI that
will allow |ψi〉 to be described in AE partial waves |φk〉 inside ΩI and
in plane waves outside ΩI :

|ψi〉 = |ψ̃i〉 outside ΩI (2.16)

and

|ψi〉 =
∑

k

|φk〉〈p̃k|ψ̃i〉 inside ΩI . (2.17)

8. Finally, note that if a complete basis of partial waves, and a complete
basis of plane waves are used to calculate and transform |ψ̃i〉, then
the first and the third term in Eq. (2.13) are the same and they are
cancelled.

In practice, only the (valence) |ψ̃i〉, smooth functions in the whole space
(or, equivalently, within the unit cell) are calculated selfconsistently using a
finite basis of plane waves7.

〈r|ψ̃i〉 = ψ̃i(~r) =
∑

~G

ψ̃i( ~G)ei(
~k+ ~G)·~r. (2.18)

For crystalline systems, the index i ≡ ~kn, where n is the band index and ~k
is the Bloch wave vector that belongs to the first Brillouin zone. Thus, the
selfconsistent solution of the KS equations determines the ψ̃i( ~G), which are
the coefficients of the expansion in plane waves.

Subsequently the |ψ̃i〉 are transformed into |ψi〉 through the transforma-
tion operator T , defined in Eq. (2.13):

|ψi〉 = T |ψ̃i〉 =
[

1 +
∑

k

|φk〉〈p̃k| −
∑

k

|φ̃k〉〈p̃k|
]

|ψ̃i〉. (2.19)

7The plane waves are included up to a cut-off energy that corresponds to the maximum
kinetic energy of a plane wave, Ecut

pw = 1

2
G2

max, where G is the module of the wave vector

of the plane wave. In crystalline systems, Ecut
pw = 1

2
|~k + ~G|2max, where ~k is the Bloch wave

vector and belongs to the first Brillouin zone. Thus, the size of the plane wave basis is
controlled by the only parameter Ecut

pw .
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|φk〉, |φ̃k〉 and 〈p̃k| are calculated only once and remain fixed during the
calculation. They also define the transformation T . On the other hand, the
coefficients ck = 〈p̃k|ψ̃i〉 in Eq. (2.13) change during the calculation due to
the selfconsistency process of the |ψ̃i〉.

A complete (infinite) basis of partial waves is impossible to use. The
number n of valence AE partial waves |φk〉, pseudo partial waves |φ̃k〉 and
projectors |p̃k〉 per angular momentum (l,m) per site I (k ≡ I, l,m, n) is
chosen so as to describe satisfactorily the scattering properties of the valence
band region for the isolated atom. This number is controlled in the same
way for all-three functions, due to the one-one relationship among them
(Section 2.4.5).

Usually, a good convergence is obtained using a cut-off energy for the
plane waves of 30 Ry, and two partial waves per angular momentum (l,m)
and site I. Nevertheless, these values depend strongly on the materials sys-
tem and on the studied properties.

2.4.3 The Core Electrons

The core electrons belong to the innermost regions of the atom and they
are much less disturbed by the external environment than the valence elec-
trons. For this reason, the core electrons will be treated within the ”frozen
core” approximation. In this approximation, the density of the core electrons
is maintained constant with respect to the corresponding isolated atom.

In the PAW method the core states are imported from the isolated atom.
The AE core wave functions |ψci 〉 can be expressed in a similar way to the
valence wave functions, that is, divided in three contributions:

|ψci 〉 = |ψ̃ci 〉 + |φci〉 − |φ̃ci〉, i = 1, . . . , Nc, (2.20)

where Nc is the number of core states. |ψ̃ci 〉 is the core pseudo wave function,
that is identical to |ψci 〉 outside ΩI and smooth inside. In general, the aug-
mentation region is defined so that |ψci 〉 are contained inside ΩI , however, a
small part can be, eventually, outside ΩI . |φci〉 is a (unique) AE core partial
wave, that is identical to |ψci 〉 and it is expressed as a radial function times
spherical harmonics. |φ̃ci〉 is a (unique) core pseudo partial wave, that is
identical to |ψ̃ci 〉 and it is also expressed as a radial function times spherical
harmonics. Note that, unlike the valence states, it is not necessary to define
projectors for the core states because the coefficients of the partial waves are
always equal to the unit.
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2.4.4 Transformation Operator

In this section I will describe the way the transformation operator T ,
Eq. (2.19), is constructed and some important consequences for the imple-
mentation of the method coming from this construction. In the following,
it will be necessary to consider complete bases of partial waves and plane
waves.

Consider the Hilbert space of all the AE valence wave functions of the
system, |ψi〉 (orthogonal to the core wave functions), and the pseudo Hilbert
space of all the corresponding pseudo wave functions, |ψ̃i〉. The transforma-
tion operator T allows to relate the elements of those two Hilbert spaces. For
the isolated atom, the AE valence wave functions are the AE partial waves,
|φk〉, and the corresponding pseudo wave functions are the pseudo partial
waves, |φ̃k〉. In the following, all of the quantities related with the pseudo
representation of the wave functions will be indicated by a tilde.

If T should modify |ψ̃i〉 only inside ΩI (in each site I of the system),
so that the resultant |ψi〉 has the correct nodal structure, then T can be
expressed as the identity operator plus a sum of localized operators SI ; the
SI operators are only defined inside ΩI for each site I and in an independent
way:

T = 1 +
∑

I

SI . (2.21)

Note that, in general, the SI are different for each site I. Consider now the
action of T on the solutions |φk〉 for the isolated atom. In the isolated atom,
T will only have a unique local contribution SI due to the only atom of the
system I, then:

|φk〉 = T |φ̃k〉 = (1 + SI)|φ̃k〉, (2.22)

where k ≡ I, l,m, n and I is fixed. Eq. (2.22) defines the transformation of
(all) the elements of the pseudo Hilbert space into the elements of the Hilbert
space (not only the isolated atom). Thus, from this equation it is possible to
define SI for the site I:

SI |φ̃k〉 = |φk〉 − |φ̃k〉 inside ΩI . (2.23)

Since SI is defined only inside ΩI then |φk〉 and |φ̃k〉 can also be defined only
inside ΩI .

Consider now a more general system, with arbitrary number of atoms.
Inside each ΩI of the system, Eq. (2.22) is valid. If |ψ̃i〉 is expanded in a
complete basis of |φ̃k〉 inside each ΩI (with fixed I):
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|ψ̃i〉 =
∑

(I),l,m,n

|φ̃k〉ck inside ΩI , (2.24)

then operating on |φ̃k〉, using Eq. (2.22):

|ψi〉 = (1 + SI)|ψ̃i〉 =
∑

(I),l,m,n

(1 + SI)|φ̃k〉ck =
∑

(I),l,m,n

|φk〉ck inside ΩI ,

(2.25)
and Eq. (2.23):

SI |ψ̃i〉 =
∑

(I),l,m,n

SI |φ̃k〉ck =
∑

(I),l,m,n

(

|φk〉 − |φ̃k〉
)

ck inside ΩI . (2.26)

and the scalar coefficients ck are the same because they are not transformed.
The description of |ψi〉 is exact because a complete basis of |φ̃k〉 (inside ΩI

and for any fixed I) was used to describe |ψ̃i〉. It is simple to generalize
Eqs. (2.24) and (2.25) to all the sites I of the system because, in principle,
each site is independent. In this way, it is possible to obtain or recover the
correct nodal structure of |ψi〉 on each site I (inside ΩI) starting from the
calculation of |ψ̃i〉 which is a smooth function8.

The form of the scalar coefficients ck need to be defined. T should be a
linear transformation, therefore, the coefficients ck should be linear function-
als of |ψ̃i〉. The simplest choice for the linear functional is the scalar product
of |ψ̃i〉 with some fixed function [22]:

ck = 〈p̃k|ψ̃i〉. (2.27)

The fixed functions 〈p̃k| are called projectors and for each |φ̃k〉 there is a
corresponding projector |p̃k〉 (Section 2.4.5). Consequently, the 〈p̃k| are also
defined only inside ΩI and are fixed. From Eqs. (2.24) and (2.27) the following
condition is obtained for the projectors:

∑

(I),l,m,n

|φ̃k〉〈p̃k| = 1 inside ΩI , (2.28)

where a complete basis of |φ̃k〉 has been considered. From this equation, it
is possible to obtain the orthonormality relationships:

8Since the transformation |ψi〉 = T |ψ̃i〉 is also used for the partial waves |φk〉 = T |φ̃k〉,
Eq. (2.22). Then, inside ΩI , the quality of the description of |ψ̃i〉 by |φ̃k〉 will be the same
as |ψi〉 by |φk〉.
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〈p̃i|φ̃j〉 = δij . (2.29)

Note that the 〈p̃k| (and |φ̃k〉) not need to be orthogonal among themselves.
Finally, T will be obtained starting from the isolated atom. Consider the

action of SI on |ψ̃i〉 on a single atomic site (fixed I), and through Eqs. (2.26)
and (2.27):

SI |ψ̃i〉 =
∑

(I),l,m,n

SI |φ̃k〉〈p̃k|ψ̃i〉 =
∑

(I),l,m,n

(

|φk〉 − |φ̃k〉
)

〈p̃k|ψ̃i〉 inside ΩI .

(2.30)
Since T is an operator defined in the whole space (in all sites I of the system),
then I is no longer fixed. Therefore, the action of T on |ψ̃i〉, according to
Eqs. (2.21) and (2.30), results in:

T |ψ̃i〉 =
[

1 +
∑

I

SI
]

|ψ̃i〉 =
[

1 +
∑

k

(

|φk〉 − |φ̃k〉
)

〈p̃k|
]

|ψ̃i〉 (2.31)

with k ≡ I, l,m, n. And this result is identical to Eq. (2.19).

2.4.5 Partial Waves and Projectors

In this section I will briefly describe the way the AE valence partial waves
|φk〉, the pseudo partial waves |φ̃k〉 and the projectors |p̃k〉 are obtained,
subject to the orthonormality relationship, Eq. (2.29). To obtain |φk〉,
|φ̃k〉 and |p̃k〉 the PAW method is not used, but note again that, according
to Eq. (2.22), the particular construction of the |φ̃k〉 determines the PAW
transformation T between the elements of the pseudo Hilbert space and the
Hilbert space.

AE Partial Waves

The AE valence partial waves |φk〉 are expressed as a radial function |χk〉
times spherical harmonics Yl,m(r̂):

〈r|φk〉 = φk(~r) = χk(r)Yl,m(r̂). (2.32)

The radial functions |χk〉 are solutions to the radial Schrödinger equation for
the isolated atom:

(

− 1

2
∇2
r + vatI

)

|χk〉 = ǫk|χk〉, (2.33)
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where vatI (r) is the AE selfconsistent atomic potential9.
To determine the (finite) basis of |φk〉 a group is sought that describes

satisfactorily the scattering properties of the valence band region for the
isolated atom. In order to describe states that are much higher in energy than
the valence band region, the number of AE partial waves can be increased
to obtain the desired precision.

Pseudo Partial Waves

The pseudo partial waves |φ̃k〉 are smooth functions (in the whole space),
constructed independently for the corresponding AE partial waves |φk〉 (solu-
tions for the isolated atom). The pseudopotential approach is normally used
to construct the |φ̃k〉10. Note, however, that this construction is not unique
and other methods can be used.

In a similar way to the construction of the AE partial waves, the |φ̃k〉 are
expressed as a radial function |χ̃k〉 times spherical harmonics Yl,m(r̂):

〈r|φ̃k〉 = φ̃k(~r) = χ̃k(r)Yl,m(r̂), (2.34)

where the radial functions |χ̃k〉 are solutions to the modified and non-rela-
tivistic radial Schrödinger equation for the isolated atom:

(

− 1

2
∇2
r + w̃k

)

|χ̃k〉 = ǫk|χ̃k〉. (2.35)

w̃k(r) is the smooth atomic pseudopotential, identical to the AE atomic po-
tential vatI (r) outside ΩI , and ǫk is the energy of the corresponding AE partial
wave |φk〉.

Projectors

The projectors |p̃k〉 are built from the pseudo partial waves |φ̃k〉 and subse-
quently they are subject to the orthonormality relationship, Eq. (2.29).
|p̃k〉 are also expressed as a radial function |q̃k〉 times spherical harmonics
Yl,m(r̂):

〈r|p̃k〉 = p̃k(~r) = q̃k(r)Yl,m(r̂), (2.36)

and the |q̃k〉 are obtained directly from |χ̃k〉, according to:

9In the CP-PAW implementation used in the present work, vat
I (r) incorporates scalar-

relativistic effects according to the version of Koelling and Harmon [27].
10In the CP-PAW implementation used in this work, |φ̃k〉 are built using the norm-

conserving pseudopotential approach [25].
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|q̃k〉 =
(

− 1

2
∇2 + ṽatk − ǫk

)

|χ̃k〉, (2.37)

where ṽatk (r) is a smooth atomic pseudopotential related to w̃k(r) (Ref. [22])
and |χ̃k〉 is the radial part of the pseudo partial wave with energy ǫk, Eq. (2.35).

The orthonormality relationship, Eq. (2.29), is then imposed, where
|φk〉, |φ̃k〉 and |p̃k〉 are modified in a recursive process of the Gram-Schmidt
type (for details see Ref. [22]).

For the calculation of the coefficients of the expansions in partial waves,
〈p̃k|ψ̃i〉, of Eq. (2.13), the |p̃k〉 are expanded in the same basis of plane waves
used to expand |ψ̃i〉.

2.4.6 Expectation Values, Total Energy

Analogously to the |ψi〉, Eq. (2.13), the operators and the expectation
values can be divided into three contributions. A brief description of the
way the expectation values are obtained, and explicit expressions for the
calculation of the density and the total energy will be given. The complete
formalism can be found in Ref. [22].

Expectation Values

The expectation values can be obtained using either the AE wave func-
tions |ψi〉 or the pseudo wave functions |ψ̃i〉, related by |ψi〉 = T |ψ̃i〉, accord-
ing to:

〈A〉 =
∑

i

fi〈ψi|A|ψi〉 +
Nc
∑

i=1

〈ψci |A|ψci 〉 (2.38)

〈A〉 =
∑

i

fi〈ψ̃i|T †AT |ψ̃i〉 +
Nc
∑

i=1

〈ψci |A|ψci 〉. (2.39)

Here fi are the occupation numbers of the valence states, Nc is the number
of core states, |ψci 〉 are the core states defined according to Eq. (2.20). The
first sum is over the valence states and the second, the core states.

The pseudo operator Ã = T †AT can be divided into three contributions
(similar to |ψi〉), using Eq. (2.13) or (2.19):

Ã = T †AT
=

[

1 +
∑

k

|p̃k〉
(

〈φk| − 〈φ̃k|
)]

A
[

1 +
∑

l

(

|φl〉 − |φ̃l〉
)

〈p̃l|
]
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= A +
∑

k,l

|p̃k〉
[

〈φk|A|φl〉 − 〈φ̃k|A|φ̃l〉
]

〈p̃l|

= A + A1 − Ã1, (2.40)

where the one-center terms A1 and Ã1 are defined only inside ΩI (for each I).
However, Eq. (2.40) is valid only for local operators, such as the real space
projection operator, |r〉〈r|, the overlap operator, Õ, or the kinetic energy
operator, −∇2/2. For non-local operators, corrections have to be included
(see Ref. [22]).

Therefore, substituting (2.39) in (2.40), the expression for the expecta-
tion value of an operator A can be written as:

〈A〉 =
∑

i

fi
(

〈ψ̃i|A|ψ̃i〉 +
∑

k,l

〈ψ̃i|p̃k〉
[

〈φk|A|φl〉 − 〈φ̃k|A|φ̃l〉
]

〈p̃l|ψ̃i〉
)

+
Nc
∑

i=1

〈ψci |A|ψci 〉. (2.41)

Density

The charge density (electronic density) ρ(~r) is the expectation value of
the projection operator in real space, |r〉〈r|:

ρ(~r) =
∑

i

fi|ψi(~r)|2 +
Nc
∑

i=1

|ψci (~r)|2 =
∑

i

fi〈ψi|r〉〈r|ψi〉 +
Nc
∑

i=1

〈ψci |r〉〈r|ψci 〉.

(2.42)
Applying Eq. (2.41):

ρ(~r) = ρ̃(~r) + ρ1(~r) − ρ̃1(~r) + ρc(~r) (2.43)

ρ(~r) =
∑

i

fi〈ψ̃i|r〉〈r|ψ̃i〉

+
∑

i,k,l

fi〈ψ̃i|p̃k〉〈φk|r〉〈r|φl〉〈p̃l|ψ̃i〉

−
∑

i,k,l

fi〈ψ̃i|p̃k〉〈φ̃k|r〉〈r|φ̃l〉〈p̃l|ψ̃i〉

+
Nc
∑

i=1

〈ψci |r〉〈r|ψci 〉. (2.44)
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ρ̃(~r) is the pseudo density, a smooth function expanded in plane waves. ρ1(~r)
and ρ̃1(~r) are the local density and local pseudo density, respectively (defined
inside ΩI , for each I), and they depend on |ψ̃i〉 through the coefficients 〈ψ̃i|p̃k〉
and 〈p̃l|ψ̃i〉. In order to obtain ρ(~r) = ρ1(~r) + ρc(~r) inside ΩI , it is necessary
that ρ̃1(~r) cancels ρ̃(~r) within this region.

Total Energy

The Kohn-Sham total energy functional E = EKS + En−n, where EKS

is the KS electronic total energy, Eq. (2.6), and En−n is the nucleus-nucleus
repulsion energy, can be re-written in a form where all the coulomb interac-
tions (electron-electron, electron-nucleus and nucleus-nucleus) are collected
in a single term:

E[{ψ̃i}, { ~RI}] =
∑

i

fi〈ψi| −
1

2
∇2|ψi〉

+
1

2

∫

d~r
∫

d~r′

(

ρ(~r) + ρZ(~r)
)(

ρ(~r′) + ρZ(~r′)
)

|~r − ~r′|
+

∫

d~rρ(~r)εxc[ρ(~r)]. (2.45)

Here the nuclear charges are expressed as ρZ(~r) = −∑

I ZIδ(~r − ~RI), where
ZI is the atomic number of the atom at the I site. E is a functional of ρ,
obtained from Eq. (2.44), and similar to |ψi〉, E can also be divided into
three parts:

E = Ẽ + E1 − Ẽ1, (2.46)

where

Ẽ =
∑

i

fi〈ψ̃i| −
1

2
∇2|ψ̃i〉

+
1

2

∫

d~r
∫

d~r′

(

ρ̃(~r) + ρ̂(~r)
)(

ρ̃(~r′) + ρ̂(~r′)
)

|~r − ~r′|
+

∫

d~rρ̃(~r)v̄(~r) +
∫

d~rρ̃(~r)εxc[ρ̃(~r)], (2.47)
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E1 =
∑

i,k,l

fi〈ψ̃i|p̃k〉〈φk| −
1

2
∇2|φl〉〈p̃l|ψ̃i〉 +

Nc
∑

i=1

〈ψci | −
1

2
∇2|ψci 〉

+
1

2

∫

d~r
∫

d~r′

(

ρ1(~r) + ρZ(~r)
)(

ρ1(~r′) + ρZ(~r′)
)

|~r − ~r′|
+

∫

d~rρ1(~r)εxc[ρ
1(~r)], (2.48)

Ẽ1 =
∑

i,k,l

fi〈ψ̃i|p̃k〉〈φ̃k| −
1

2
∇2|φ̃l〉〈p̃l|ψ̃i〉

+
1

2

∫

d~r
∫

d~r′

(

ρ̃1(~r) + ρ̂(~r)
)(

ρ̃1(~r′) + ρ̂(~r′)
)

|~r − ~r′|
+

∫

d~rρ̃1(~r)v̄(~r) +
∫

d~rρ̃1(~r)εxc[ρ̃
1(~r)]. (2.49)

ρ̃(~r), ρ1(~r) and ρ̃1(~r) have been defined previously, Eqs. (2.43) and (2.44).
The charge density ρ̂(~r) and the potential v̄(~r) have been introduced in this
equation (a detailed description of this terms can be found in Ref. [22]).

2.4.7 Dynamics of the Nuclei and the Wave Functions

In the original work of Blöchl [22], the PAW method was implemented
in the ab initio molecular dynamics of Car and Parrinello [15] (Section 2.3),
making it possible to to calculate equilibrium geometries and perform ab
initio molecular dynamics simulations on the PES. In AIMD, the electronic
and nuclear variables evolve classically and simultaneously through forces
obtained at each time step from the instantaneous electronic structure.

The electronic variables in the PAW method are the valence pseudo wave
functions {ψ̃i}, expanded in a basis of plane waves, Eq. (2.18), where the only
electronic degrees of freedom are the coefficients of the expansion in plane
waves ψ̃i( ~G). The nuclear variables are the positions of the nuclei (atoms)

{~RI}. For the calculation of the forces it is necessary to obtain expressions
for the overlap and Hamiltonian operators, which will be described below
(for complete details see Ref. [22]).
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Overlap Operator

The overlap operator in the AE representation is the identity operator 1̂.
The pseudo overlap operator Õ can be obtained using Eq. (2.40):

Õ = 1 +
∑

k,l

|p̃k〉
[

〈φk|φl〉 − 〈φ̃k|φ̃l〉
]

〈p̃l|. (2.50)

An important consequence is that Õ is no longer independent of the nuclear
coordinates {~RI}, which originates additional forces acting on the nuclei (see
below).

Hamiltonian Operator

Consistent with the use of |ψ̃i〉 as variational parameters, the pseudo
Hamiltonian operator H̃KS will be used to obtain the forces acting on |ψ̃i〉,
according to the equation of motion Eq. (2.9). The expression for H̃KS is [22]:

H̃KS = −1

2
∇2 + ṽef +

∑

k,l

|p̃k〉
[

〈φk|−
1

2
∇2 +v1

ef |φl〉−〈φ̃k|−
1

2
∇2 + ṽ1

ef |φ̃l〉
]

〈p̃l|.

(2.51)

where the AE Kohn-Sham potential vef is separated into three contributions:

vef = ṽef + v1
ef − ṽ1

ef . (2.52)

The Verlet Algorithm

The Verlet algorithm [28] is used to integrate the AIMD equations of mo-

tion for the nuclear {~RI}, Eq. (2.8), and electronic {ψ̃i}, Eq. (2.9) variables.
The algorithm is:

xi(+) = 2xi(0) − xi(−) + Fi(0)
∆2

mi

, (2.53)

where xi(t) is a time-dependent coordinate (variable), ∆ is the time step,
xi(0) is the current position, xi(−) is the previous position and xi(+), the
subsequent position in time. Fi is the force acting on the coordinate xi,
and mi is a mass parameter. The coordinates xi, obtained using the Verlet
algorithm are exact up to order (∆3).
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Propagation of the Wave Functions

When the AIMD equations of motion for |ψ̃i〉, Eq. (2.9), are integrated
according to Eq. (2.53), using the pseudo operators H̃KS and Õ, it is ob-
tained:

|ψ̃i(+)〉 = 2|ψ̃i(0)〉 − |ψ̃i(−)〉 − H̃KS|ψ̃i(0)〉∆2

mψ

+
∆2

mψfi

∑

j

Õ(0)|ψ̃j(0)〉Λji.

(2.54)
The last term corresponds the forces originating from the orthonormality con-
straint for the |ψ̃i〉. The Lagrange multipliers Λji are determined iteratively
so that the constraints are satisfied for the subsequent time step (+) [22]:

〈ψ̃i(+)|Õ(+)|ψ̃j(+)〉 = δij . (2.55)

Õ depends on the position, Eq. (2.50) and, in general, Õ(+) differs from

Õ(0) if the ~RI are evolving. Thus, it is necessary to know the subsequent

atomic configuration {~RI(+)}.

Propagation of the Nuclei

The AIMD equations of motion for the nuclei {~RI}, Eq. (2.8), are also
integrated using the Verlet algorithm, Eq. (2.53):

~RI(+) = 2 ~RI(0) − ~RI(−) + ~FI(0)
∆2

MI
. (2.56)

Since the partial waves and projectors depend on the site I (or the nuclear

coordinates {~RI}), according to Eq. (2.17), this dependence should result in

a contribution (Pulay forces, Section 2.3.2) to the forces ~FI . The resulting
force acting on the nuclei contains the dependence on the position of Õ:

~FI(0) = −
∑

i

fi〈ψ̃i|∇IH̃KS|ψ̃i〉 +
∑

i,j

〈ψ̃i|∇IÕ|ψ̃j〉Λji, (2.57)

where the Lagrange multipliers Λji(0) are linearly extrapolated from the two
previous time steps (−) and (−2).
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2.5 The Supercell Approach

Historically, before its application on selfconsistent calculations of the
electronic structure of surfaces, the slabs were used to study the vibrational
properties of surfaces [29], e.g. surface vibrational modes of systems with
2D periodicity and one (semi-infinite surface) or two (thin film) surfaces. In-
spired by the previous work with surface slabs, Cohen et al. [30] presented a
method for the selfconsistent calculation of the atomic and electronic struc-
ture of localized configurations, such as, atoms, molecules, impurities, va-
cancies, unidimensional chains, two-dimensional layers, adsorbed substances,
surfaces or interfaces between solids. In that work, the energy levels and the
charge densities of the (isolated) Si2 molecule were calculated using a peri-
odically repeated unit cell and a basis of plane waves.

An isolated molecule is a non-periodic system, however, in this method
an artificial or non-physical 3D periodic (crystalline) system is created com-
posed of unit cells that contain the molecule and surrounding vacuum, large
enough to isolate the molecule from the images in neighbouring cells. Con-
sistent with the artificial 3D periodicity of the system, Cohen et al. [30]
noted that in the calculation of the Si2 molecule, the selfconsistent results
depended little on the structure or symmetry of the unit cell, if the number
of plane waves11 (size of the basis) was sufficiently large. To decouple the
charge density of the molecule, expanded in plane waves, from their periodic
images, it is necessary to turn neglegible the interaction energy within those
periodic images. This interaction can be divided into two contributions due
to: The overlap of the wave functions and the electrostatic interaction. The
overlap of the wave functions can be neglected if the images are separated
a distance of around 7 Å [30]. Nevertheless, the separation of the images
can not be used to solve the problem of the electrostatic interaction because
the electrostatic potential is a long-distance interaction. To address this, a
method to subtract the electrostatic interaction between the electronic den-
sities of the periodic images of isolated molecules, expanded in plane waves,
was developed by Blöchl [31].

For the calculation of surfaces, a slab (with two surfaces) is included
within the unit cell. In the direction parallel to the surface, it has the 2D pe-
riodicity of the real surface and in the direction perpendicular to the surface,
it has a vacuum region sufficiently large to minimize the artificial interaction
between neighbouring slabs. A symmetric slab is one which has inversion or
mirror symmetry in the direction perpendicular to the surface. This sym-

11A function constructed from plane waves (with wave vectors identical to the reciprocal
lattice vectors) will be periodic in real space. Thus, the expansion of a function in a discreet
group of plane waves generates a periodic system.
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metry can be considered as a molecular point group symmetry, in the sense
that it belongs to a 2D system which is not periodic in this direction. In
this type of slab the innermost layers represent the bulk and they are frozen
during the simulation, while all the other layers (and adsorbates) are free to
relax. The unit cell, thus, should be tall, with the base defined by the 2D real
lattice vectors (parallel to the surface) and enough height for the interaction
between the two surfaces of the slab, through the bulk (thickness of the slab)
and through the vacuum, to be neglegible. The thickness of a symmetrically
terminated slab should be sufficient to conveniently simulate the bulk poten-
tial acting on the surface layers. And, depending on the studied properties,
to: (i) effectively decouple the two surfaces of the slab, so that the degeneracy
of the surface states from both surfaces can be controlled within a certain
precision (the degeneracy occurs when the thickness of the slab is infinite);
(ii) distinguish the surface states (particularly those whose wave functions
decay slowly in the bulk) from the bulk states [32]. In addition, the size of
the vacuum should be enough for the decay of the surface potential of the
slab in the vacuum not to be perturbed by the neighbouring slabs [33]. In an
unsymmetric slab,one of the surfaces is considered the bulk (usually called
bottom layer) and it is kept frozen during the simulation, while the other
layers are free to relax. In this type of slab, there is a long-range interaction
between the two surfaces of the slab. To correct for this (small) spurious
interaction, a method that uses a dipole layer in the vacuum was proposed
by Neugebauer and Scheffler [34].





Chapter 3

Surfactant-mediated epitaxial
growth of Ge on SrHfO3(001)

3.1 Overview

Growth of GeOI substrates using high-k oxides such as strontium hafni-
ate (SrHfO3) are of great technological and scientific interest [35]. Direct
heteroepitaxial growth of Ge on an oxide has been avoided due to the unfavor-
able growth mode, Volmer-Weber (3D-islands), that results in a Ge film with
a large density of defects and rough morphology, unsuitable for transistor ap-
plications. In this work I will explore the possibility of using a third material,
that could stabilize the epitaxial growth of Ge on the SrHfO3(001) surface
and may even act as a so-called surfactant for layer-by-layer heteroepitaxial
growth. The proposed material is strontium (Sr) and is in contrast with tra-
ditional surfactants used for Ge growth such as antimony (Sb) and arsenic
(As).

In this chapter, I will study the Ge surface structures formed on the bare
SrHfO3(001) substrate, in order to identify metastable epitaxial structures
that could be stabilized by experimental conditions. The choice of a suitable
surfactant that will stabilize the epitaxial Ge film will be discussed. Sr is
then considered as an interesting candidate, and the formation of an ordered
Sr 1ML film on the oxide surface, to be used as template for Ge layer-by-layer
growth, will be studied. The changes in growth mode and growth kinetics
when Ge is deposited on the Sr 1ML film, and the feasibility of forming a Ge
epitaxial film will be investigated. Finally, adequate valence band offsets for
transistor applications determined by the Sr interfaces will be discussed.
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3.2 Computational details

The total energy calculations were performed with the Projector Aug-
mented Wave (PAW) method [22] (Section 2.4) based on density-functional
theory (DFT) [12] (Section 2.2). The exchange-correlation potential was
treated with the generalized gradient approximation (GGA) as implemented
by Perdew, Burke and Ernzerhof (PBE) [36]. The valence wave functions
were expanded in plane waves outside the augmentation region and partial
waves, inside. A plane wave cut-off of 30 Ry was used throughout to describe
the plane wave part of the wave function. The following valence electrons
were considered: 2s22p4 for oxygen, 4s24p2 for germanium (Ge), 4s24p65s2

for strontium (Sr), and 5s25p66s25d2 for hafnium (Hf). And the following
sets of projector functions per angular momentum (s, p, d) were used: (2, 2, 1)
for oxygen, (2, 2, 1) for Ge, (3, 2, 2) for Sr, and (2, 2, 2) for Hf. The semi-core
states of Sr and Hf were treated as valence states. The frozen core approxi-
mation was used (Section 2.4.3).

A slab consisting of four layers was used to simulate the SrHfO3(001)
surface (Section 2.5), and the back plane was kept frozen. The 2D-periodicity
of the surface unit cell corresponds to (2x2)Ge(001). The experimental cubic
lattice constant of SrHfO3 was used (a=4.1131 Å, T=1403 K) [37]; the
lattice mismatch with germanium is 2.8 % (5.658/

√
2 = 4.001 Å [38]). A

grid with 16 k-points per (1x1) surface unit cell, or equivalently four k-
points per (2x2) surface unit cell, was used to sample the Brillouin zone.
All structures were relaxed without symmetry constraints (except for time-
inversion symmetry). The vacuum separating adjacent slab images in the
direction perpendicular to the surface was never below 8 Å.

Convergence tests for bulk SrHfO3 in the cubic structure, with a lattice
constant of a=4.1131 Å (T=1403 K [37]), are presented in Figure 3.1. The
converged plane wave kinetic energy cut-off is 40 Ry, with an accuracy of
26 meV (1.0 mH) relative to a 50 Ry cut-off. For this test, a total of eight
k-points per cubic unit cell were used in all calculations. And for the Bril-
louin zone k-point sampling, the converged grid consisted of 64 k-points per
cubic unit cell, with an accuracy of 0.9 meV (0.03 mH) relative to a grid
corresponding to 103 k-points per cubic unit cell. Therefore, a converged set
for a SrHfO3 slab with a (2x2) surface unit cell will consist of a 40 Ry plane
wave cut-off and a grid with four k-points per (2x2) surface unit cell.

In this work, the description of the adsorption of Ge and Sr atoms on
the SrHfO3(001) surface is the main concern. Thus, convergence tests have
been performed for bulk Ge and bulk Sr, and they are presented in Figure 3.2.
For bulk Ge in the face centered cubic (fcc) structure (a=5.658 Å [38]), the
plane wave kinetic energy cut-off is converged at 25 Ry, the difference in
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Figure 3.1: Convergence tests for bulk SrHfO3 in the cubic structure (a=4.1131 Å,
T=1403 K [37]). The total energy in Hartree units is plotted in the vertical axis. Top:
Convergence test for the plane wave kinetic energy cut-off, with eight k-points per mini-
mum cubic unit cell. Bottom: Convergence test for the Brillouin zone k-point sampling,
the cubic root of the total number of k-points per cubic unit cell is plotted in the horizontal
axis. A plane wave cut-off of 30 Ry was used for this convergence test.
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Figure 3.2: (a) Convergence tests for bulk Ge in the fcc structure (a=5.658 Å [38]). (b)
Convergence tests for bulk Sr in the fcc structure (a=6.08 Å [10]). The notation is the
same as in Figure 3.1.
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total energy relative to a 50 Ry cut-off is 15 meV (0.6 mH). And a converged
Brillouin zone sampling grid consists of 216 = 63 k-points per fcc unit cell, the
total energy difference relative to a grid consisting of 123 k-points is 44 meV
(1.6 mH). Therefore, a converged set for a (2x2)Ge(001) surface will consist
of 25 Ry plane wave cut-off, and a grid with 2.7 × 2.7 k-points per (2x2)
surface unit cell. As is common in density-functional calculations, the band
gap is underestimated, and for bulk Ge no band gap is found. Convergence
tests for bulk Sr, also in the fcc structure (6.08 Å [10]), determine that
the plane wave kinetic energy cut-off is converged at 30 Ry, with 26 meV
(1.0 mH) total energy difference relative to a 50 Ry cut-off. And the sampling
grid is converged with 216 = 63 k-points per fcc unit cell, the total energy
difference relative to a grid with 103 k-points is 21 meV (0.8 mH). Therefore,
for a (2x2)Sr(001) surface, a converged set will consist of 30 Ry plane wave
cut-off, and 2.7 × 2.7 k-points per (2x2) surface unit cell.

For all calculations presented in this chapter, a plane wave cut-off of
30 Ry and a grid with four k-points per (2x2) surface unit cell has been used.
Thus, the plane wave cut-off is converged for the total energy of bulk Ge
and bulk Sr, but not for bulk SrHfO3. On the other hand, a grid with four
k-points per (2x2) surface unit cell is converged for the total energy of bulk
SrHfO3, but not for bulk Ge and bulk Sr. In this work the main concern is
the stability analysis (determination of total energy differences) of different
Ge structures adsorbed on the surface. It is difficult to determine exactly
the numerical errors in the calculations due to the use of these parameters.
Nevertheless, the analysis of the calculated systems has been performed with
a rather conservative criterium throughout this chapter. Whenever the dif-
ference in total energies is below 0.15 eV per atom, no conclusion regarding
stability has been stated and the compared systems are regarded as almost
degenerate. This criterium, however, does not affect the main conclusions of
this chapter.

A convergence test for the thickness of the SrHfO3(001) slab was per-
formed considering the variation of the adsorption energy of an isolated Ge
adatom. The adsorption energy was estimated according to Eq. (3.1) below.
A plane wave cut-off of 30 Ry and a grid with four k-points per (2x2) sur-
face unit cell was used in the test. The bottom layer is kept frozen in the
bulk SrHfO3 cubic structure, all other atomic coordinates are relaxed, and
no symmetry constraints are applied. The results are shown in Figure 3.3.
It was found that the difference in the adsorption energy of an isolated Ge
adatom between a 4-layer and an 8-layer SrHfO3(001) slab, with a (2x2)
surface unit cell, is less than 0.10 eV.
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Figure 3.3: Convergence tests for the thickness of the SrHfO3(001) slab. The adsorption
energy of an isolated Ge adatom on the SrHfO3(001) surface in eV is plotted against the
number of layers in the slab (see text for details).
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3.3 The perovskite crystal structure : Bulk

SrHfO3

The cubic perovskites have the chemical formula ABO3. For II-IV per-
ovskites (e.g. SrHfO3), A is a divalent cation and B is a tetravalent tran-
sition metal, while for I-V perovskites (e.g. KNbO3) they are mono- and
pentavalent, respectively. SrT iO3 is a standard model for oxides with a per-
ovskite structure and has been widely studied. On the other hand, only a few
studies exist on the properties of SrHfO3 [37, 39]. Regarding the structural
properties, it has been found that from 300 K to approximately 670 K the
structure is orthorhombic, and at temperatures > 1360 K, the structure is
the ideal cubic. Moreover, measurements of the variation of the angle of ro-
tation of the oxygen octahedron with temperature were reported [37]. It has
been found theoretically that the Hf-d and oxygen-p bands hybrize and make
a mostly covalent bond whereas the Sr to oxygen bond is mostly ionic [39].
Only recently, Rossel et al. [35] measured the band gap of bulk SrHfO3 to
be 6.5 eV and a dielectric constant κ ∼ 19.

In my calculations of bulk SrHfO3, using the experimental lattice con-
stant of the cubic structure (a=4.1131 Å, T=1403 K [37]), I have found a
band gap of 4.1 eV, which is typical of the known underestimation of the
band gap in density-functional calculations; another theoretical study esti-
mated a band gap of 3.67 eV [39]. In this work, this deficiency has not been
corrected. When the atomic coordinates where allowed to relax (in the cubic
unit cell) the oxygen octahedra tilted in opposite directions with an angle
of 11 ◦. This is in agreement with the fact that the structure of SrHfO3 at
very low temperatures is orthorhombic.

3.4 The SrHfO3(001) surface

In principle, there are two possible terminations of the (001) surface of
the ABO3 perovskite: the AO-terminated surface and the BO2-terminated
surface. In II-IV perovskites, the AO and BO2 layers are charge neutral,
so that both types of surfaces are nonpolar and expected to be stable [40].
Nevertheless, it has been argued that the ABO3(001) surfaces are to be con-
sidered as weakly polar surfaces due to the fact that these compounds are not
fully ionic and the covalency of the BO6 bonds determines a non-vanishing
macroscopic dipole moment perpendicular to the surface. The electronic
structure of these surfaces is not strongly modified relative to the nonpolar
case [41]. On the model system SrT iO3(001) several reconstructions have
been proposed, but the unreconstructed SrO and T iO2 terminations are the
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most stable. These studies and their relation to SrHfO3(001) are discussed
in more detail in Section 3.8.

In this work, the unreconstructed SrO and HfO2 terminations of the
SrHfO3(001) surface have both been taken into account by using two differ-
ently terminated slabs. To my knowledge there are no studies on the stability
of the SrHfO3(001) surface structures or reconstructions, but they are ex-
pected to be qualitatively similar to the most stable surface structures on
SrT iO3(001).

It is interesting to note that cube-on-cube epitaxy of Ge (a=5.658 Å [38])
on SrHfO3 (a=4.1131 Å [37]) is not possible due to the large lattice mis-
match (38 %). Nevertheless, if the primitive vectors in the plane parallel to
the (001) interface are rotated by 45 ◦, the lattice mismatch can be reduced
to 2.8 %; the lattice mismatch with Si is, however, still large (6.6 %).

3.5 Ge clustering on SrHfO3(001)

Only recently, Seo et al. [42] have reported the direct growth of Ge
on SrHfO3(001), with the oxide epitaxially grown on a Si(001) substrate.
RHEED and cross-sectional TEM images, show that hemispheric Ge islands
are formed on the surface with no coverage between them, and they are
regularly distributed on the oxide surface. This is a confirmation of the
expected three-dimensional (3D) Volmer-Weber growth mode of Ge on the
SrHfO3(001) oxide. Based on the observation that the crystallinity within
the islands changes with temperature towards epitaxial (above 600 ◦C), a
two temperature-step growth process was developed and shown to produce
fully epitaxial Ge films. The measured epitaxial relationship between the
Ge film and the SrHfO3(001) substrate is: (001)Ge ‖ (001)SrHfO3

and
[110]Ge ‖ [100]SrHfO3

. The resulting films, however, are not suitable for tran-
sistors due to their high density of defects and low Hall-mobility. Moreover,
the authors noted that during Ge growth SrHfO3 remained stable at high
growth temperature (690 ◦C) [42, 43]. No intermixing or chemical reaction
between Ge and SrHfO3 was observed during Ge growth and, as observed
by HRTEM, the Ge/SrHfO3(001) interface is atomically sharp. This is
an indication that formation of Ge alloys (germanates and germanides) is
not likely to occur. The fact that formation of a Ge epilayer is possible on
SrHfO3(001), although with high density of defects, will be discussed in
Section 3.6 using the results from this section.

The formation of Ge islands and metastable epitaxial films on the bare
SrHfO3(001) surface has been investigated from a thermodynamic and ki-
netic point of view. In my simulations, epitaxial Ge structures have been
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obtained after relaxation. They are, however, local minima (metastable) in-
stead of global minima since the most stable surface configuration is the Ge
cluster (bulk structure). It is then important to understand the mechanism
of cluster formation on the oxide surface in order to attempt to hinder it and
to stabilize the epitaxial configuration instead. The elucidation of the migra-
tion mechanism (kinetics) of an isolated Ge adatom on the bare surface, and
the determination of the feasibility to form epitaxial Ge films on the bare
SrHfO3(001) are the main objectives of this section.

3.5.1 Adsorption of an isolated Ge adatom

The adsorption of an isolated Ge adatom on the bare surface was simu-
lated by the adsorption of an ordered Ge 1/4ML film. A single Ge adatom
in the unit cell, with periodicity equivalent to (2x2)Ge(001) (Section 3.4),
corresponds to an ordered Ge 1/4ML coverage of the SrHfO3(001) surface1.
In order to determine the adsorption site, the diffusion path and diffusion
barriers for the isolated Ge adatom on the SrHfO3(001) surface, I have cal-

culated the potential-energy surface EPES
tot (~R‖), where the lateral position ~R‖

of the adatom on the surface is kept fixed while its height and the coordi-
nates of atoms in the first three surface layers of the slab were allowed to
relax. Using this approach two potential-energy surfaces for adatom adsorp-
tion and diffusion are obtained, one for the SrO and other for the HfO2

surface termination.
From the PES, I find that the energetically most stable adsorption site of a

Ge adatom is on top of a surface oxygen atom, for both types of termination,
Figure 3.4.

The adsorption energy of the Ge adatom on SrHfO3(001) is calculated
as:

E
Ge/SrHfO3

ads = E
Ge/SrHfO3

slab −
(

ESrHfO3

slab + EGe
atom

)

, (3.1)

where E
Ge/SrHfO3

slab is the total energy of the slab with the adsorbed Ge,
ESrHfO3

slab is the total energy of the clean SrHfO3(001) slab, and EGe
atom is the

total energy of the isolated Ge atom2. The calculated adsorption energies
are -2.44 eV and -2.88 eV on the SrO and HfO2 terminations, respectively.

1The repeated images of the Ge adatom on adjacent cells are separated by 8.2 Å (the
lateral size of the unit cell) in the direction parallel to the surface. As pointed out by
Cohen et al. [30] in a study of the isolated Si2 molecule, the interaction between the
charge density of the periodic images is originated by the overlap of the wave functions
and their electrostatic interaction. The former can be minimized by an image separation
of 7 Å, but the latter is a long-range interaction.

2For adsorption that does not occur at a surface substitutional site, i.e. that does not
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(a)

(b)

Figure 3.4: Lateral view of a Ge atom adsorbed at the oxygen site on the (a) SrO
surface, and (b) HfO2 surface. Color scheme: Sr, Hf, oxygen and Ge atoms are green,
yellow, red and orange, respectively.
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The layer-projected density of states for the adsorption of a Ge atom on
the SrO and HfO2 surface is shown in Figures 3.5 and 3.6, respectively.
It can be seen that in both cases Ge makes a covalent bond with oxygen,
involving the oxygen 2p and Ge 4s, 4p orbitals.

The Ge tendency to form clusters can be evaluated through the formation
energy of an epitaxial film from a bulk Ge reservoir in contact with the
SrHfO3(001) surface:

E
Ge/SrHfO3

clust =
1

NGe

(

E
Ge/SrHfO3

slab − ESrHfO3

slab

)

− EGe
bulk, (3.2)

where NGe is the number of Ge atoms in the film per unit cell, E
Ge/SrHfO3

slab is
the total energy of the slab with the Ge epitaxial layer, ESrHfO3

slab is the total
energy of the clean slab, and EGe

bulk is the total energy (chemical potential)
per atom in bulk Ge. The fact that Ge incorporation in SrHfO3 is not
observed experimentally [42], as pointed out at the beginning of this section,
is reflected in Eq. (3.2) where the substrate consists entirely of SrHfO3.

For the isolated Ge adatom, the calculated formation energy E
Ge/SrHfO3

clust , as
defined in Eq. (3.2), is 1.89 eV and 1.44 eV, on the SrO and HfO2 termina-
tions, respectively. The positive values mean that the energy of the isolated
Ge atom adsorbed on the surface (or the energy of a Ge atom in an ordered
Ge 1/4ML film formed on the surface) is higher than its energy in the bulk.
This indicates that Ge will seek to form Ge-Ge bonds rather than Ge-surface
oxygen bonds, and thus will form stable islands or clusters on the surface in
order to minimize its energy, namely, the 3D-island (Volmer-Weber) growth
mode. Since SrHfO3(001) is a chemically passivated surface, where the elec-
trons provided by the surface metal atoms are already saturating the surface
oxygen atoms, the Ge adatoms can more easily saturate its dangling bonds
by making bonds among them than to make bonds to the passivated surface.

Information on the way clusters are formed on the surface can be obtained
from the study of the diffusion mechanism (surface kinetics). The relevant in-
formation regarding the Ge adatom diffusion on a surface terrace is obtained
from the potential-energy surface, EPES

tot (~R‖). The migration path for a Ge
adatom on a terrace is determined as the path with the smallest diffusion
barriers relative to the most stable adsorption site, which has previously been
shown to be on top of a surface oxygen on both types of surface termination.

On the terrace with SrO stoichiometry, the migration of Ge evolves across
the shortest path between adjacent surface oxygen atoms, as shown in Fig-

involve the initial creation of a surface vacancy, the adsorption energy and the binding
energy are equal [34].
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Figure 3.5: Layer-projected density of states of Ge atom adsorbed at the surface oxygen
site on the SrO surface. Added to the density of states are wave function plots of selected
Ge-oxygen σ-bonding and π-antibonding states. The color scheme is: Sr, Hf, oxygen and
Ge are green, black, red and orange, respectively.
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Figure 3.6: Layer-projected density of states of Ge atom adsorbed at the surface oxygen
site on the HfO2 surface. Added to the density of states are wave function plots of
selected Ge-oxygen σ-bonding and π-antibonding states. The color scheme is the same as
in Figure 3.5.
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ure 3.7. At the most stable adsorption site, on top of a surface oxygen, the
bond length is 1.89 Å, 3 % smaller than the sum of the covalent radii of
oxygen and Ge (1.95 Å). At the middle point of this path, at the barrier
configuration, the diffusion barrier is 0.53 eV. At this configuration, the Ge
adatom makes bonds with two adjacent oxygen atoms with a bond length
of 2.15 Å, 14 % larger than the bond length at the stable oxygen site, and
2.29 Å is the vertical distance to the surface plane (along the surface Sr
atoms), 0.4 Å larger than at the oxygen site where it has the value of the
bond length.

On the HfO2 termination, the migration mechanism is similar to that
on the SrO termination, namely, along the path that connects the oxygen
sites and avoids the sites on top of the surface metallic atoms. For this type
of termination, I have found two paths with a small difference between their
diffusion barriers, and they are shown as Path A and B in Figure 3.8. Path A
has the smallest diffusion barrier and is the migration path for this surface.
When the Ge adatom is at the middle point of the shortest path between two
oxygen sites, at the barrier configuration along Path A, the diffusion barrier
is 0.13 eV. At this barrier configuration, Ge makes bonds with two adjacent
oxygen atoms with a bond length of 2.04 Å, 7 % larger than the bond length
at the stable oxygen site which is 1.90 Å. The vertical separation of the Ge
adatom with respect to the plane of the surface Hf atoms is smaller at the
barrier configuration (1.56 Å) than at the stable oxygen site (1.90 Å).

Additionally, Path B in Figure 3.8 connects the oxygen sites but is not
the shortest path (as Path A) and instead passes through the hollow sites
between four oxygen atoms. At the hollow site, Ge makes bonds mainly
with two of the four adjacent oxygen atoms with a bond length of 2.07 Å.
The vertical separation from the surface plane is 1.71 Å, again smaller than
at the stable oxygen site (1.90 Å) but 0.15 Å larger than at the barrier
configuration in Path A. At the hollow site, the diffusion barrier is 0.31 eV,
0.18 eV higher than the barrier at Path A. Path B is not a second migration
path but a saddle of second order. This is, however, an indication of the
small corrugation of the potential-energy surface, EPES

tot (~R‖), on the HfO2

termination.
The migration mechanism (kinetics) on a surface terrace is more efficient

on the HfO2 termination than on the SrO termination, due to the smaller
activation barriers for diffusion. Moreover, it is interesting to note that the
density of Ge adsorption sites (on top of surface oxygen atoms) on a surface
terrace, i.e. the number of adsorption sites per surface unit cell area, is
higher on the HfO2 terraces than on the SrO terraces. The higher density
of adsorption sites may be partly responsible for the improved Ge migration
on the HfO2 termination. On the other hand, the more restricted diffusion
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Figure 3.7: Top view of the migration path of a Ge adatom on the SrO surface. The
color scheme is the same as in Figure 3.4.



48 Surfactant-mediated epitaxial growth of Ge on SrHfO3(001)

B

A

Figure 3.8: Top view of the migration path of a Ge adatom on the HfO2 surface. The
color scheme is the same as in Figure 3.4.
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on the SrO termination may affect or even hinder the formation of the stable
Ge cluster structures on the surface at low temperature, as will be shown in
the next section.

A passivated surface has low chemical reactivity, and on top of this in-
ert surface the activation barrier for diffusion is expected to be low. The
small diffusion barriers obtained for Ge on both surface terminations of
SrHfO3(001) are in agreement with this prediction, and indicate that the
Ge adatoms diffuse readily on this surface by easily breaking and forming
bonds with the surface oxygen atoms. Since, as shown above, the incor-
poration of Ge inside the substrate is thermodynamically unfavorable and
the diffusion barriers are low on the terraces, the diffusion length of the Ge
adatom is expected to be large. This large diffusion length, however, should
occur on an ideal non-defective surface. For instance, an oxygen vacancy on
the SrHfO3(001) surface may act as a trapping site for Ge; which will be
discussed in a similar context in Section 3.11.1 below.

Therefore, in order to lower its energy, an isolated Ge adatom will seek
to passivate its bonds by making bonds to other Ge atoms to form clusters
on the clean SrHfO3(001) surface, which confirms that the growth mode
of Ge is Volmer-Weber (3D-island). The small diffusion barriers for Ge on
both surface terminations favor the formation of the stable cluster structure.
The Ge migration mechanism is more restricted on the SrO termination. At
low temperatures, the less efficient kinetics on this surface may hinder the
formation of clusters.

3.5.2 Adsorption of Ge films

Even though Ge clusters on the clean SrHfO3(001) surface, it is interest-
ing to study the adsorption of Ge at higher coverages. If metastable epitaxial
structures (local minima) are found then they could, in principle, be stabi-
lized by modifying the growth kinetics of Ge or modifying the surface free
energy of the substrate with a suitable interface. In the calculations pre-
sented in this section, the initial Ge surface structures were epitaxial and
subsequently were fully relaxed.

The Ge 1ML relaxed geometries on the HfO2 termination are presented
in Figures 3.9 and 3.10. It can be readily seen that the Ge adatoms do not
maintain their initial epitaxial positions at 1ML and form cluster-like struc-
tures. This behavior is consistent with the efficient migration mechanism for
Ge on this surface termination, and as discussed above, may be due to the
non-reactive nature of the surface and the high density of Ge adsorption sites
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(on top of surface oxygen atoms).

The most stable of the cluster-like Ge structures is presented in Figure 3.9.
In this configuration, the average Ge bond length is 2.53 Å, 3 % larger than
the bulk bond length which is 2.45 Å. The formation energy E

Ge/SrHfO3

clust for
this structure, as defined in Eq. (3.2), is 0.47 eV/Ge higher than the energy
for precipitation of bulk Ge on the surface, which again indicates that Ge
grows as islands. Other Ge structures obtained after relaxation, which are
less stable, are presented in Figure 3.10. It can be seen that the arrangement
of Ge adatoms is ring-like in the first two almost degenerate-lower energy
configurations (Figures 3.10(a) and 3.10(b)), while in the other two almost
degenerate-higher energy configurations (Figures 3.10(c) and 3.10(d)), it is
chain-like. From Figures 3.9 and 3.10, it is clear that the ring-like structures
are more stable than the chain-like ones. This is consistent with the idea
that a Ge adatom will seek to saturate its dangling bonds by forming bonds
with other Ge adatoms rather than to the surface oxygen atoms, since in
general a ring-like configuration allows for the formation of a larger number
of Ge bonds than a chain-like configuration.

Performing the same procedure for Ge 1ML coverage on the SrO termi-
nation, resulted in a metastable ordered structure (local minimum) made out
of Ge dimers. This configuration, shown in Figure 3.11, consists of Ge dimers
arranged in diagonal-rows. In turn, the epitaxial Ge(001) surface structure
consists of straight-rows of dimers, and its relation to the diagonal-row con-
figuration will be explained below.

In the diagonal-row configuration, the dimer bond length is 2.53 Å, 3 %
smaller than the bond length of the surface buckled dimer in Ge(001) (2.60 Å).
The diagonal-row arrangement is the result of the electrostatic repulsion
among the lone-pairs in each Ge adatom. The Ge adatoms that form the
dimer make bonds to the surface oxygen atoms while the dimers are oriented
along the migration path on the SrO surface (Figure 3.7). The formation

energy E
Ge/SrHfO3

clust (Eq. (3.2)) per Ge adatom of the dimer diagonal-row con-
figuration with respect to the bulk Ge is 0.85 eV/Ge, again the positive
value indicates that the formation of a bulk Ge structure on the surface is
more stable. The reduction of Ge diffusion on this surface termination com-
pared to the HfO2 termination makes the formation of a metastable dimer
diagonal-row configuration possible.

An attempt to obtain a metastable epitaxial straight-row configuration,
as in Ge(001), resulted in the configuration presented in Figure 3.12. This
configuration is only 0.05 eV/Ge dimer less stable than the diagonal-row
configuration and almost degenerate with it. Thus, it is not possible to form
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(a)

(b)

Figure 3.9: Most stable Ge 1ML structure on the HfO2 surface: (a) side view, and (b)
top view. The color scheme is the same as in Figure 3.4.
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(a) ∆E = 0.17 eV/Ge

(b) ∆E = 0.25 eV/Ge (c) ∆E = 0.40 eV/Ge

(d) ∆E = 0.43 eV/Ge

Figure 3.10: Top view of relaxed Ge 1ML structures adsorbed on the HfO2 surface.
They are less stable than the structure in Figure 3.9, as indicated by their relative energies
(per Ge atom) to this structure. The color scheme is the same as in Figure 3.4.
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(a)

(b)

Figure 3.11: (a) Top and (b) side views of the most stable Ge 1ML structure on the
SrO surface. The color scheme is the same as in Figure 3.4.
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Figure 3.12: Top view of a relaxed Ge 1ML structure adsorbed obtained after initial
setting of straight-rows of dimers on the SrO surface.
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metastable straight-rows of dimers on the SrO termination.
In order to clarify the relationship between the metastable dimer diagonal-

row and the epitaxial dimer straight-row configuration, the possibility of
forming dimer diagonal-rows from straight-rows on the Ge(001) surface was
investigated. The diagonal-row configuration is obtained by breaking every
second dimer in a straight-row and bonding the Ge atoms in the neighbouring
dimer rows, so that the new formed dimer lies at the valley in between
straight-rows of dimers, as shown in Figure 3.13. In a (2x2) surface unit
cell, the energy per dimer necessary to form diagonal-rows from straight-
rows is 0.02 eV/Ge-dimer. Therefore, the dimer diagonal-row configuration
is a metastable state (local minimum) of the Ge(001) surface reconstruction.

Based on the metastable Ge structure found at 1ML on the SrO ter-
mination, I have investigated the possibility of forming metastable epitaxial
structures at higher coverage (2ML and 3ML). These structures where ob-
tained by initially placing each Ge atom in epitaxial sites, and then relaxing
the structure. The relaxed metastable structures at Ge 2ML and 3ML cov-
erage have dimer diagonal-rows on the surface. In the Ge 2ML metastable
structure, Figure 3.14, dimer diagonal-rows are present on both layers. In
contrast, the ideal epitaxial Ge 2ML configuration consists of straight-rows
of dimers formed on both layers and running parallel to each other. It was
not possible to obtain a 2ML metastable configuration with straight-rows of
dimers on any one of the two layers.

The obtained metastable Ge 3ML configuration, Figure 3.15, consists of
dimer diagonal-rows on the first monolayer and straight-rows on the surface,
with the direction of the dimers perpendicular to each other, plus an unre-
constructed intermediate layer. An ideal epitaxial Ge(001) 3ML film would
have straight-rows of dimers on the first and third layer running perpen-
dicular to each other while the intermediate layer is unreconstructed. As
expected the formation energies E

Ge/SrHfO3

clust , Eq. (3.2), of the metastable Ge
2ML and 3ML dimer diagonal-row structures are higher than the formation
of clusters on the surface, by 0.34 and 0.30 eV/Ge, respectively.

In Section 3.4, it was noted that cube-on-cube epitaxy of Ge on SrHfO3

is not possible but after a 45 ◦ rotation of the primitive vectors in the plane
parallel to the (001) interface the lattice mismatch is reduced to 2.8 %. More-
over, the surface oxygen atoms on SrHfO3(001) (the Ge adsorption sites) are
in registry with the Ge surface atoms on the Ge(001) film. This structural
compatibility between Ge(001) and SrHfO3(001) is more easily identified
on the SrO termination with the appearance of metastable epitaxial struc-
tures (Figures 3.11, 3.14 and 3.15). Moreover, it is important to note that
this structural compatibility also exists on the HfO2 termination (discussed
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(a)

(b)

Figure 3.13: Side views of a Ge(001) surface with a (2x1) reconstruction made out of
(a) diagonal-rows of dimers (metastable) and (b) straight-rows of dimers. The Ge and H
atoms are orange and white, respectively.
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(a)

(b)

Figure 3.14: (a) Top and (b) side views of a Ge 2ML metastable relaxed structure on
the SrO surface. Diagonal-rows of dimers are seen on the first and second monolayer.
There is no dimer buckling. The color scheme is the same as in Figure 3.4.
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Figure 3.15: Top view of a Ge 3ML metastable relaxed structure on the SrO surface with
diagonal-rows of dimers on the first and straight-rows of dimers on the third monolayer.
There is no dimer buckling. The color scheme is the same as in Figure 3.4.
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in more detail in Section 3.6.3 below). However, in my simulations at low
coverages on the HfO2 termination, a metastable epitaxial structure was
not obtained after relaxation. This may be due to the more efficient mi-
gration mechanism on this surface and the low Ge coverage. Thus, based
on the structural compatibility, similar simulations at coverages of 2ML or
higher on the HfO2 termination may show that the Ge epitaxial structure
is metastable (local minimum). The structural compatibility is confirmed
experimentally by the epitaxial relationship obtained from XRD measure-
ments [42]: (001)Ge ‖ (001)SrHfO3

and [110]Ge ‖ [100]SrHfO3
.

To summarize, it was confirmed that Ge does not wet the SrHfO3(001)
surface, and it grows in a 3D-island (Volmer-Weber) mode. The Ge adatoms
seek to minimize their energy by saturating their dangling bonds and so they
prefer to make bonds to other Ge adatoms on the surface and form clusters,
than to make bonds to the surface oxygen atoms. It was found that the Ge
migration mechanism (kinetics) on the HfO2 termination is very efficient,
and at low coverages no metastable epitaxial Ge structures were obtained,
only clusters. On the other hand, on the SrO termination the diffusion of Ge
is more restricted, and metastable epitaxial Ge(001) structures made out of
diagonal-rows of dimers were obtained at several coverages. Thus, it seems
that the SrO surface is more suitable to attempt stabilization of the Ge
epitaxial film.

3.6 Heteroepitaxial growth of Ge without sur-

factant

In this section, I will discuss the two temperature-step growth process
of Seo et al. [42] for the epitaxial growth of Ge on SrHfO3(001) without
surfactant. I argue that structural compatibility between the substrate and
the film, and the presence of a seeding surface are key factors for the success
of heteroepitaxial growth. In this context, metastable epitaxial structures
become relevant.

3.6.1 The two temperature-step growth process with-

out surfactant

The two temperature-step process [42] is based on the change in crys-
tallinity within the Ge 3D-islands. These changes in crystallinity and the
temperature-steps that lead to the formation of a Ge(001) epitaxial film on
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SrHfO3(001) are summarized below :

• Initial Ge deposition originates hemispheric 3D-islands with no cover-
age between them, and no reaction between Ge and SrHfO3(001), at
high and low growth temperatures.

• First step : Above 600 ◦C, the Ge islands are single-crystalline, with
(001) orientation. At this high growth temperature, the islands coalesce
and there is no additional nucleation [43].

• Below 500 ◦C, the Ge islands are polycrystalline but with the same
orientation within individual islands. However, the (001) is the prefer-
ential orientation [43].

• Further Ge deposition on SrHfO3(001) with already nucleated (001)
oriented Ge islands (after the first step) leads to the formation of an
epitaxial Ge film. Deposition temperature influences the way islands
grow and coalesce, and determines the surface morphology of the film.

• Second step : At low growth temperature (350 ◦C), a continuous and
flat Ge(001) film was obtained. Lateral growth of the islands was pro-
moted instead of 3D-growth in order to obtain homogeneous coverage
of the oxide.

• At high growth temperature, a continuous epitaxial Ge film with a
rough surface morphology was obtained.

As noted by the authors, this growth process begins by seeding crystalline
(001) oriented islands, at high temperature in the first step. Then the goal
was to promote lateral growth of the islands to achieve homogeneous coverage
of the oxide surface, at low temperature in the second step.

In this work it was also mentioned that Ge(001) and SrHfO3(001) are
structurally compatible in the case of an ideal 2D-surface. Although there
is no cube-on-cube epitaxy, Ge(001) and SrHfO3(001) become structurally
compatible if one of them has an in-plane rotation of 45 ◦.

The observed defects in the grown Ge(001) film were mainly micro twins
and stacking faults. It was noted that misfit dislocations, due to the lattice
mismatch, were not observed. And that the reason for this absence may be
that the epitaxial strain in the Ge film is partly relaxed by the other type
of defects. It was observed that defects preferentially originated from oxide
surface steps and that the defect density in the Ge film depended on the crys-
talline quality of the SrHfO3(001) film [43]. The authors argued that the
structural incompatibility between Ge(001) and SrHfO3(001) at the steps
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originated most of the defects on the Ge film. The starting SrHfO3(001) sur-
face used in the experiments consisted of half and one unit cell high steps [43].
The structural compatibility between Ge(001) and SrHfO3(001) is not main-
tained across the steps because the diamond and perovskite structures are
not compatible in the out-of-plane direction.

The measured electrical properties of the Ge film were poor. The effect
of film defects on the electrical properties is still unclear. However, the
importance of reducing the high density of defects in the Ge film was stressed.

Finally, the HRTEM images revealed that the Ge/SrHfO3(001) interface
was atomically sharp, with no indication of an interfacial reaction.

3.6.2 Seeding for heteroepitaxial growth

For solid phase heteroepitaxial growth of a film on a substrate, it is neces-
sary to have a structural template for the growing film. It might be the case
that both the substrate and the film have the same crystallographic struc-
ture. For example, when Ge grows epitaxially on Si(001), from a structural
point of view, the Si dangling bonds on the surface provide the tetrahedral
bonding configuration necessary for growth of a (strained) Ge(001) film. In
this case the Si(001) substrate is seeding the growth of the Ge(001) film.
However, the growth mode of Ge on Si(001) is of the Stranski-Krastanov
type, that is layer-by-layer followed by 3D-island growth. And in order to
change the Ge growth mode to layer-by-layer, an additional process has to
be performed. Therefore, a seeding substrate is the one that provides the
necessary structural template for heteroepitaxial growth.

A seeding substrate has an arrangement of adsorption sites on its surface
that is compatible with the positions of the surface atoms on the growing
film. In addition, it has a chemically active surface that reacts with the
adsorbed atoms to form the epitaxial film. When both the substrate and the
film have the same crystallographic structure, as in the case of the Ge growth
on Si(001), cube-on-cube epitaxy takes place and the structural compatibility
between substrate and film is readily seen. In addition, Si(001) is a chemically
active surface that reacts with Ge to form tetrahedral bonds at the interface.

In a more general case, the substrate and the growing film may have
different crystallographic structures, e.g. Ge growth on a crystal oxide. In
this case, even if there is structural compatibility, the bonding environment
at the substrate surface may not be the most favorable for heteroepitaxial
growth of the film. And additional processes may be needed to stabilize the
formation of the epitaxial film.

Structural compatibility is a requirement for heteroepitaxial growth. Two
structurally compatible materials may have cube-on-cube epitaxy or else an
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in-plane rotation may be needed to minimize the lattice mismatch. In any
case, the initial growth will result in a strained film, due to the (minimum)
lattice mismatch. Ideally, a film should grow in a crystallographic direction
so as to minimize its strain. At low temperatures, however, a film may grow
in a metastable state with higher strain than the minimum, and a thermal
process may be needed to reach the stable state with minimum strain.

The growth mode is independent of the structural compatibility between
substrate and film. This means that if the film does not wet the substrate,
3D-island growth will occur even if the substrate is structurally compatible.
The islands, however, can become single-crystalline and epitaxially oriented
under adequate growth conditions, as in the case of the initial Ge growth on
SrHfO3(001) at high temperature [42].

The structural compatibility is not affected if the interface between film
and substrate is atomically sharp. But it may be affected in the case of an
interfacial reaction, depending on the interfacial compound that is formed.

3.6.3 Stabilization of metastable Ge structures

After reviewing the main features of the two temperature-step growth
process, and the main characteristics of a seeding substrate for heteroepitax-
ial growth, in this section I will discuss the heteroepitaxial growth of Ge on
SrHfO3(001) without surfactant.

In Section 3.5 it was shown that a metastable epitaxial Ge structure exists
on the SrO termination of SrHfO3(001) (Figure 3.11). In order to stabilize
this epitaxial structure, a common approach is to grow at low temperature.
However, Seo et al. [42] showed that at low temperatures, polycrystalline
Ge islands are formed, even though, (001) is the preferential orientation. It
is interesting that at high temperatures, the islands coalesce (no additional
nucleation), and become single-crystalline and epitaxial. In addition, it was
not possible to determine from the experiments if the islands nucleate pref-
erentially on only one type of surface termination in SrHfO3(001) [43].

I will show that the (surface of) Ge islands act as (provide) a seeding
substrate for Ge. The crystalline (001) oriented islands, in turn, are possi-
ble due to the structural compatibility of Ge(001) and SrHfO3(001), and
this configuration is stabilized at high temperatures. Lateral growth of the
islands, at low temperature, leads to the formation of an epitaxial film. The
Ge(001) film is the result of the structural compatibility and the presence of
a seeding substrate.

In the following discussion, it is assumed that the Ge/SrHfO3(001) in-
terface is atomically sharp, based on the experimental observation that no
interfacial reaction occurs.
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Ge(001) and SrHfO3(001) are structurally compatible after an in-plane
rotation of 45 ◦ on one of the materials. Microscopically, the Ge atoms adsorb
on top of surface oxygen atoms. The arrangement of the adsorption sites on
the surface is compatible with the position of the Ge atoms on the surface
of an already formed (and strained) Ge(001) film. When the Ge(001) film
is not formed in advance, then Ge is deposited on the oxide surface and the
deposited atoms have the tendency to make bonds among them and form
clusters. At low coverages, clustering is readily seen in the HfO2 termination
but not in the SrO termination, where a metastable ordered structure (local
minimum) has been identified (see Section 3.5 and Figure 3.11). There are
also differences in the arrangement of the adsorption sites on the SrO and
the HfO2 terminations of the oxide.

On the SrO termination, the surface oxygen atoms are arranged in a
2D-square network with a unit cell corresponding to (1x1)SrHfO3(001).
And, on this termination, there is a unique possibility to accomodate the
Ge atoms that are on the surface of an already formed Ge(001) film. The
metastable Ge(001) 2ML (Figure 3.14) and 3ML (Figure 3.15) structures
found in Section 3.5 confirm this structural compatibility. On the other hand,
the arrangement of the oxygen adsorption sites on the HfO2 termination is
finer with a unit cell corresponding to (

√
2

2
×

√
2

2
)SrHfO3(001). As argued in

Section 3.5, the finer arrangement of the adsorption sites is responsible for
the easier Ge clustering and more efficient diffusion mechanism. Nonetheless,
there is structural compatibility between Ge(001) and theHfO2 termination.
The finer arrangement of the adsorption sites determines two inequivalent
possibilities for adsorption of the Ge atoms at the surface of a Ge(001) film.
At low coverages, no metastable Ge epitaxial structure was found. However,
due to the structural compatibility, it is likely that such a structure is found
at coverages above 2ML.

Although there is structural compatibility in the surface plane, there is
no such compatibility in the out-of-plane direction, as pointed out by Seo
et al. [42]. A real SrHfO3(001) surface is made out of steps with different
heights. The smallest surface step is half a unit cell high and corresponds to
the interlayer separation, which in the bulk is 2.06 Å. On the other hand, the
interlayer separation in the (001) direction in Ge bulk is 1.41 Å. Therefore,
at half unit cell high steps the structural compatibility is not mantained, and
the creation of defects is more likely. However, the structural compatibility
in the out-of-plane direction is much more favorable across one unit cell high
steps, which are also present on the SrHfO3(001) surface.

The requirement for heteroepitaxial growth of Ge on SrHfO3(001) in
the two temperature-step process is the formation of single-crystalline (001)
oriented islands. This type of island forms at any temperature but only at
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high temperature all the islands are single-crystalline and (001) oriented.
Then, it is this orientation of the islands on the oxide surface that seems to
be the most stable.

The formed single-crystalline islands are hemispherical and there is no
coverage between the islands. Inside the islands the Ge atoms have the
diamond structure as in the bulk. Ideally, the atoms on the surface of an
island have tetrahedrally oriented dangling bonds. The surface of the island
can then be considered as a seeding surface for homoepitaxial growth of Ge.
However, the two temperature-step process is far from being similar to the
homoepitaxial growth on the Ge(001) surface.

Although the SrHfO3(001) surface does not provide the tetrahedral
bonding configuration for Ge growth, it is still structurally compatible with
Ge(001) (at least in the ideal two dimensional case of a surface without steps).
In agreement with this compatibility, I have found metastable Ge(001) struc-
tures on the SrO termination at coverages up to 3ML (Section 3.5). Stabi-
lization of the metastable Ge(001) film in the two temperature-step process
could not be achieved by low temperature growth only (at low temperatures,
polycrystalline islands are formed). But it is necessary that single-crystalline
(001) oriented islands are formed first (at high temperature).

Subsequently, in the second step of the growth process, the formation
of a Ge(001) flat film is achieved by lateral growth and coalescence of the
islands at low temperature. In this case, low temperature growth stabilizes
the metastable Ge(001) film. Thus, it appears that in the two temperature-
step growth process, the stabilization of the metastable Ge(001) film could be
achieved via the seeding effect of the single-crystalline (001) oriented islands.
In the following sections I will discuss other processes that could be used to
stabilize the Ge(001) film.

3.7 Surfactant for Ge heteroepitaxial growth

A method used to obtain epitaxial, flat, single-crystalline films of materi-
als that do not grow in a layer-by-layer mode is surfactant-mediated growth.
The main requirement for a surfactant is that it will segregate on top of the
growing material during the deposition process. Although the mechanism for
surfactant-mediated growth is still not completely understood, this method
has proved successful for growth of semiconductor epitaxial films on a va-
riety of substrates. In this section, I will discuss the feasibility of using a
surfactant to stabilize the epitaxial growth of Ge on SrHfO3(001).
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3.7.1 Surfactant-mediated growth

As pointed out by Eaglesham et al. [44], a surfactant is “a substance that
lowers surface tension, thereby increasing spreading and wetting properties”
(Encyclopaedia Brittanica), even though it is sometimes taken to mean (in
heteroepitaxial growth) a kinetic inhibitor of island formation. In heteroepi-
taxial growth, change of the growth mode to layer-by-layer is the best known
and most studied surfactant effect. In addition, other improvements on the
growth characteristics in homoepitaxial and heteroepitaxial growth, due to an
added surface layer, have also been considered as the surfactant effect [44, 45].
Reduction of the surface free energy and modification of the growth kinetics
by an added surface layer has long been regarded as the main energetic and
kinetic factors that combine to produce the surfactant effect [8]. However,
depending on the materials system and the growth conditions, reduction of
the surface free energy may even produce the opposite effect [46].

In the original work of Copel et al. [8], Ge/Si heterostructures were grown
in a layer-by-layer mode by means of the deposition of a monolayer of As.
The growth mode of Ge on Si is the Stranski-Krastanov, which consists of the
formation of a Ge wetting layer followed by random island growth; Ge wets Si
but forms islands to relax the strain due to the lattice mismatch (4.0 %). On
the other hand, Si growth on Ge occurs via the Volmer-Weber (3D-island)
mode; Si, consequently, does not wet Ge, due to the fact that the Si surface
free energy is greater than that of Ge. The observed effect of As was to change
the growth mode from Stranski-Krastanov (due to strain considerations) and
Volmer-Weber (surface energy considerations) to layer-by-layer. In addition,
the As monolayer was seen to segregate to the surface during growth. Due
to these characteristics, As was considered to act as a surfactant. Growth of
high-quality, single-crystalline films of materials that would otherwise have
island growth or poor epitaxy is the main application (in heteroepitaxial
growth) of surface layers considered to act as surfactants. Surface layers that
are used to control the characteristics of epitaxial islands [44], and to increase
the efficiency of homoepitaxial growth [45] have also been regarded to act as
surfactants.

Layer-by-layer surfactant-mediated growth is characterized by:

• Segregation of the surfactant to the surface of (or, equivalently, low
incorporation in) the growing material. This is a requirement for a
surfactant.

• Reduction of the surface free energy.
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• Surface passivation of the growing material by the surfactant overlayer3.

• The surfactant can be deposited directly on the substrate prior to the
growing material, and then it has to passivate the surface of the sub-
strate too.

• Modification of the growth kinetics to improve surface morphology.

• High sensitivity to the growth conditions and the materials system (in-
cluding choice of surfactant): Diffusion on the surface can be enhanced
or hindered, layer-by-layer growth may occur by step-flow or nucleation
of 2D-islands, transition back to 3D-island growth mode can occur at
sufficiently high temperatures.

The surfactant passivates the surface of the growing film and thus reduces
the surface free energy. Chemical passivation is usually achieved by satura-
tion of the dangling bonds on the surface. A requirement for a surfactant
is the surface passivation of the growing film, independent of the way the
surfactant is deposited [9]. If the surfactant is deposited prior to the grow-
ing material, then it should also passivate the surface of the substrate (as
originally proposed by Copel et al. [8]). However, it has been demonstrated
that the deposition of the surfactant prior to the growing material is not a
requirement [9] (see below).

The driving force for segregation of the surfactant to the surface is the
relative thermodynamic stability of the passivated and unpassivated surfaces.
A passivated surface is expected to be more stable than an unpassivated one.
Thus, a configuration where the surfactant layer is on top of the growing
material should be thermodynamically more favorable than another where it
is buried under the surface. An alternative way of stating this requirement
is that, during growth, a surfactant must have low incorporation rate in the
growing material.

It has been argued that the detailed structure of the surfactant layer ad-
sorbed on top of the substrate influences surfactant segregation. The strength
of the surfactant bond to the substrate can favor or hinder its segregation to
the surface [47].

3In the homoepitaxial growth of GaN(0001), it has been found that deposition of one
monolayer of In (or Ga) on a Ga-terminated surface, enhances surface diffusivity [45].
Configurations with at least two metal layers on top of the surface were shown to be
thermodynamically stable and to improve the efficiency of GaN growth. The In (or Ga)
monolayer does not passivate the Ga-terminated GaN(001) surface. The authors consid-
ered that In acted as a surfactant (and Ga as an autosurfactant) for homoepitaxial growth
of GaN surfaces.
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The mechanism by which the surfactant changes the growth mode into
layer-by-layer is not clearly understood. The focus of attention has been on
the influence of surfactants on growth kinetics. It has been observed experi-
mentally that, depending on the materials system, layer-by-layer growth can
occur by either step-flow or nucleation of 2D-islands, and depending on the
growth temperature even 3D-growth can be recovered. Two opposite models
for (enhanced and reduced) diffusion of arriving atoms on the surfactant-
terminated surface have been considered. One is based on enhanced dif-
fusion [46]: The surfactant chemically passivates the surface, reducing the
diffusion barrier, and thus the arriving atoms diffuse more efficiently on the
surfactant-passivated surface. Depending on wether the surfactant is able to
passivate or not the surface steps, different growth morphologies are origi-
nated. If the surface steps are not passivated by the surfactant, then arriving
atoms can exchange positions with the surfactant more easily at steps than
on the terraces, and step-flow growth takes place. If on the other hand, the
surfactant passivates the steps, then exchange at steps and on the terraces
will be comparable, and arriving atoms may still exchange on surface ter-
races, creating 2D-islands. In the latter case, when strain effects are taken
into account, as in heteroepitaxial growth, it is found that layer-by-layer
growth occurs at low temperatures and 3D-growth occurs at high temper-
atures. The second model is based on reduced diffusion [48]: Due to the
thermodynamic stability of the passivated surface, an arriving atom will al-
most immediately exchange positions with a surfactant atom on a terrace,
and become incorporated below the surface (where diffusion is drastically
reduced) creating 2D-islands. In this way, the system can not achieve its
stable 3D-island configuration.

Alternatively, surface energy anisotropy has been proposed to influence
changes in the growth mode in the presence of a surfactant [44]. After growth
of Ge islands on Si(001) under special conditions in order to achieve an
equilibrium configuration, it has been found that, depending on the choice
of surfactant, certain facets are enhanced (stabilized) with respect to nearby
orientations. It was argued that the equilibrium morphology can favor the
formation of a planar film during surfactant-mediated heteroepitaxial growth.

3.7.2 Two examples of Ge heteroepitaxial growth with
Sb as surfactant

Finally, two contrasting examples will illustrate the surfactant-mediated
growth of Ge. Copel et al. [8] originally demonstrated that Ge can be epitax-
ially grown on Si(001) using As as surfactant. Ge has a Stranski-Krastanov
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growth mode on Si and for thicknesses greater than the critical thickness
(approximately 3 ML [9]) it forms 3D-islands, in order to release the strain
due to the mismatch of the lattice parameters (4.0 %). The surfactant, a
monolayer of As, was deposited on the Si substrate prior to Ge (it passi-
vates both Si and Ge) and segregated to the surface during growth. In this
way, epitaxial Ge/Si heterostructures were grown at 500 ◦C in a layer-by-
layer mode. Later work on this materials system by Osten et al. [9], but
using Sb as surfactant, proved that the condition of surfactant deposition on
the substrate prior to Ge was not necessary. In this work, different ways of
depositing the surfactant were investigated: Prior to Ge, after deposition of
a 2 ML Ge layer (smaller than the critical thickness) with subsequent Ge
deposition or Ge coevaporation, and a growth temperature of 450 ◦C. The
results were equivalent, and in all-three cases it was possible to grow 30 nm
thick Ge films in a layer-by-layer mode, with no observed tendency towards
clustering. Surfactant-mediated growth enables the fabrication of Ge layers
thicker than the critical thickness on Si(001).

On the other hand, Bojarczuk et al. [49] demonstrated epitaxial growth
of Ge on (LaxY1−x)2O3(111) using Sb as surfactant. The composition of
the oxide was adjusted to minimize the lattice mismatch with Si(111) [50],
which is the supporting wafer. Ge grows in a Volmer-Weber or 3D-island
mode on (LaxY1−x)2O3(111), i.e. it does not wet the oxide, in contrast to
the Ge growth on Si. The growth methodology is however different from
the previous example. Initially, an amorphous and uniform Ge thin layer
was deposited at low temperature (∼ 100 ◦C). Subsequently, the Ge film
was epitaxially crystallized at high temperature (∼ 450 ◦C) under an Sb
flux. The amorphous to crystalline transformation occurred without surface
roughening, resulting in an epitaxial, flat, single-crystalline film. On the
other hand, in the absence of a surfactant flux, the obtained film is crystalline
but has a rough surface. After the recrystallization process, measurements
indicated the accumulation of approximately a monolayer of Sb confined to
the surface.

In the two examples above, epitaxial, single-crystalline Ge films were ob-
tained using Sb as surfactant, which was deposited after formation of a thin
Ge layer. Similar growth temperatures were also used, 450 − 500 ◦C (the
temperature for Ge growth on the oxide is the recrystallization temperature
of the final step). The substrates, Si(001) and (LaxY1−x)2O3(111), have al-
most the same lattice constant (the oxide’s tuned to that of Si), and they are
structurally compatible with Ge4, despite the lattice mismatch. On the other

4(LaxY1−x)2O3(111) and Ge(111) are structurally compatible, and have the epitaxial
relationship: (LaxY1−x)2O3(111) ‖ Si(111) and (LaxY1−x)2O3[01̄1] ‖ Si[110] [50].
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hand, their crystallographic structures are different. The Si(001) surface has
dangling bonds that provide the tetrahedral bonding configuration to the
deposited Ge film, whereas, (LaxY1−x)2O3(111) is a polar surface that does
not provide the tetrahedral bonding configuration. In addition, Ge wets Si
but does not wet (LaxY1−x)2O3, so the growth modes are Stranski-Krastanov
and 3D-island, respectively. Taking into account the characteristics of each
substrate, it is interesting to note that on the (LaxY1−x)2O3(111) surface,
an amorphous, uniform Ge film was deposited at very low temperatures, in-
stead of directly trying to epitaxially grow Ge, and that the surfactant was
deposited on top of this uniform, amorphous Ge film, instead of directly on
the oxide substrate. It is not known whether Sb can act as surfactant if
deposited prior to Ge on the substrate or if it wets (LaxY1−x)2O3(111). Fi-
nally, the fact that the amorphous and uniform Ge layer was obtained at low
temperature, and the epitaxial, single-crystalline, flat (rough) Ge film with
(without) Sb on the surface was obtained after a thermal process, suggests
that the former can be regarded as a metastable configuration and the latter
as an equilibrium configuration for this system.

3.7.3 Sb as surfactant for heteroepitaxial growth of Ge
on SrHfO3(001)

Previous experimental studies demonstrated that epitaxial, flat, single-
crystalline Ge layers can be grown on different substrates using Sb as surfac-
tant. Depending on the materials system, the surfactant has been deposited
either before or after the Ge film with careful control of the growth condi-
tions. In this section, I will discuss the feasibility of using Sb for layer-by-layer
growth of Ge on SrHfO3(001). First, the effect of using Sb on an already
formed Ge film will be discussed, taking into consideration experimental evi-
dence. Finally, the feasibility of forming an ordered Sb film on SrHfO3(001),
for surfactant-mediated layer-by-layer growth of Ge, will be investigated by
first principles simulations.

The feasibility of using Sb as surfactant after deposition of the Ge film
is discussed taking into consideration two representative experimental stud-
ies already reviewed in Section 3.7.2, namely, the epitaxial growth of Ge
on (LaxY1−x)2O3(111) and on Si(001). Important similarities between these
materials systems and Ge on SrHfO3(001) are the structural compatibility
between the Ge epitaxial film and the substrate (Section 3.6.3) and the pas-
sivation of the epitaxial Ge surface with Sb. The method of Bojarczuk et
al. [49] starts with the deposition of a uniform and amorphous Ge layer on
(LaxY1−x)2O3(111) at low temperature followed by epitaxial crystallization
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of Ge at high temperature under an Sb flux. On the other hand, stabilization
of layer-by-layer growth of Ge with Sb as surfactant has been demonstrated
on Si(001), independent of whether the surfactant is deposited prior or af-
ter formation of a thin Ge film [9]. Deposition of Ge on SrHfO3(001) at
low temperature leads to the formation of polycrystalline islands as observed
by Seo et al. [42] instead of an amorphous film (Section 3.6.1). Moreover,
Seo et al. [42] reported that a smoothening of the growth front by grow-
ing Ge beyond a critical thickness (as in the work of Guha et al. [50]) was
not observed. And that a transformation to an epitaxial flat film by the
recrystallization method of Bojarczuk et al. [49] using Sb as surfactant could
not be obtained. The fact that an epitaxial Ge film was not obtained after
growth at high temperature under (or not) an Sb flux, may be due to the
early formation of Ge islands and/or the lack of a suitable interface that sta-
bilizes the epitaxial film5. As reported by Eaglesham et al. [44] in the study
of surfactant-mediated morphology changes in Ge islands formed on Si(001),
deposition of Sb after formation of Ge islands may not change the morphol-
ogy of the islands to flat layers. Therefore, layer-by-layer growth using Sb
as surfactant starting from already formed Ge islands may not be possible.
On the other hand, if an epitaxial Ge film can be formed, then Sb can in
principle be used together with a thermal process to improve the quality
of the film, e.g. surface roughness and density of defects, analogous to the
study of Bojarczuk et al. [49] with and without surfactant (Section 3.7.2).
Therefore, it would be interesting to study the effect of Sb and a thermal
process on the growth mode and the quality of the epitaxial Ge film formed
after the two temperature-step growth of Seo et al. [42], which has not yet
been attempted [51].

When Sb is deposited on the SrHfO3(001) substrate prior to Ge, it is not
known whether Sb wets SrHfO3(001) and subsequently can segregate to the
surface to act as surfactant for Ge heteroepitaxial growth. It is important
to determine if ordered structures (thin films, patterns) of Sb can be formed
on the oxide surface. These structures could be used as templates for Ge
overgrowth and could modify the energetics of and kinetics on the surface in
such a way that surfactant-mediated Ge layer-by-layer growth is achieved.
Below I present my results and discuss the feasibility of forming ordered thin
films of Sb on the SrHfO3(001) surface.

In order to determine the feasibility of using Sb as surfactant for Ge layer-

5A suitable Ge/SrHfO3(001) interface may stabilize the epitaxial, single-crystalline
Ge film configuration at high temperature. Such an interface may be determined by the
atomic structure of the starting substrate (surface reconstruction or deposited ordered
thin film) to be used as template for epitaxial growth.
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by-layer heteroepitaxial growth, I have studied the deposition of Sb 1ML and
2ML on the SrO termination of SrHfO3(001). This termination seems to be
the most suitable for epitaxial growth of Ge due to the favorable arrangement
of the adsorption sites on the oxide surface, as discussed in Section 3.6.3. The
details of the calculations are explained in Section 3.2.

Similar to the deposition of Ge 1ML on the SrO surface (Section 3.5),
the possibility of forming metastable ordered Sb 1ML structures (local min-
ima) was first investigated. If such a structure is found, growth of it at low
temperature could be attempted. The starting configuration of Sb 1ML con-
sisted of Sb atoms adsorbed on top of surface oxygen atoms, as these have
been determined to be the reactive sites on the oxide surface. Relaxation
of this structure resulted in immediate clustering of the Sb atoms, as shown
in Figure 3.16(a). An attempt to obtain an ordered structure made out of
dimers, identical to that of Figure 3.11, resulted in the formation of a chain,
Figure 3.16(b). This indicates that formation of an ordered Sb structure (or
stabilization of a metastable ordered structure at low temperature) on the
SrO surface is difficult.

From a chemical point of view, the driving force for Sb clustering on
the SrHfO3(001) surface is similar to that of Ge (Section 3.5). An Sb
atom has three unsaturated bonds (one less than Ge) and seeks to saturate
them by making bonds with other Sb atoms rather than to the low reactive
SrHfO3(001) surface. The easy formation of Sb clusters on the SrO surface
described above, indicates that the diffusion barriers are smaller than for Ge,
which contributes kinetically to the rapid formation of Sb clusters.

To study the feasibility of formation of an ordered Sb 2ML film, it was
taken into consideration that the bulk crystal structure of Sb is rhombohe-
dral, which is quite close to a simple cubic lattice distorted along a body
diagonal [10]. Thus, the starting structure for Sb 2ML was build similar to
an epitaxial Ge 2ML film although without surface dimers, with the atoms
on the first layer (the interface) adsorbed at oxygen sites and the atoms on
the second layer (the surface) forming a covalent angle of 71.1 ◦ and a bond
length of 3.5 Å (26 % larger than twice the covalent radius of Sb). Relax-
ation of this structure resulted in the formation of diagonal rows of dimers
at the interface and straight rows of dimers at the surface, Figure 3.17. The
bond length between atoms at the interface and surface is 2.90 Å, while the
bond length of the dimers is 3.07 Å and 2.99 Å at the interface and surface,
respectively. Most importantly, the Sb atoms at the interface detached from
the oxygen adsorption sites which resulted in low adhesion of the film to
the substrate. This can be explained by the fact that both surfaces of the
Sb 2ML film are passivated and non-reactive, and are in contact with the
low reactive SrHfO3(001) surface. Thus, even though an ordered Sb 2ML
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(a)

(b)

Figure 3.16: Top view of two relaxed surface structures of Sb 1ML on the SrO-
terminated SrHfO3(001) surface. (a) Initial structure with Sb atoms adsorbed on surface
oxygen sites. (b) Initial structure with Sb atoms forming dimer rows on the surface. The
Sb atoms are light blue.
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(a)

(b)

Figure 3.17: (a) Top and (b) Side views of a relaxed Sb 2ML film with the diamond
structure. The Sb film seems to have detached from the SrO-terminated SrHfO3(001)
surface. The color scheme is the same as in Figure 3.16.
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configuration has been found, it may detach easily from the oxide surface.

It has been shown that Sb does not wet the SrHfO3(001) substrate,
and may even have low adhesion to it. Consequently, formation of ordered
Sb structures on the surface, to be used as template for Ge overgrowth, is
difficult. These ordered structures could in principle modify the growth mode
and growth kinetics of Ge on the surface in order to stabilize the Ge epitaxial
film or to achieve epitaxial layer-by-layer growth. Therefore, deposition of
Sb prior to Ge on the SrO-terminated SrHfO3(001) surface, does not lead
to epitaxial Ge layer-by-layer growth.

3.7.4 Can Sr be considered as a surfactant?

In Section 3.5, it was argued that, from a chemical point of view, the
formation of Ge clusters on the oxide surface is driven by the Ge preference to
make bonds to another Ge adatoms rather than to the surface oxygen atoms,
which are, formally, chemically passivated by the surface Sr or Hf atoms in
the same oxide layer. In addition, metastable, epitaxial Ge structures were
found to exist on the SrO termination of the SrHfO3(001) surface. If the
SrHfO3(001) surface is only SrO terminated, and this surface termination
is completely unoxidized, then a new Ge/SrHfO3(001) interface (Sr 1ML)
will be created. Does the new interface stabilizes the formation of the Ge
epitaxial film on the SrHfO3(001) surface? Would Sr act as surfactant for
layer-by-layer growth of Ge? And does theGe/SrHfO3(001) heterostructure
determine good transistor properties? These are the main questions that
I will address in the next sections. In this section, I will present simple
arguments and examples for a similar materials system that support the idea
of using Sr for layer-by-layer growth of Ge on SrHfO3(001).

Removing the oxygen atoms from the SrO surface is equivalent to de-
positing a Sr 1ML film on the HfO2 terminated surface. If the Sr 1ML
film is grown on SrHfO3(001) (including both surface terminations), then
a new highly reactive surface might be created. It can be expected that the
Ge tendency to form clusters on this new Sr-covered surface would at least
be weakened. Because Sr is very electropositive (electronegativity is 0.95
Pauling’s), the Sr 1ML film will provide plenty of electrons that could pas-
sivate the Ge adatoms. Whether a stable Sr 1ML film can be formed on the
SrHfO3(001) surface and it stabilizes the growth of the Ge epitaxial film
remains to be proved and will be discussed in the next sections. Due to the
3D-island growth mode of Ge on the oxide, the initial stage of Ge growth
is arguably the most delicate and decisive part of the entire growth process,
and the determination of an adequate surface template for Ge growth is the
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most important.
A very important theoretical result for this argumentation was the study

of the Sr-interfaces of the SrT iO3/Si(001) heterostructure by Först et al. [52].
In this work, it was demonstrated that an Sr 1/2ML interface passivates the Si
dangling bonds at the interface, thus unpinning the Fermi level. And oxida-
tion of this Sr 1/2ML interface, produced adequate band offsets for transistor
applications. Thus, control of the structure and composition of the interface
can determine the transistor properties. Furthermore, these interface struc-
tures were shown to be good templates for oxide growth and chemically stable
in contact with Si, moreover, they reproduced the main features of the Z-
contrast images, obtained by McKee et al. [53], of the real interface. The use
of Sr to produce an stable and adequate interface for transistors, has been
exploited in this work. Analogous to SrT iO3/Si(001), an interface of the Sr
1/2ML type may stabilize the epitaxial Ge/SrHfO3(001) heterostructure,
by minimizing the interfacial energy, and determine good transistor proper-
ties. Whether Sr 1/2ML is a good template for heteroepitaxial growth of
Ge, in contrast to Sr 1ML as argued above, will be investigated in the next
sections.

Studies of the growth of (wetting) single-crystalline perovskite oxides on
Si and Ge substrates have established the necessity to understand and con-
trol the initial formation of the oxide/semiconductor interface, which will
serve as template for the oxide overgrowth [53]. Thus, formation of ordered
structures of alkaline earth metals on the clean semiconductor surface, with
the additional requirement of surface passivation (necessary for transistor
applications), are still the subject of experimental and theoretical studies. In
the theoretical study of the Sr deposition on Si(001) by Ashman et al. [54],
it was found that the (2x1) surface reconstruction at Sr 1/2ML is the only
Sr-covered surface structure without states in the band gap of Si. In this
reconstruction, all the dangling bonds of the Si(001) surface are passivated
by Sr 1/2ML and, consequently, the formation of straight rows of unbuckled
dimers is observed. A similar passivation effect is expected for the Ge(001)
surface and, in principle, it could be used in the context of (at least homoepi-
taxial) surfactant-mediated growth of Ge using Sr 1/2ML as surfactant. But
there are additional requirements for a surfactant, e.g. segregation to the
surface, favorable modification of growth kinetics, that will be discussed in
the next sections. It is interesting to note that Sr has a large atomic radius
compared to that of Ge, so it should easily segregate to the surface during
growth. On the other hand, Sr could also promote oxidation of the semicon-
ductor surface, as argued by Franciosi et al. [55] for a more general case.

Therefore, in the context of surfactant-mediated layer-by-layer growth of
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Ge on SrHfO3(001), there are indications that Sr could be used as a tem-
plate for Ge overgrowth, determine an stable interface with good transistor
properties, and act as surfactant for Ge epitaxial layer-by-layer growth.

3.8 Formation of Sr 1ML film on SrHfO3(001)

As pointed out in Section 3.4, the structure of the (001) surface of SrT iO3-
a standard model for oxides with a perovskite structure-has been widely stud-
ied, and many reconstructions and structural transformations have been ob-
served under various experimental conditions (of gas environment, pressure,
temperature). The models proposed to understand and determine the sur-
face structures are sometimes contradictory, moreover, many of these surface
reconstructions are believed to be thermodynamically unstable (see Ref. [56]
and references therein). Kubo and Nozoye [57] observed the coexistence of
Sr-based clusters and ordered structures on the T iO2-terminated surface at
temperatures above 1000 ◦C, and proposed a Sr-adatom model to explain
most of the observed reconstructions. This model consists of ordered Sr
adatoms at the oxygen fourfold sites of a T iO2-terminated layer. Liborio
et al. [58] investigated, theoretically, the thermodynamic stability of many
of the Sr-adatom structures. They found that the low coverage Sr-adatom
structures (θ < 0.20) were unstable, and the higher coverage structures were
stable only when the surfaces were close to equilibrium with SrO. Thus, on
the SrT iO3(001) model surface, fabrication of ordered Sr structures on the
T iO2 termination may be hindered by the formation of bulk SrO. On the
other hand, to my knowledge, little is known about the formation of ordered
Sr structures on the SrO termination.

The crystal structure of bulk Sr is face centered cubic and is stable at
room temperature. The lattice constant is 6.08 Å [10], so cube-on-cube
epitaxy with cubic SrHfO3 (4.1131 Å [37]) is not possible. However, if the
primitive vectors in the plane parallel to the (001) interface are rotated by
45 ◦, the lattice mismatch between Sr (4.30 Å) and SrHfO3 can be reduced
to 4.5 %. Thus, if Sr wets SrHfO3(001), the growth mode may well be
Stranski-Kastranov, that is, initial layer-by-layer growth with subsequent
islanding due to the compressive stress on the Sr film. In this section I
will study the feasibility of forming a Sr 1ML or Sr 1/2ML film on the
SrHfO3(001) surface, to be used as template for Ge heteroepitaxial growth.
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3.8.1 The isolated Sr adatom

Knowledge of the adsorption and diffusion mechanism of an isolated Sr
adatom on the SrHfO3(001) surface enables an understanding of the initial
stages of growth and the possible difficulties for the formation of the Sr
film. Analogous to the adsorption of Ge (Section 3.5), the adsorption of an
isolated Sr atom was simulated by the adsorption of Sr 1/4ML. This coverage
corresponds to the adsorption of one Sr atom within the (2x2) surface unit
cell, with a separation between Sr adatom images of 8.22 Å in the direction
parallel to the surface. The Sr adatom deposition was simulated on the SrO
termination only, and the potential-energy surface EPES

tot (~R‖) was calculated
in order to determine the adsorption site and the migration mechanism, using
the procedure described in Section 3.5 for the isolated Ge adatom.

On the SrO termination, the most stable Sr adsorption site is on top
of a surface oxygen atom. At the oxygen site, the bond length is 2.29 Å,
which is 15 % smaller than the sum of the Sr and oxygen covalent radii
(2.64 Å). The Sr adatom diffuses along the shortest path that connects the
oxygen adsorption sites. At the midpoint between two oxygen sites along
the migration path (the bridge site), is the so-called barrier configuration,
which determines the diffusion barrier. At the barrier configuration the bond
length is 2.58 Å, 13 % larger than the bond length at the oxygen site, and
the diffusion barrier is 0.65 eV.

Analogous to Eq. (3.1), the formation energy of the Sr surface structure
on the SrHfO3(001) substrate with respect to free Sr atoms is defined as:

E
Sr/SrHfO3

atom =
1

NSr

(

E
Sr/SrHfO3

slab − ESrHfO3

slab

)

− ESr
atom, (3.3)

where NSr is the number of Sr atoms in the adsorbed film (not in the SrO

layers of the SrHfO3(001) substrate) per unit cell, E
Sr/SrHfO3

slab is the total
energy of the slab with an adsorbed Sr epitaxial layer, ESrHfO3

slab is the total
energy of the slab containing the clean SrHfO3(001) substrate, and ESr

atom

is the total energy of a free Sr atom (in the gas phase). E
Sr/SrHfO3

atom can be
associated with the formation of an Sr film during molecular beam epitaxy,
and it takes into account the creation of both interfacial and intralayer bonds
in the heterojunction [59]. In my simulations, the adsorption energy of the
isolated Sr adatom is obtained from Eq. (3.3) with NSr = 1. The intralayer
interactions within the Sr 1/4ML film are included but they are expected
to be small, and so the interfacial interaction (or the interaction of the ad-
sorbed atom with the surface) should be the main contribution to the value

of E
Sr/SrHfO3

atom . The calculated adsorption energy for the isolated Sr adatom
is equal to -1.09 eV, on the SrO termination.
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The tendency to form Sr clusters instead of an epitaxial film on the sur-
face, can be evaluated by comparing the energy of Sr adsorbed on the oxide
surface to the energy in bulk Sr (when this reservoir is in contact with the
surface). Thus, the formation energy of the Sr film is:

E
Sr/SrHfO3

clust =
1

NSr

(

E
Sr/SrHfO3

slab − ESrHfO3

slab

)

−ESr
bulk, (3.4)

where the notation is the same as in Eq. (3.3), and ESr
bulk is the total energy

per atom in bulk Sr (chemical potential). For an isolated atom (NSr = 1) on

the SrO termination, the formation energy E
Sr/SrHfO3

clust is 0.24 eV. Although
this value is positive, indicating that in principle Sr has a tendency to form
clusters on the surface, it is small and so the formation of an ordered Sr
(1/4ML) film may still be marginally stable; in contrast, for the isolated
Ge atom (Ge 1/4ML) adsorbed on the SrO termination, the value of a
similarly defined formation energy, Eq. (3.2), is not small and equal to 1.8 eV
(Section 3.5).

In order to determine more precisely the stability of the studied surface
configurations in thermodynamic equilibrium with matter reservoirs (e.g.
bulk Sr, SrO oxide), a more detailed analysis considering the variation of
the Sr and oxygen chemical potentials within a range of allowed values may
be necessary (as for example in Refs. [56] and [59]).

Note that the energy window between diffusion and adsorption/desorption
is relatively small, 0.44 eV. Therefore, careful handling of the experimental
conditions is likely needed to achieve the formation of the stable configura-
tion.

3.8.2 The Sr 1/2ML surface configuration

Next, I study the feasibility of forming a Sr 1/2ML template for Ge over-
growth on the SrO termination of SrHfO3(001). The Sr 1/2ML coverage
is simulated by the adsorption of two Sr atoms in the (2x2) surface unit cell.
The stable configuration is obtained by adsorbing one atom at the oxygen
site and the second atom is adsorbed at any of the non-equivalent oxygen
sites within the unit cell (including adsorption at the same site of the first
atom). The initial position of the second atom is high above the surface (no
less than 4.25 Å), and the structures were relaxed without constraints on the
surface atoms (only the bottom layer was frozen in the bulk configuration).

On the SrO termination, the calculated equilibrium structure at Sr 1/2ML
is a chain, shown in Figure 3.18(a). In this configuration, the distance be-
tween Sr adatoms is 4.08 Å (half the surface unit cell length), and the bond
length (to the surface oxygen atom) is 2.34 Å, 2 % larger than the bond length
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(a)

(b)

(c)

Figure 3.18: Side view of three surface structures of a Sr 1/2ML film formed on the
SrO-terminated SrHfO3(001) surface. (a) Equilibrium structure. (b) Structure almost
degenerate with (a). (c) Metastable structure. The color scheme is the same as in Fig-
ure 3.4.
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of the isolated Sr adatom. The same configuration was obtained when the
second atom was initially positioned above the bridge site and then relaxed.
Another almost degenerate structure, 0.12 eV per adsorbed Sr (eV/Sr) higher
in energy, was obtained. It is shown in Figure 3.18(b), and the Sr atoms are
adsorbed at opposite oxygen sites within the unit cell. The distance between
adatoms is 5.82 Å and the bond length is 2.35 Å. This configuration was
again obtained after relaxing a structure with the second adatom initially
positioned on top of a surface Sr atom. A third structure, 0.61 eV/Sr higher
in energy, consists of two Sr atoms adsorbed at the same oxygen site, one on
top of the other (Figure 3.18(c)). The (vertical) distance between adatoms
is 4.73 Å (24 % larger than twice the covalent radius of Sr), and the distance
to the surface is 7.02 Å (the size of the vacuum is still larger than 8 Å).

The formation energy of the Sr 1/2ML film relative to free Sr atoms

(E
Sr/SrHfO3

atom ) is obtained from Eq. (3.3) with NSr = 2. It is equal to
−1.13 eV/Sr for the calculated stable configuration, Figure 3.18(a), and is
only 0.04 eV lower than the adsorption energy of the isolated Sr adatom (Sr
1/4ML). This indicates that the intralayer interaction in the Sr 1/2ML film
is weak or at least not significantly different from that at Sr 1/4ML coverage.

The value of E
Sr/SrHfO3

clust , Eq. (3.4), for the Sr 1/2ML film is equal to
0.19 eV/Sr, and it is similar to that obtained for the isolated Sr adatom.
This indicates that in thermodynamic equilibrium, bulk Sr is (slightly) more
likely to form on the surface than an ordered Sr 1/2ML film. Nevertheless,
as pointed out above, experimental conditions should be carefully chosen
in order to achieve the equilibrium configuration. It is interesting to note
that although the process of Sr adsorption on the oxide surface is favorable
(E

Sr/SrHfO3

atom < 0), this surface configuration at Sr 1/2ML coverage (Fig-

ure 3.18(a)) may not be thermodynamically stable (E
Sr/SrHfO3

clust > 0) relative
to formation of bulk Sr on the surface.

Therefore, it is not clear whether an ordered Sr 1/2ML film, to be used
as template for Ge epitaxial growth on SrHfO3(001), can be formed on the
SrO termination, due to the fact that this surface structure seems to be
stable only when the substrate is in or very nearly in equilibrium with bulk
Sr.

3.8.3 The Sr 1ML surface configuration

At Sr 1ML coverage, on the SrO termination, the stable configuration
consists of Sr adatoms occupying all the surface oxygen sites on the (2x2)
surface unit cell. In this configuration the equilibrium bond length to a
surface oxygen atom is 2.43 Å, 6 % larger than in the isolated Sr adatom (Sr
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1/4ML film).

The value of E
Sr/SrHfO3

atom for the Sr 1ML film is obtained from Eq. (3.3)
with NSr = 4, and is equal to -1.39 eV/Sr. It is 0.26 eV/Sr lower than
that of the Sr 1/2ML film, and indicates further stabilization due to the
agglomeration of Sr atoms. In contrast, when the coverage was increased
from 1/4ML (model for isolated adatom) to 1/2ML, the decrease in energy

per adsorbed Sr was very small. E
Sr/SrHfO3

atom can also be associated with the
energy per Sr adatom necessary to atomize an Sr 1ML film or a cluster of
1ML thickness (two dimensional-island) into free Sr atoms (1.39 eV/Sr).

For the Sr 1ML film, E
Sr/SrHfO3

clust , Eq. (3.4), is equal to -0.06 eV/Sr. It is
negative, indicating in principle wetting, but still too small to be conclusive.
Thus, the possibility that Sr grows in clusters instead of layer-by-layer on
the oxide surface can not be discarded.

Therefore, in order to determine the feasibility of forming an ordered Sr
1ML film on the SrO termination, a more detailed study of the thermody-
namic stability of this and other relevant surface structures as function of
the Sr and oxygen chemical potentials may be necessary. Nevertheless, as
pointed out by Bottin and Finocchi [59], a surface structure that is not stable,
whatever the external chemical environment, can be, in principle, stabilized
by growth of an overlayer.

3.8.4 Process of formation of Sr 1ML

Although the formation of ordered Sr structures on the SrO termination
may not be thermodynamically favored relative to bulk Sr at the initial stages
of growth, other growth processes can aid in determining or even stabilizing
such an ordered structure. For instance, I have studied the growth of the
second Sr monolayer. This process can be considered to occur on top of an
already formed Sr two dimensional-island of 1ML thickness. Durig molecular
beam epitaxy, Sr atoms can be adsorbed on top of forming two dimensional-
islands and may form the second monolayer.

An isolated Sr adatom in the second monolayer (Sr 5/4ML), on the SrO
termination, adsorbs at the hollow site in between four Sr atoms of the first
monolayer. The distance to the oxide surface is 5.75 Å. The average bond
length between the adatom and the Sr atoms on the first monolayer is 4.24 Å,
11 % larger than twice the covalent radius of Sr. Analogous to the adatom
diffusion on the bare SrO surface, the adatom on the second monolayer
diffuses along the shortest path that connects the hollow adsorption sites
(instead of the surface oxygen sites). At the midpoint between two hollow
sites (bridge site) is the barrier configuration that defines the diffusion barrier.
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At this configuration, the bond length to the nearest Sr atoms is 4.08 Å, and
the distance to the oxide surface is 6.16 Å. The diffusion barrier is 0.20 eV.
This small diffusion barrier indicates that the Sr adatoms on the second
monolayer are highly mobile, and that the bond between the adatoms and
the Sr atoms in the first monolayer is weak.

The value of E
Sr/SrHfO3

clust , Eq. (3.4) with NSr = 5, for this surface config-
uration is equal to 0.08 eV/Sr, and it is too small to be conclusive regarding
Sr wetting of the substrate.

For this surface configuration, E
Sr/SrHfO3

atom , Eq. (3.3) with NSr = 5, is
equal to -1.24 eV/Sr, and represents the energy per Sr gained when free Sr
atoms (in the gas phase) adsorb on the surface and form this configuration. If
this chemical reaction can be reversed, then the energy necessary to atomize
the formed Sr 5/4ML film is 1.24 eV/Sr.

On the other hand, an estimate of the adsorption energy of the isolated Sr
adatom in the second monolayer can be obtained by modifying Eq. (3.3) in
order to consider the first Sr monolayer as part of the substrate. In this way,
ESrHfO3

slab will be replaced by the total energy of the slab with an adsorbed
(and ordered) Sr 1ML film, and NSr = 1. The calculated value is then equal
to -0.66 eV. The adsorption energy of the isolated Sr adatom on the bare oxide
surface is 0.43 eV lower. Thus, if the surface is not completely covered and Sr
clusters of 1ML thickness exist, a free Sr atom will preferentially adsorb on
the bare surface than on top of a Sr cluster in order to minimize its energy. In
addition, the value of E

Sr/SrHfO3

atom for the Sr 1ML film is 0.73 eV/Sr lower than
the adsorption energy of an isolated adatom in the second monolayer. This
means that a free Sr atom will lower its energy even more, by 0.30 eV/Sr,
when incorporating in a Sr 1ML film instead of on the bare oxide surface.
Such a process is possible if there are free sites within the Sr film (Sr coverage
is almost one monolayer) and a free Sr atom adsorbs on one of them and/or
there are Sr clusters of one monolayer thickness (or two dimensional islands)
on the surface and a free Sr atom adsorbs at the edge of a cluster (step).

The preferential adsorption on the first monolayer rather than on the
second, may promote the formation of an ordered Sr 1ML film on the SrO
termination. And the low diffusion barrier on the second monolayer may
contribute to this process, so that even if a free Sr atom is adsorbed on the
second monolayer, it can readily diffuse until reaching a descending step. It is
expected that a barrier exists at the descending step, the Ehrlich-Schwoebel
barrier, so that diffusing adatoms have a temperature-dependent probability
to be reflected there (and consequently clusters may be formed on the second
monolayer), nevertheless, the barrier has been observed to be effective at low
temperatures [60]; and so it is expected to be small. The Ehrlich-Schwoebel
barrier has not been calculated in this work. A sufficiently high growth tem-
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perature will thus be necessary so that a diffusing adatom can surmount a
descending step to be incorporated in the first monolayer.

It is interesting to note that the calculated adsorption energy, E
Sr/SrHfO3

atom ,
also represents the interaction of the adsorbed Sr atom with the substrate
surface, and thus can be identified with the binding or desorption energy
(with opposite sign). The binding energy of the isolated Sr adatom in the
second monolayer to the substrate (a terrace of one monolayer thickness) is
then equal to 0.66 eV. When compared to the isolated Sr adatom on the bare
surface, this low value not only means a weaker binding to the substrate for
the atoms in the second monolayer, moreover, it is equal to the diffusion
barrier on the bare surface (Section 3.8.1). Therefore, at sufficiently high
temperature to activate diffusion of isolated adatoms on the bare surface,
a simultaneous desorption of the isolated adatoms in the second monolayer
(formed on top of Sr clusters of one monolayer thickness) will be promoted.
Moreover, adatoms in the second monolayer that were not desorbed may
still have enough energy to surmount the Ehrlich-Schwoebel barrier at a de-
scending step and become incorporated in the first monolayer. Nevertheless,
Sr clusters may still form in the second monolayer, with a higher binding
energy than the isolated adatoms, and should be evaporated if they persist
on the second monolayer after formation of the first monolayer. In this case,
an upper limit for the desorption energy is the atomization energy of the Sr
1ML film, 1.39 eV/Sr.

Therefore, on the SrO termination, in a small energy window between the
activation energy for diffusion (0.65 eV) and the binding energy (1.09 eV) of
the isolated adatom on the bare surface, formation of the second monolayer
may be hindered in favor of formation of the first monolayer. Due to the
small energy window, careful handling of the experimental conditions will
be necessary. In Figure 3.19, I present a summary of the formation energies
E
Sr/SrHfO3

atom , Eq. (3.3), for the formation process of a Sr 1ML film. Moreover,
it is unlikely that an ordered Sr 1/2ML film can be formed in this way on
the SrO termination.

3.9 Oxidation of the Sr 1ML film

As discussed in the previous sections, the formation of a Sr 1ML film on
the SrO termination might be possible under adequate experimental param-
eters: Sr partial pressure and temperature. The formation of a Sr 1ML film
on the SrHfO3(001) substrate increases the reactivity of the surface, and its
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Figure 3.19: Formation energies E
Sr/SrHfO3

atom , Eq. (3.3), for the formation process of a
Sr 1ML film on the SrO-terminated SrHfO3(001) surface. The Sr atoms are green.

impact on the growth mode and growth kinetics of Ge will be discussed in the
next sections. This chemically reactive Sr surface can be, in principle, easily
oxidized. If oxidation takes place, the resulting surface will be equivalent to
the SrO termination of the oxide substrate, where Ge is expected to cluster
as discussed in Section 3.5. In this section, I will investigate the feasibility
of avoiding oxidation of the Sr 1ML film.

Starting from the assumption that an ordered Sr 1ML film has been
formed on the SrO termination, it is important to identify first the possible
sources of oxygen during molecular beam epitaxy. They are the atmosphere
in the chamber and the oxygen atoms in the SrHfO3(001) substrate. The
former can not be completely suppressed, even in a growth chamber where
the only sources are Sr and Ge, residual oxygen remains in small quantity,
considered as contamination [61]. On the other hand, oxygen is one of the
constituents of the oxide substrate. If the oxygen contamination is not sig-
nificant, the substrate becomes the only relevant source of oxygen.

In order to determine the feasibility of oxidation of the Sr 1ML film with
oxygen from the substrate, I have calculated the thermodynamic stability
of a surface configuration where an oxygen atom from the SrO termination
has been incorporated in the Sr 1ML film relative to a configuration that
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consists of a fully oxidized SrO termination and an unoxidized Sr 1ML film.
This process corresponds to the incorporation of an oxygen atom (oxygen
1/4ML) in the Sr 1ML film and the creation of an oxygen vacancy in the
SrO termination. The calculated difference in energy is 0.65 eV per oxygen
atom. Therefore, oxidation of a fully formed Sr 1ML film by oxygen from
the subsurface SrO layer is thermodynamically unfavorable. The relaxed
surface configuration with the oxygen atom in the Sr 1ML film is shown in
Figure 3.20. The mean distance between the oxygen atom and the nearest
Sr atoms in the one monolayer film is 2.39 Å, which is 9 % smaller than the
sum of the Sr and oxygen covalent radii (2.64 Å).

Figure 3.20: Side view of a relaxed structure with one oxygen atom (oxygen 1/4ML)
from the subsurface SrO layer, incorporated in the Sr 1ML film. This configuration is
thermodynamically unfavorable relative to the fully oxidized SrO layer and unoxidized Sr
1ML film.

Oxidation may occur more efficiently during formation of the Sr 1ML
film. The effect of oxidation on the formation process of the Sr 1ML film has
not been studied in this work. Nevertheless, if a partially oxidized Sr 1ML
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film is formed, an adequate thermal treatment should, in principle, bring the
system to its more stable configuration, which it has been shown to consist of
the fully oxidized SrO-terminated SrHfO3(001) surface and the unoxidized
Sr 1ML film. The applied temperature should then be sufficiently high so
that an oxygen atom in the Sr 1ML film can surmount the activation barrier
for diffusion back into the subsurface SrO layer, but sufficiently low to pre-
vent atomization of the Sr 1ML film (1.39 eV/Sr).

Therefore, there are indications that an ordered, unoxidized Sr 1ML
film can be formed on a flat and perfectly stoichiometric SrO-terminated
SrHfO3(001) surface through careful control of the experimental conditions,
in a growth chamber with insignificant oxygen contamination. In a small en-
ergy window between 0.66 eV (the diffusion barrier of an isolated adatom on
the bare oxide surface and also the binding energy of an isolated adatom on
the Sr 1ML surface) and 1.09 eV (the binding energy of an isolated adatom
on the bare oxide surface), the formation of the Sr 1ML film may be achieved
while simultaneoulsy hindering the formation of the second monolayer. Once
the Sr 1ML film is formed, deoxidation of the film may be achieved through
a thermal treatment with a temperature below the limit of Sr 1ML atomiza-
tion. The atomization energy of the Sr 1ML film is equal to 1.39 eV/Sr. This
energy determines the upper limit for the diffusion and desorption processes
involving the Sr 1ML film discussed below. At deposition temperatures be-
low the limit of Sr 1ML atomization, the film can be used as template for
Ge overgrowth. Whether the Sr 1ML template determines an interface that
modifies the growth mode and growth kinetics of Ge to stabilize the epitax-
ial Ge surface configuration and/or whether Sr can act as surfactant for Ge
layer-by-layer growth is discussed in the following sections. On the other
hand, it is unlikely that an ordered Sr 1/2ML template can be formed on the
surface for the same purposes.

3.10 Substrate termination and surface rough-

ness

Up to this point it has been assumed that a single terrace exists on the
SrHfO3(001) surface, and it is the SrO termination of the substrate. On
a real, untreated SrHfO3(001) surface, two types of surface steps exist, of
half and full (cubic) unit cell heights [43]. This indicates the presence of
both types of surface terminations, namely, SrO and HfO2, on the sub-
strate surface, where each domain and/or its combination may affect growth
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kinetics in a different way. Kawasaki et al. [62] have developed a method
for preparation of sufficiently smooth surfaces, terminated by a single atomic
layer, and demonstrated it for the model system SrT iO3(001): Since SrO
is a basic oxide and T iO2 is an acidic oxide, a pH-controlled wet etch so-
lution may selectively dissolve the SrO layer. A T iO2 terminated surface
with a coverage factor of 100 % and steps of full unit cell height has been re-
ported. In principle, the SrO termination can be obtained by layer-by-layer
homoepitaxial growth. However, a recent theoretical study of the double-
layered SrT iO3(001) surfaces [56], have concluded that the SrO and T iO2

oxide films would grow on the SrT iO3(001) surface preferably through clus-
ter formation rather than in layer-by-layer mode. Moreover, increase of the
chemical potential of Sr atoms will lead to precipitation of (bulk) SrO rather
than Sr on the SrT iO3 surface, under equilibrium conditions. This suggests
that even if a flat T iO2 terminated surface can be fabricated by chemical
etching, subsequent deposition of a SrO monolayer (the SrO termination)
may not result in a smooth surface. To my knowledge, experimental and
theoretical studies of this kind on the SrHfO3(001) surface are lacking. In
particular, the formation of SrO clusters on the surface needs to be investi-
gated.

It is interesting to note that on a SrHfO3(001) surface with both types
of surface terminations (and steps), the periodicity of a Sr 1ML film will
not be maintained across steps of half unit cell height. This is because, in
principle, a Sr film adsorbed on the HfO2 termination will be in registry with
the subsurface SrO layer of the oxide, whereas a Sr film formed on the SrO
termination will not be in registry with this layer. Thus, from a structural
point of view, on a surface with only one type of termination, and steps of
full unit cell height, the periodicity of the Sr 1ML film can in principle be
maintained across the steps.

Formation of the Sr 1ML film under the growth conditions described
above may still be affected by the roughness of the SrHfO3(001) surface,
which in this case is SrO-terminated. In particular, it is not known whether
surface steps may promote oxidation of the Sr 1ML film from the substrate.
The role of surface steps on the formation of the unoxidized Sr 1ML film
remains to be investigated.

3.11 Initial Ge deposition on Sr 1ML

As pointed out in the previous section, the Sr 1ML film formed on the
SrO termination of the SrHfO3(001) surface increases the reactivity of the
surface. When the Sr 1ML film is used as a template for Ge overgrowth,
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it may modify the growth mode and the growth kinetics. In this section I
will discuss whether these modifications are useful to achieve layer-by-layer
growth of Ge on SrHfO3(001). The simulations presented in the following
sections were carried out considering the Sr 1ML film formed on the SrO
termination.

3.11.1 The isolated Ge adatom

The study of the isolated Ge adatom provides insight into the growth
characteristics of the Ge film. Analogous to the previous studies of isolated
adsorbates on the SrHfO3(001) surface presented in this work (Sections 3.5
and 3.8), the isolated Ge atom adsorbed on the Sr 1ML film was simulated
by a Ge 1/4ML coverage, which corresponds to the adsorption of one Ge
atom per (2x2) surface unit cell. And, in order to determine the adsorption

site and the migration mechanism, the potential-energy surface EPES
tot (~R‖)

was calculated for the Sr 1ML formed on the SrO termination.

The most stable adsorption site for an isolated Ge adatom is at the hol-
low site between four surface Sr atoms of the Sr 1ML film, shown in Fig-
ure 3.21(a). The bond length between Ge and a surface Sr atom is 2.98 Å,
5 % smaller than the sum of the Sr and Ge covalent radii (3.13 Å). The
Ge atom is adsorbed close to the surface, with a vertical distance to the Sr
1ML plane equal to 0.59 Å (Figure 3.21(b)). The migration path is defined
along the shortest path between closest hollow adsorption sites. The barrier
configuration is defined along the migration path at the midpoint between
two hollow sites (the bridge site), and determines the diffusion barrier. At
the diffusion barrier, the bond length is 2.88 Å to the two closest Sr atoms,
and it is 8 % smaller than the sum of the Sr and Ge covalent radii. The
diffusion barrier is 2.12 eV. This large diffusion barrier indicates that a high
deposition temperature will be needed to initiate diffusion in order to achieve
the stable Ge configuration on the surface. On the other hand, an isolated
Ge adatom on the bare SrO-terminated SrHfO3(001) surface (Section 3.5)
adsorbs on top of a surface oxygen atom, which can be associated with the
hollow site on the unoxidized Sr 1ML termination, and thus has a similar
migration path but a lower diffusion barrier (equal to 0.5 eV).

The formation energy of the Ge epitaxial film on the Sr 1ML-covered
SrHfO3(001) substrate relative to free Ge atoms is defined analogously to
Eqs. (3.1) and (3.3), and it is equal to:

E
Ge/Sr+SrHfO3

atom =
1

NGe

(

E
Ge/Sr+SrHfO3

slab − ESr+SrHfO3

slab

)

− EGe
atom, (3.5)
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(a)

(b)

Figure 3.21: (a) Top view and (b) Side view of an isolated Ge atom adsorbed on the
Sr 1ML film formed on the SrO-terminated SrHfO3(001) surface.
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where NGe is the number of Ge atoms within the (2x2) surface unit cell

that make up the Ge epitaxial film, E
Ge/Sr+SrHfO3

slab is the total energy of
the slab containing an adsorbed Ge epitaxial layer, ESr+SrHfO3

slab is the total
energy of the substrate slab which contains the Sr 1ML film formed on the
SrO-terminated SrHfO3(001), and EGe

atom is the total energy of a free Ge
atom (in the gas phase). As mentioned in Section 3.8.1, this energy takes
into account the creation of both interfacial and intralayer bonds in the
Ge surface configuration when this structure is formed from free Ge atoms,
as would occur in molecular beam epitaxy. The adsorption energy of the
isolated Ge adatom is obtained from Eq. (3.5) with NSr = 1, and it is equal
to -5.59 eV. This large value of the adsorption energy indicates that a free Ge
atom that impacts on the surface has a probability to adsorb on it (sticking
coefficient) equal to one. Due to the significant interaction of the adsorbed
atom with the surface, high temperature will be needed for desorption (higher
than that to activate diffusion), which indicates that the Ge epitaxial film has
high adhesion to the surface. In contrast, binding of an isolated Ge adatom
to the bare SrO-terminated SrHfO3(001) surface is weaker, the adsorption
energy is equal to -2.5 eV (Section 3.5).

When Ge is adsorbed on the Sr 1ML film, it should passivate its bonds
with electrons from the surrounding surface Sr atoms. The 5s electrons
from Sr saturate the 4p half-filled orbitals of Ge. Based on the difference
in electronegativies between Sr (0.95 Pauling’s) and Ge (2.01 Pauling’s), the
formation of a covalent bond is expected.

Similar to the definition of E
Ge/Sr+SrHfO3

atom , Eq. (3.5), the formation energy
of the Ge epitaxial film relative to the formation of a bulk Ge structure on
the Sr 1ML-covered SrHfO3(001) surface is defined as:

E
Ge/Sr+SrHfO3

clust =
1

NGe

(

E
Ge/Sr+SrHfO3

slab −ESr+SrHfO3

slab

)

− EGe
bulk, (3.6)

where the notation is the same as in Eq. (3.5), and EGe
bulk is the total energy

per atom in bulk Ge (chemical potential). The value of this formation energy
for an isolated Ge adatom (NSr = 1) is equal to -1.26 eV. This negative value
indicates that Ge (or Ge 1/4ML) wets the substrate and does not cluster.
An ordered Ge 1/4ML structure is thus more stable, by 1.26 eV/Ge, than
a bulk structure formed on the Sr 1ML-covered SrHfO3(001) surface. In
contrast, an isolated Ge adatom (Ge 1/4ML) on the bare SrO-terminated
SrHfO3(001) surface (Section 3.5) forms clusters, and the value of a simi-
larly defined formation energy, Eq. (3.2), is positive (and equal to 1.8 eV).



3.11 Initial Ge deposition on Sr 1ML 91

Therefore, the Sr 1ML template changes the growth mode of Ge on
SrHfO3(001) to layer-by-layer and, consequently, the epitaxial Ge surface
configuration is stabilized. Nevertheless, regarding growth kinetics, a high
deposition temperature is needed to achieve the stable epitaxial Ge configu-
ration through diffusion of isolated Ge adatoms on the Sr 1ML surface, due
to the large activation barrier for diffusion (2.12 eV). Moreover, before reach-
ing such a high deposition temperature, necessary to initiate Ge diffusion,
it is expected that the Sr 1ML film template has already desorbed and di-
vided into free Sr atoms, since its atomization energy is equal to 1.39 eV/Sr
(Section 3.8.3). Therefore, Ge diffusion can not be activated if the Sr 1ML
template is to be preserved, which may hinder the formation of the stable
epitaxial Ge configuration. This issue on the growth kinetics is discussed
throughout the following sections.

Since the main difference between the Sr 1ML-terminated and the SrO-
terminated SrHfO3(001) surface is the oxygen content of the surface, it is
tempting to conclude that wetting of the substrate by Ge is strongly depen-
dent on the passivation of the Ge bonds by the substrate. In the former
surface, the electrons from Sr are donated to Ge due to the difference in
electronegativities, whereas in the latter surface, the electrons from Sr are
donated to oxygen which then makes a bond with Ge.

3.11.2 Ge incorporation in the substrate

Note that in Eqs. (3.5) and (3.6) it has been assumed that Ge does not
incorporate in the substrate (consisting of the Sr 1ML film formed on the
SrO-terminated SrHfO3(001)), that means, Ge remains always on top of the
Sr 1ML film. I have studied the possibility of Ge (Ge 1/4ML) incorporation
through diffusion below the Sr 1ML film to a position between the Sr 1ML
film and the SrO termination.

To simulate this surface configuration, a Ge atom adsorbed at the hollow
site was vertically shifted to a position below the Sr 1ML plane, and directly
on top of a subsurface Sr atom in the SrO oxide layer. Relaxation of this
structure with a constraint that forces the Ge adatom to remain below the Sr
1ML film, shows that the Ge avoids bonding to the subsurface Sr atom, and
instead bonds to a neighboring oxygen atom, in the SrO termination. As
a result, the surface atom in the Sr 1ML film that was originally bonded to
oxygen is forced to adopt a higher vertical position above the Sr 1ML plane.
A similar behavior of the Ge adatom has been observed in the adsorption
on the bare SrO termination (Section 3.5), the stable adsorption site is on
top of a surface oxygen atom. A surface configuration with a Ge adatom
(Ge 1/4ML) bonded to an oxygen atom in the SrO termination (and below
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the Sr 1ML film) is shown in Figure 3.22. This configuration is 1.67 eV/Ge
higher in energy relative to the stable configuration with the Ge adatom at
the hollow site (on top of the Sr 1ML film). It has been obtained by imposing
a constraint that forces the lateral position of Ge and oxygen to be the same,
while the Ge height and the coordinates of atoms in the surface layers were
allowed to relax. The Ge to oxygen bond length is 2.10 Å, 8 % larger than
the sum of the Ge and oxygen covalent radii (1.95 Å), and 11 % larger than
the bond length on the bare surface (1.89 Å, Section 3.5). Moreover, after
relaxation, the vertical position of Ge is still below the Sr 1ML plane, and the
major perturbation on the Sr 1ML film is the raised position of the surface Sr
atom that occupied the site on top of oxygen. Finally, when the constraints
on the coordinates of the Ge adatom are released, Ge breaks its bond to
oxygen and segregates to the surface, to adsorb on top of the Sr 1ML film at
the hollow site and form the stable configuration.

Figure 3.22: Side view of a surface structure with Ge incorporated in the substrate,
between the SrO layer of the oxide and the Sr 1ML film. A constraint is imposed on the
coordinates of the Ge adatom so that the lateral position of Ge and oxygen are the same.

From a structural point of view, it is interesting to note that the hollow
sites of the Sr 1ML film, where Ge adsorbs, are laterally aligned with the
Sr atoms in the SrO termination of the oxide, which in turn supports the
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Sr 1ML film. When Ge tries to diffuse below the Sr 1ML film through the
hollow site, it interacts with a subsurface Sr atom in the SrO termination
but avoids making a bond with this atom. Similar interaction between Ge
and Sr has also been observed in the Ge adsorption on the bare SrO termi-
nation. At the stable configuration, with Ge adsorbed at the hollow site on
the Sr 1ML film, the distance to the subsurface Sr atom is 3.21 Å, 3 % larger
than the sum of the Sr and Ge covalent radii (3.13 Å), and when the vertical
position of Ge is at the Sr 1ML plane the distance is 2.65 Å, 15 % smaller
than the sum of the covalent radii. The interaction of the Ge adatom with
a subsurface Sr atom in the SrO termination may hinder its diffusion below
the Sr 1ML film and incorporation in the substrate.

Therefore, a Ge adatom adsorbed at the hollow site on the Sr 1ML film
will not incorporate in the substrate and instead remain on top of the surface.
This indicates that the Sr 1ML-covered SrHfO3(001) substrate should be
stable during Ge overgrowth (no Ge diffusion in the substrate oxide) at high
temperatures which is a requirement for transistor applications. An example
of this effect was observed by Seo et al. [42], during Ge growth, SrHfO3

remained stable at high growth temperature (690 ◦C) whereas SrHfxT i1−xO3

was unstable and led to Ge diffusion through the oxide, making this gate stack
unsuitable for transistors.

3.11.3 The Ge 1/2ML surface configuration

At Ge 1/2ML coverage on the Sr 1ML film, there are two Ge adatoms in
the (2x2) surface unit cell. The stability of the possible Ge configurations in
the (2x2) surface unit cell was investigated. Since the adsorption site of an
isolated Ge atom is at the hollow site, it is expected that the stable configu-
ration contains at least one Ge atom adsorbed at a hollow site. Moreover, it
is interesting to note that the interfacial layer of an epitaxial Ge film consists
of Ge atoms occupying all the available hollow sites on the surface. Appar-
ently, another favorable Ge configuration is the formation of dimers. The
stable configuration is obtained by adsorbing one Ge atom at the hollow site
and the second atom is adsorbed at any of the non-equivalent hollow sites
within the unit cell, including the site already occupied by a Ge atom (this is
the Ge dimer configuration). All the surface structures were relaxed without
constraints on the coordinates of atoms in the first five surface layers (only
the bottom layer was frozen at the bulk configuration).

As expected, the stable configuration consists of Ge atoms adsorbed at
hollow sites, shown in Figure 3.23(a). In this configuration, the Ge adatoms
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(a)

(b)

(c)

Figure 3.23: Side view of three Ge 1/2ML surface structures formed on the Sr 1ML film
on the SrO-terminated oxide surface. (a) Equilibrium structure. (b) Structure almost
degenerate with (a). (c) Ge dimer configuration (not stable).
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occupy the farthest possible neighbouring hollow adsorption sites. The dis-
tance between Ge adatoms is 5.82 Å (half the diagonal length of the cubic
surface unit cell), much larger than double the covalent radius of Ge (2.44 Å).
The bond length between Ge and a surface Sr atom is equal to 2.99 Å, the
same as for the isolated Ge adatom (Section 3.11.1). Another configuration
with Ge at hollow sites is almost degenerate with the stable one, higher in en-
ergy by 0.05 eV per adsorbed Ge (eV/Ge), and it is shown in Figure 3.23(b).
The Ge adatoms occupy the closest possible neighbouring hollow adsorption
sites, and the distance between Ge atoms is 4.09 Å (half the surface unit
cell length). This configuration was also obtained after relaxing a structure
with a Ge dimer formed through the bridge site, thus, the dimer bond was
broken. Finally, the Ge dimer configuration is shown in Figure 3.23(c), with
one Ge adatom at the hollow site and the other at the bridge site, and it
was obtained after relaxing a structure with a vertical dimer. In this case
the dimer bond was not broken and the dimer length is equal to 2.40 Å, 2 %
smaller than double the covalent radius of Ge (2.44 Å). This dimer config-
uration is 0.58 eV/Ge higher in energy relative to the stable one, and can
still be identified as an epitaxial configuration. Since it was obtained after
relaxation, starting from a different dimer structure, it can be considered as
a metastable configuration (local minimum). Normally, such a configuration
should not form on the surface since it is not the stable configuration (global
minimum). Nevertheless, as argued above, diffusion of Ge on the surface
should not be activated, consequently, the system can not achieve its stable
configuration, in this way, due to the suppression of diffusion, metastable
configurations (local minima) may form on the surface.

The value of the formation energy E
Ge/Sr+SrHfO3

atom of the Ge 1/2ML stable
configuration relative to free Ge atoms is obtained from Eq. (3.5) with NGe =
2, and it is equal to -5.16 eV/Ge. It is 0.43 eV/Ge higher than the adsorption
energy of the isolated Ge adatom (Ge 1/4ML), indicating that the interaction
with the substrate may have been reduced whereas the intralayer interaction
may continue to be low due to the large separation between Ge adatoms.
Nevertheless, the large value of E

Ge/Sr+SrHfO3

atom indicates that the Ge 1/2ML
film still has high adhesion to the substrate.

The formation energy E
Ge/Sr+SrHfO3

clust , Eq. (3.6), of the stable configu-
ration at Ge 1/2ML coverage relative to the bulk Ge configuration on the
surface is equal to -0.84 eV/Ge, 0.42 eV/Ge higher than that of the isolated
Ge adatom so the stability is decreased. The negative value indicates that
Ge wets the substrate, and so the Ge 1/2ML film configuration is more stable
than the bulk configuration.
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Therefore, at Ge 1/2ML coverage on the Sr 1ML-covered SrHfO3(001)
surface, the stable configuration is epitaxial and consists of Ge atoms ad-
sorbed at hollow sites. Nevertheless, metastable configurations may form on
the surface due to the suppression of diffusion.

3.11.4 The Ge 3/4ML surface configuration

Increasing the Ge coverage does not necessarily result in a surface struc-
ture with increased occupation of hollow sites. I have studied the equilibrium
configuration of a Ge 3/4ML film on the Sr 1ML template, and found that
the stable configuration consists of a short chain. This short chain structure
is epitaxial and is an structural element of the Ge(001) 2ML film.

In order to simulate the Ge 3/4ML coverage, three Ge atoms where con-
sidered within the (2x2) surface unit cell. The equilibrium configuration is
shown in Figure 3.24(a). It is a short chain with two Ge atoms in adjacent
hollow sites and the third atom at the bridge site. The bond length of the two
bonds is 2.55 Å, 4.5 % larger than twice the covalent radius of Ge (2.44 Å). A
second Ge surface configuration is shown in Figure 3.24(b), it is 0.11 eV/Ge
higher in energy relative to (almost degenerate with) the equilibrium one.
This structure consists of a Ge dimer perpendicular to the surface formed
at the hollow site, and a third Ge atom at an opposite hollow site, so that
it is not possible to achieve the short chain equilibrium configuration. A
third configuration with the three Ge atoms in the (2x2) surface unit cell
occupying the hollow sites (Figure 3.24(c)) is also almost degenerate with
the equilibrium configuration, 0.12 eV/Ge higher in energy.

The short chain equilibrium configuration has a formation energy rela-
tive to free Ge atoms, E

Ge/Sr+SrHfO3

atom , equal to -4.89 eV/Ge, obtained from
Eq. (3.5) with NGe = 3. Compared to the same value for the Ge 1/2ML, it is
0.27 eV/Ge higher in energy, indicating a decrease in the interaction with the
substrate. Nevertheless, this structure is strongly bound to the substrate.

The formation energy E
Ge/Sr+SrHfO3

clust , Eq. (3.6), of the short chain con-
figuration relative to the bulk Ge configuration on the surface is equal to
-0.57 eV/Ge. Ge wets the substrate and formation of a short chain is ther-
modynamically favorable over formation of the Ge bulk configuration on the
surface.

It is interesting to note that the short chain equilibrium configuration
is an epitaxial one. As can be seen in Figure 3.13(b), the Ge(001) surface
structure is made out of parallel infinite chains joined by (buckled) dimers.
These parallel infinite chains also constitute the bulk structure. Thus the
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(a)

(b)

(c)

Figure 3.24: Side view of three almost degenerate Ge 3/4ML surface structures formed
on the Sr 1ML film on the SrO-terminated oxide surface. (a) Short chain (equilibrium
structure). (b) Ge dimer and Ge at hollow site. (c) Occupation of the hollow sites.
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short chain is a structural element of the Ge(001) and bulk Ge structures. If
the short chains are able to grow and coalesce then an epitaxial Ge 2ML film
will be formed on the surface. In fact, a Ge(001) 2ML film is made out of
parallel (infinite) chains joined by dimers on the first and second monolayers
(both surfaces). Moreover, the structure with Ge adatoms at hollow sites can
be considered epitaxial, since these are the sites that the interfacial atoms of
the Ge(001) film will ideally occupy. On the other hand, the structure with
a Ge dimer is not clearly epitaxial but can originate an epitaxial configura-
tion when the Ge coverage increases. At low temperatures, any of the above
mentioned Ge 3/4ML structures can be formed locally on the surface and
coexist with other structures. At this coverage, the migration mechanism of
Ge on the surface may be affected (locally) by the significant presence of Ge
structures on the surface.

The formation of the short chain structure indicates that the initial stages
of Ge growth may not be layer-by-layer. Ge layer-by-layer growth would
correspond, in this case, to the occupation of all the available hollow sites on
the Sr 1ML template to form the first monolayer; at 3/4ML, the structure
with Ge adatoms at hollow sites has been shown, however, to be almost
degenerate with the short chain structure. In the short chain structure, the
Ge atom at the bridge site belongs to the second monolayer. Thus, during the
initial stages of Ge growth, there seems to be a tendency to form a Ge(001)
2ML film directly via the growth and coalescence of chains; for coverages
higher than 2ML, normal layer-by-layer growth is expected to occur. There
is, however, no preferred growth direction for the Ge chains, so chains with
perpendicular directions may in principle be formed on a surface terrace. In
the following sections it will be shown that during the initial stages of Ge
growth and at coverages higher than 3/4ML, Ge forms a compound with
Sr that seems to stabilize the Ge epitaxial growth. The formation of such a
compound may also promote the local growth of chains in only one direction.

3.11.5 The Ge 1ML surface configuration

At Ge 1ML coverage on the Sr 1ML film, I have found several almost
degenerate structures consisting of short chains, adatoms occupying hollow
sites, long (infinite) chains and diagonal-rows of dimers, shown in Figures 3.25
and 3.26. At this coverage, the size of the (2x2) unit cell influences the ob-
tained geometries. Nevertheless, it can be seen that there is a tendency
to form chains and dimers. Moreover, in the lower energy structures, Fig-
ures 3.25 and 3.26(a), a Sr atom from the Sr 1ML template has segregated
to the forming Ge surface, as can be seen in Figure 3.25(a); this corresponds
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(a)

(b)

Figure 3.25: Most stable Ge 1ML structure, with diffusion of Sr from the Sr 1ML film
to the surface: (a) side view, and (b) top view.
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(a) ∆E = 0.10 eV/Ge (b) ∆E = 0.17 eV/Ge

(c) ∆E = 0.17 eV/Ge (d) ∆E = 0.17 eV/Ge

(e) ∆E = 0.27 eV/Ge

Figure 3.26: Top view of relaxed Ge 1ML surface structures formed on the Sr 1ML film
on the SrO-terminated oxide. They are less stable than the structure in Figure 3.25, as
indicated by their relative energies (per Ge atom) to this structure. Only in (a) there is Sr
diffusion from the Sr 1ML film to the surface. (b) Short chain and dimer, (c) short chain
and hollow site, (d) infinite chain, (e) diagonal-rows of dimers.
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to the diffusion of Sr 1/4ML from the interface (reduced to Sr 3/4ML) to the
Ge surface. The segregation of Sr atoms to the surface is an indication that
a Sr-Ge compound is being formed. The many different surface structures
shown in Figures 3.25 and 3.26 may coexist on the surface during growth,
due to the small energy difference between them, which is also an indication
that a transition to a new structure or compound on the surface is taking
place. Thus, at this coverage, regions with and without segregated interfacial
Sr atoms may coexist on the surface.

The value of E
Ge/Sr+SrHfO3

clust , from Eq. (3.6), (and E
Ge/Sr+SrHfO3

atom , from
Eq. (3.5)) can not be obtained for the structure in Figure 3.25 due to the
fact that the substrate no longer consits of a Sr 1ML film and a SrO-
terminated oxide. Nevertheless, for the structure in Figure 3.26(b), the value

of E
Ge/Sr+SrHfO3

atom is equal to -4.75 eV/Ge, and E
Ge/Sr+SrHfO3

clust is equal to
−0.43 eV/Ge. These values are 0.14 eV/Ge higher than the corresponding
values for the Ge 3/4ML, and maintain the same tendency, namely, a high
adhesion of the Ge film to the substrate and Ge wetting of the substrate.

I have also found that a surface configuration with a Ge 1ML film buried
below the Sr 1ML film template (i.e. between the Sr 1ML film and the SrO-
terminated oxide) is not thermodynamically stable. This structure is shown
in Figure 3.27. It is 0.91 eV/Ge higher in energy than the structure in Fig-
ure 3.25. This is also an indication that the tendency is to segregate only
part of the interfacial Sr atoms and not the complete 1ML film.

Therefore, at Ge 1ML coverage, there is the tendency to form a Sr-Ge
compound and also to form chains and dimers on the surface. Due to the
small energy difference between the obtained surface structures, regions with
and without segregated interfacial Sr atoms may coexist on the surface. The
influence of the segregated Sr atoms on the stabilization of the Ge epitaxial
film will be discussed in the following sections.

3.12 Stability of Ge epitaxial layers on Sr 1ML

In order to understand the behaviour of the Sr 1ML template during Ge
epitaxial growth, I have studied the stability of several surface configura-
tions containing epitaxial Ge 2ML and 3ML films. In particular, the role
of the Sr 1ML template for the stabilization of the Ge epitaxial structure
was investigated. It has been found that the Sr 1ML film at the interface
does not remain complete during Ge growth, and partly segregates to the Ge
surface. Sr 1/2ML remains at the interface and the other half diffuses to the
Ge surface. Ashman et al. [54] have shown that a Sr 1/2ML film passivates
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Figure 3.27: Side view of a surface structure with a Ge 1ML film adsorbed between the
Sr 1ML template and the SrO-terminated oxide. It is 0.91 eV/Ge higher in energy than
the structure in Figure 3.25.
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all the dangling bonds of the Si(001) surface and that this surface structure
has no states in the band gap. The same is observed for the Ge(001) surface.
A Ge(001) thin film with Sr 1/2ML on both surfaces is thus a passivated
surface structure. This passivated structure is expected to be more stable
than other unpassivated surface configurations, e.g. a Ge thin film with a
free surface made out of unsaturated dangling bonds and with a Sr 1ML film
adsorbed on the other surface of the thin film.

In the following, I argue that Sr 1/2ML at the interface and surface
promotes stabilization of the Ge epitaxial structure. Additionally, Sr 1/2ML
at the Ge surface can act as surfactant for heteroepitaxial layer-by-layer
growth. Therefore, it seems that the Sr 1ML film performs different tasks
during Ge deposition on the SrO-terminated SrHfO3(001) surface, finally
leading to heteroepitaxial surfactant-mediated layer-by-layer growth.

3.12.1 The Ge 2ML surface configuration

At Ge 2ML coverage I have found that a structure with Sr 1/2ML pas-
sivating both surfaces of the epitaxial film (Figure 3.28(a)) is slightly more
stable than another with Sr 1ML at the interface (Figure 3.28(b)). It is im-
portant to note that both surface structures are epitaxial Ge(001) 2ML films,
and the main difference between them is the passivation of both surfaces of
the thin film. The former surface structure is 0.06 eV/Sr lower in energy
than the latter. Since this value is too small, it is not possible to conclude
whether Sr 1/2ML has completely diffused to the surface at Ge 2ML cover-
age. Thus, it is likely that both surface structures coexist on the surface. For
the structure in Figure 3.28(b), the value of E

Ge/Sr+SrHfO3

atom , from Eq. (3.5),

is -4.56 eV/Ge and E
Ge/Sr+SrHfO3

clust , from Eq. (3.6), is -0.24 eV/Ge. The high
adhesion of the Ge film to the substrate and Ge wetting of the substrate is
maintained.

Moreover, I have found another structure slightly lower in energy that
resembles a closed chain (i.e. a ring). This chain structure is shown in
Figure 3.29 and is 0.06 eV/Ge lower in energy than the structure in Fig-
ure 3.28(a). The energy difference is too small to conclude whether an epi-
taxial Ge 2ML film with Sr 1/2ML passivated surfaces does form. Addi-
tionally, the small size of the (2x2) surface unit cell influences the obtained
geometries. Nevertheless, from Figures 3.28 and 3.29, it is clear that the Ge
atoms have the tendency to form chains and dimers on the surface while,
simultaneously, Sr 1/2ML segregates to the surface (but not yet completely).
The formation of this Sr-Ge compound leads to the Ge epitaxial film, as will
be shown in the next section.
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(a)

(b)

Figure 3.28: Side view of two almost degenerate epitaxial Ge 2ML surface structures
formed on the Sr 1ML film on the SrO-terminated oxide surface. (a) Epitaxial Ge 2ML
film with Sr 1/2ML-passivated surfaces, after Sr 1/2ML diffusion to the surface. (b)
Epitaxial Ge 2ML film formed on the Sr 1ML template (no Sr segregation).
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(a)

(b)

Figure 3.29: Most stable Ge 2ML structure formed on the Sr 1ML template, with
Ge chains arranged in a ring shape and without Sr segregation to the surface: (a) side
view, and (b) top view. This surface structure is almost degenerate with the structure in
Figure 3.28(a).
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3.12.2 The Ge 3ML surface configuration

At Ge 3ML coverage, the difference in energy between surface structures
containing an epitaxial Ge film with and without Sr 1/2ML passivation is
more apparent. A passivated configuration (Figure 3.30(a)) is 0.30 eV/Sr
more stable than an unpassivated configuration (Figure 3.30(b)). This result
indicates that at Ge coverages higher than 2ML, the Sr 1/2ML passivated
Ge(001) film may be stabilized. In this way, the Sr 1ML template promotes
the formation of the Ge epitaxial structure on the oxide surface.

For the structure in Figure 3.30(b), the value of E
Ge/Sr+SrHfO3

atom , from

Eq. (3.5), is -4.53 eV/Ge and E
Ge/Sr+SrHfO3

clust , from Eq. (3.6), is -0.21 eV/Ge.
As for lower Ge coverages, the high adhesion of the epitaxial film to the
substrate and Ge wetting of the substrate is maintained.

It is interesting to note that once a continuous Ge film is formed on the
surface, the large atomic radius of Sr (2.45 Å) may hinder diffusion from the
interface to the surface. Thus, Sr segregation should be promoted to occur
(e.g. thermal treatment) at an adequate stage of Ge growth, between 1ML
and 2ML in order to minimize the possibility of desorption of the Sr 1ML
template.

Therefore, it has been shown that the Sr 1ML template has the tendency
to segregate to the Ge surface in order to passivate it. The Ge epitaxial
structure with both surfaces of the thin film passivated by Sr 1/2ML has
been found to be stable for coverages higher than 2ML. Although the Sr
tendency to segregate increases with Ge coverage, the large atomic radius of
Sr may hinder its segregation to the surface with increasing Ge coverage. A
thermal treatment at a suitable stage of growth may in principle be used to
promote Sr segregation and stabilization of the Ge epitaxial structure.

3.13 Mechanism for Ge growth on a Sr-cover-

ed oxide surface

The presented results indicate that even though Ge wets the Sr 1ML
surface, the initial formation of the Ge epitaxial film may not occur layer-by-
layer but rather via the formation of a Sr-Ge compound. This compound is
formed when the Sr atoms in the Sr 1ML template start diffusing to the Ge
surface and remain there. It has been shown that a passivated Ge epitaxial
film is more stable than an unpassivated one, however, this difference seems
to be more apparent for coverages higher than 2ML.

The Zintl-Klemm concept [63] can be used to gain insight into the forma-
tion process of the intermediate compound. It states that an element with
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(a)

(b)

Figure 3.30: Side view of two epitaxial Ge 3ML surface structures formed on the Sr 1ML
film on the SrO-terminated oxide surface. (a) Epitaxial Ge 3ML film with Sr 1/2ML-
passivated surfaces, after Sr 1/2ML diffusion to the surface (equilibrium configuration).
(b) Epitaxial Ge 3ML film formed on the Sr 1ML template (not stable).
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an increased number of electrons forms structures that are similar to those
formed by elements with the corresponding increase in the atomic number.
For example, in SrGe2 the Ge atoms have a structure similar to that of
phosphorous and in SrGe, the Ge structures are chains, similar to that of
sulfur. This type of structures can be identified in many of the stable Ge
surface structures presented above, most importantly, the Ge chain structure
found at 3/4ML and 1ML coverage. Nevertheless, as pointed out above, it
is possible that many of these structures coexist on the surface.

After the formation of the passivated epitaxial Ge film, what is the role
of Sr? Sr 1/2ML at the interface stabilizes the Ge epitaxial film and pas-
sivates the dangling bonds to unpin the Fermi level, analogously to the
SrT iO3/Si(001) interface [52], discussed in Section 3.7.4. Sr 1/2ML at the
Ge(001) surface should passivate the dangling bonds but also may act as a
surfactant since it lowers the surface energy of Ge(001). Moreover, due to
the large atomic radius of Sr (2.45 Å) it is expected that it does not incorpo-
rate in bulk Ge during growth. In this case, a surfactant should improve the
efficiency of Ge growth, since Ge already wets the SrHfO3(001) surface.

3.14 The Sr-interfaces of SrHfO3/Ge(001)

The Sr 1/2ML oxidized and unoxidized interfaces of SrHfO3/Ge(001)
have been studied. A first estimate of the valence band offset was obtained
through a thick slab consisting of five layers of the oxide and five layers
of the semiconductor, plus the interface. Bulk Ge and bulk SrHfO3 were
calculated separately with the same accuracy and parameters used in the
slab calculations. The layer projected density of states of the bulk materials
was aligned to the corresponding bulk layers in the slab. Low energy atomic
states in bulk Ge and bulk SrHfO3 were aligned to the same states in the
bulk layers of the slab. In the case of Ge the slab bulk layer is the frozen
back plane layer and for SrHfO3, it is the uppermost (farthest from the
interface) layer. For transistor applications, the potential barrier at each
band (the band offset) must be over 1 eV in order to inhibit conduction
by the emission of electrons or holes from the semiconductor into the oxide
conduction and valence bands, respectively.

For the oxidized Sr 1/2ML interface (Figure 3.31(a)) I found that the hole
injection barrier or valence band offset is too small (0.45 eV) for transistor
applications since this value should be larger than 1 eV. This result is in
contrast with the SrT iO3/Si(001) interface [52] where the oxidized interface
provided adequate band offsets. On the other hand, the unoxidized interface
has a valence band offset of 1.68 eV, and a corresponding conduction band
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(a)

(b)

Figure 3.31: Top: Atomic structure of the Sr 1/2ML unoxidized (left) and oxidized
(right) SrT iO3/Si(001) interfaces. Bottom: Layer projected density of states and va-
lence band offsets of the Sr 1/2ML unoxidized (left) and oxidized (right) SrT iO3/Si(001)
interfaces.
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offset of 4.06 eV (taking into account the experimental band gap of SrHfO3,
6.5 eV [35], and Ge, 0.76 eV [38]) which are suitable for transistor applications
(Figure 3.31(b)). The Sr 1/2ML interface can be identified with part of the
Sr 1ML template that remained at the interface after Ge overgrowth.

3.15 Summary

In this chapter, the feasibility of using Sr for heteroepitaxial growth of Ge
on the SrHfO3(001) surface has been investigated. It has been confirmed
that Ge does not wet the oxide and therefore clusters. It has been found
that Sb may not be a suitable surfactant to initiate Ge growth on the oxide.
On the other hand, Sr is an interesting candidate for this task. There are
indications that an ordered Sr 1ML film can be formed on the oxide surface to
be used as template for Ge overgrowth. This film passivates the Ge adatoms
and promotes Ge wetting of the surface, however, diffusion is hindered on
this template which may induce the formation of Ge metastable structures.
At high Ge coverages, it is found that Ge forms epitaxial structures and
that Sr diffuses from the interface to the surface. It is likely that between
coverages of 1ML and 2ML a Sr-Ge compound is formed that will originate
the Ge epitaxial film since there are indications that this film is not formed
in a layer-by-layer fashion at the initial stages of growth. At Ge coverages
higher than 2ML the stabilization of the Ge epitaxial film is more apparent
and a stable configuration should consist of Sr 1/2ML at the interface and
at the Ge surface. Sr 1/2ML at the interface stabilizes the Ge epitaxial
structure, unpins the Fermi level by passivating the Ge dangling bonds and
provides suitable band offsets for transistor applications. On the other hand,
Sr 1/2ML at the Ge surface may act as surfactant to improve the efficiency
of Ge growth, since Ge already wets the surface.



Chapter 4

The La2Hf2O7/Si(001) interface

4.1 Introduction

Lanthanum hafniate (La2Hf2O7) is a complex oxide that has promising
electrical and structural characteristics for transistor applications and inte-
gration with silicon (Si). It has a measured dielectric constant between 18
and 23, a large band gap (4.25 eV) and large conduction and valence band
offsets [64]. Moreover, growth of (La2Hf2O7) on Si has been demonstrated
by molecular beam epitaxy [65].

The La2Hf2O7/Si(001) interfacial structure is not known and it is studied
theoretically in this work. The influence of the interfacial structure on the
band alignment is still debated due to experimental data indicating that the
band offsets of some systems are independent of the amorphous or crystalline
nature of the oxide [66].

4.2 Computational Details

Total energy calculations of the La2Hf2O7/Si(001) interfaces were per-
formed using the Projector Augmented Wave (PAW) method [22] (Section 2.4),
based on density-functional theory [12] (Section 2.2), with the generalized
gradient approximation (GGA) for the exchange-correlation potential as im-
plemented by Perdew, Burke and Ernzerhof (PBE) [36]. The valence wave
functions were expanded in plane waves with a cut-off energy of 30 Ry out-
side the augmentation region, and inside, in partial waves. The following
valence electrons were considered: 2s22p4 for oxygen, 3s23p2 for silicon (Si),
5s25p66s25d1 for lanthanum (La), and 5s25p66s25d2 for hafnium (Hf). And
the following sets of projector functions per angular momentum (s, p, d, f)
were used: (2, 2, 1, 0) for oxygen, (2, 2, 1, 0) for Si, (2, 2, 1, 2) for La, and
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(2, 2, 2) for Hf. The semi-core states of La and Hf were treated as valence
states. The frozen core approximation was used (Section 2.4.3).

The La2Hf2O7 oxide can grow amorphous or crystalline on the Si(001)
substrate depending on the growth temperature. The crystalline oxide is
structurally compatible with Si, and cube-on-cube epitaxy is possible. The
crystalline interfaces have been constructed by matching tetragonal La2Hf2O7

(LHO) to Si(001), with an alignment of (001)LHO ‖ (001)Si and [110]LHO ‖
[110]Si orientations. The lattice constant of the oxide is double that of Si
(5.431 Å [38]), and the lattice mismatch is -0.74 % at room temperature (the
oxide is slightly strained). The experimental lattice parameter of bulk Si was
used. A grid with four k-points per (2x2)Si(001) surface unit cell was used
to sample the Brillouin zone. The experimental band gap of bulk La2Hf2O7

is 4.25 eV [64], and that of bulk Si is 0.786 eV [38]. The typical underestima-
tion of the band gap by density-functional theory was not corrected in this
work.

For the slab calculations, five layers of Si and five layers of the oxide
were used to determine the interfacial structure. The back plane of the
semiconductor and the passivating hydrogen layer were kept frozen, while all
other atomic coordinates were relaxed without symmetry constraints (except
for time-inversion symmetry). The vacuum separating adjacent slab images
in the direction perpendicular to the surface was never below 8 Å.

Sandwich calculations were performed to determine the band offsets of
the interfaces. The initial interfacial configuration was obtained from the
slab calculations. The sandwiches consisted of twelve Si layers and eleven
La2Hf2O7 layers, including the interfacial layers. The eight innermost layers
of Si, and the five innermost layers of La2Hf2O7 were kept frozen in the bulk
configuration. These frozen layers are considered the bulk layers of the sand-
wich. All other atomic coordinates were allowed to relax without symmetry
constraints. The constructed sandwich has inversion symmetry and there is
no vacuum separating the repeated images in the direction perpendicular to
the interface.

The plane wave part of the potential in the sandwich was averaged in
planes parallel to the interface, and similarly for the bulk Si and La2Hf2O7

calculations. The averaged potential in the bulk layers of the sandwich is
expected to be similar to that of the corresponding bulk material. When
the bulk potential of each material in the heterojunction is aligned with the
corresponding potential in the bulk layers of the sandwich, a better estimate
of the valence band top should be obtained. By comparing the position of the
valence band top for both materials, the valence band offset for the interface
is obtained. In this way, the valence band maxima at the interface can be
related by comparing the averaged bulk potentials (calculated separately) to
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the bulk part of the sandwich potential [67]. This approach is analogous to
the experimental determination from x-ray photoelectron spectroscopy [68].
The alignment of the averaged bulk potentials can be identified with the
alignment of the core level positions used in the experimental analysis.

4.3 The La3HfO5 class of interfaces

The number of possible interface structures can be reduced if only in-
terfaces that are electronically saturated, and that therefore do not pin the
Fermi level, are considered. The structure of bulk La2Hf2O7 in the [001] di-
rection consists of alternating layers with La2Hf2 and O7 stoichiometry. The
metal layer can in principle provide, formally, fourteen electrons per (2x2)
surface unit cell which half saturate the oxygen atoms above and below this
metal layer. When La2Hf2O7 forms an interface with Si(001), it is possible
that the oxygen atoms from the oxide face the Si substrate and passivate it. A
reconstructed Si(001) surface, with two dimers per (2x2) surface unit cell can
provide four electrons to saturate the oxygen atoms in the oxide, instead of
seven as in bulk La2Hf2O7. Consequently, the metal layer directly above the
interfacial oxygen atoms should provide an uneven number of electrons per
(2x2) surface unit cell; seven of these electrons will half passivate the seven
oxygen atoms above the metal layer, and the rest should passivate the inter-
facial oxygen atoms below the metal layer together with the four electrons
from the Si substrate. In order to have an oxide with a metal layer without
atomic vacancies, the possible interfaces are La3HfO5 and LaHf3O6. In the
former, the La3Hf metal layer provides thirteen electrons per (2x2) surface
unit cell, seven are used to passivate the oxygen layer above, and the other
six electrons together with the four electrons from the Si substrate are used
to passivate the five interfacial oxygen atoms. Similarly, in the LaHf3O6

interface the metal layer provides fifteen electrons per (2x2) surface unit cell,
and eight of those electrons plus four from Si passivate six interfacial oxygen
atoms.

In this way, electron count arguments determine the possible stoichiome-
tries of the interface without Fermi level pinning as La(2+x)Hf(2−x)O(5.5−0.5x).
This implies that, compared to the bulk, the interfacial layer is oxygen de-
ficient. It also indicates that deviations from the La/Hf stoichiometry are
necessary for electronically inactive interfaces. One class of interfaces was
investigated, namely the one with x=1 (La3HfO5) and lower oxygen con-
centration at the interface.

In the La3HfO5 configuration, four oxygens in the same plane oxidize
the four Si atoms arranged in two dimers in the (2x2)Si(001) surface, and
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the initial position of the oxide’s fifth oxygen is between the La3Hf metal
layer and the O4 layer which oxidize the Si surface . The structural differ-
ence between the calculated interfacial structures lies in the Si dimer rows’
orientation relative to the oxide, and the position of the oxide’s fifth oxygen
at the interface. The most stable interfacial configuration (Interface A) is
shown at the top of Figure 4.1, where the oxide’s fifth oxygen atom has re-
laxed towards the oxide bulk. This relaxation is large, 1.88 Å, and creates a
dipole perpendicular to the interface. In the second structure (Interface B),
shown at the middle of Figure 4.1, the Si dimer rows’ orientation relative to
the oxide is perpendicular to the Interface A, and the oxide’s fifth oxygen
atom remains close to its initial position. This interfacial structure is only
0.013 eV per 1x1 unit cell of Si(001) higher in energy than the most stable
one. We also show at the bottom of Figure 4.1 an interfacial structure (Inter-
face C) with the same Si dimer rows’ orientation as in Interface B but with
the large oxygen relaxation towards the oxide bulk, this structure is almost
degenerate with the most stable one (0.005 eV higher in energy). These small
total energy differences are within our error bars. The fact that interfaces A
and C are energetically degenerate, suggests that there is no preferred [110]Si
orientation of the Si(001) substrate for epitaxial growth of LHO.

From the calculated interfacial structures, sandwichs were constructed in
order to determine the valence band offsets of these crystalline interfacial
structures. The calculated valence band offset of interface A is equal to
1.81 ± 0.27 (the uncertainty corresponds to the fitting procedure), and it is
shown in Figure 4.2(a). When the experimental band gaps of bulk La2Hf2O7

and Si are taken into account, the conduction band offset can be estimated to
be equal to 1.65 eV. On the other hand, for interface B the calculated valence
band offset is equal to 2.37 ± 0.02 eV (the uncertainty again corresponds to
the fitting procedure), and it is shown in Figure 4.2(b). The large difference
in band offset is due to the different position of the fifth oxygen atom. Its
relaxation induces an electric dipole responsible for the change in the band
offsets. On the other hand, similar band offsets for interfaces A and C are
expected.

4.4 Summary

The atomic structure and the valence band offsets of the crystalline
La2Hf2O7/Si(001) interface were studied. The La3HfO5 class of interfaces
unpins the Fermi level which is a requirement for transistor applications.
Three interfacial structures of this class were studied and found to be degen-
erate. These interfacial structures consist of a dimerized (2x2)Si(001) surface
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Figure 4.1: Interfacial structures of the La2Hf2O7/Si(001) interface. Top: Interface A.
Middle: Interface B. Bottom: Interface C. The orientation of the Si crystal is the same for
interfaces B and C. And this interfaces differ in the position of the oxygen atom binding
to hafnium in the front of the figure. The labels indicate the type of atoms.
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Figure 4.2: Schematic representation of the band offsets for (a) interface A, and (b)
interface B. The blue and green lines are obtained after average bulk potential alignment
and subtraction of the bulk potential from the potential in the bulk layers of the sandwich
for La2Hf2O7 and Si, respectively. The black lines are drawn from the mean values of
the blue and green lines. Finally, the magenta broken line represents the alignment of the
atomic low energy states in the sandwich to the bulk values obtained through the layer
projected density of states.
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and five oxygen atoms from the oxide. The position of the oxygen atoms is
between the Si substrate and the La3Hf metal layer. Four of the interfacial
oxygen atoms oxidize the dimerized Si atoms, and the fifth does not bind
to Si. The studied interfaces differ in the relative orientation of the Si sub-
strate to the oxide and the final relaxed position of the interfacial oxygen
atom that does not bind to the Si substrate. The valence band offsets were
determined for two interfaces using a method analogous to the experimental
determination from x-ray photoelectron spectroscopy. It has been found that
an interface where the interfacial oxygen atom has relaxed into the oxide, has
a calculated valence band offset equal to 1.81 ± 0.27. And for the interface
with a different Si orientation and where the interfacial oxygen atom remains
at the inerface, the calculated valence band offset is 2.37±0.02 eV. This large
difference in the band offset is due to the presence of an electric dipole per-
pendicular to the interface, originated by the relaxation of the interfacial
oxygen atom from the interface into the oxide.





Chapter 5

The SrTiO3/GaAs(001)
interface

5.1 Introduction

Crystalline metal-oxide/semiconductor systems are currently considered
as alternatives to traditional silica-based technologies for transistor applica-
tions. Gate stacks made out of oxides grown on III-V semiconductors, such
as gallium arsenide (GaAs), could in principle provide additional superior
optical and electronic properties. The GaAs surface structures have been
investigated in great detail by Penev et al. [69]. These studies show a large
variability in structure and stoichiometry depending on the environment con-
ditions. Nevertheless, it is possible that growth of the oxide film stabilizes
one of the GaAs surface terminations.

Epitaxial growth of strontium titanate (SrT iO3) on GaAs(001) has been
successfully demonstrated by Liang [70, 71, 72]. Growth could be achieved
both on gallium (Ga) terminated and arsenic (As) terminated GaAs(001) sur-
faces. However, for Ga-terminated substrates, outdiffusion of Ga has been
detected. On the other hand, on the As-terminated substrates, important
for an epitaxial growth mode was the deposition of titanium (Ti) prior to
strontium (Sr). Using Ti 1/2ML as template, resulted in SrT iO3 epitaxial
growth. Z-contrast images of the SrT iO3/GaAs(001) interface have been
reported [71], providing important information on the interfacial structure.
These Z-contrast images have been interpreted as indicating an interface con-
sisting of an As-terminated GaAs(001) substrate facing a SrO layer (followed
by a T iO2 layer) of the oxide. Thus, no interfacial Ti or T iO2 layer was found.
Moreover, it was shown that the Ti prelayer formed on an As-terminated
GaAs(001) substrate resulted in band bending and Fermi level pinning. Nev-
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ertheless, subsequent growth of epitaxial SrT iO3 on the Ti-covered GaAs
substrate alleviated the pinning at the interface. The band alignment of the
interface has been studied using photoelectron spectroscopy [72]. The exper-
iments indicate a conduction band offset of 0.6 eV and a valence band offset
of 2.5 eV.

A detailed atomistic model of the interface and the driving force that
unpins the Fermi level remain unclear. I have studied ab-initio the interfacial
structure, stoichiometry and band offsets of the unpinned SrT iO3/GaAs(001)
interfaces, and the initial stages of SrT iO3 growth on the As-terminated
GaAs(001) substrate.

5.2 Computational Details

Total energy calculations were performed using the Projector Augmented
Wave (PAW) method [22] (Section 2.4), which is based on density-functional
theory [12] (Section 2.2). The generalized gradient approximation (GGA) as
implemented by Perdew, Burke and Ernzerhof (PBE) [36] was used for the
exchange-correlation potential. The valence wave functions were expanded
in plane waves outside the augmentation region and inside, in partial waves.
The plane wave cut-off was 30 Ry. The following valence electrons were
considered: 2s22p4 for oxygen, 3s23p64s23d2 for titanium (Ti), 3d104s24p1

for gallium (Ga), 4s24p3 for arsenic (As), and 4s24p65s2 for strontium (Sr).
And the following sets of projector functions per angular momentum (s, p, d)
were used: (2, 2, 1) for oxygen, (2, 2, 2) for Ti, (2, 2, 2) for Ga, (2, 2, 1) for
As, and (3, 2, 2) for Sr. The semi-core states of Ti and Sr were treated as
valence states. The frozen core approximation was used (Section 2.4.3). The
typical underestimation of the band gap using density-functional theory was
not corrected in this work.

The experimental lattice parameter of bulk GaAs is 5.654 Å(and band
gap is 1.52 eV) [38] and that of bulk SrT iO3 is 3.903 Å(and band gap is
3.2 eV) [73]. Thus, cube-on-cube epitaxy is not possible due to the large
lattice mismatch (45 %), however, if the primitive vectors in the plane parallel
to the (001) interface are rotated by 45 ◦, the lattice mismatch can be reduced
to 2.4 %. The experimental lattice parameter of bulk GaAs was used.

The GaAs(001) substrate was simulated by a slab with five layers, that
is, As-terminated on both sides of the slab. The periodicity of the surface
unit cell corresponds to c(4x2)GaAs(001). A grid with four k-points per
c(4x2)GaAs(001) surface unit cell was used to sample the Brillouin zone.
There is a difficulty in passivating the back plane of the slab due to the
fractional charge (1.25 e) of the As-dangling bonds at the surface. Each As
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atom requires 0.75 e per dangling bond to become passivated (two dangling
bonds per atom), thus hydrogen can not be used since it provides 1.0 e. An
approach proposed by Shiraishi [74], that uses fractionally charged hydro-
gen atoms, pseudo hydrogen (Z=0.75), to terminate the back plane, has been
used. This ensures that the back plane neither reconstructs nor is it electron-
ically active. Three layers of SrT iO3 were placed on top of the Sr-passivated
GaAs(001) surface. The As-terminated back plane and the pseudo hydrogen
layer were kept frozen, all other atomic coordinates were relaxed without
symmetry constraints (except for time-inversion symmetry). The vacuum
separating adjacent slab images in the direction perpendicular to the surface
was never below 8 Å.

A first estimation of the valence band offsets determined by each interface
was obtained through the analysis of the layer projected density of states.
Bulk GaAs and bulk SrT iO3 were calculated separately with the same ac-
curacy and parameters used in the slab calculations. Subsequently, the layer
projected density of states of the bulk materials was aligned to the corre-
sponding bulk layers in the slab. Low energy atomic states in bulk GaAs
and bulk SrT iO3 were aligned to the same states in the bulk layers of the
slab. In the case of GaAs the slab bulk layer is the frozen As-terminated back
plane layer and for SrT iO3, it is the uppermost (farthest from the interface)
layer. It is interesting to note that the difference between the experimental
band gap of bulk GaAs and bulk SrT iO3 is equal to 1.68 eV. If the valence
and conduction band offsets are symmetric, they are equal to 0.84 eV which
may not be sufficient for transistor applications. Thus, only one type of
charge carrier (electrons or holes) can be inhibited to occupy the conduction
bands in the oxide.

5.3 The unpinned interfaces

Stable interfaces without Fermi-level pinning and adequate band off-
sets are required for transistor applications. Fermi level unpinning in the
SrT iO3/GaAs(001) system is in principle equivalent to the passivation of
the As-terminated surface, since SrT iO3 consists of neutral SrO and T iO2

layers along the [001] direction. On the other hand, the conduction and va-
lence band offsets must be over 1 eV in order to inhibit conduction by the
emission of electrons or holes from the semiconductor into the oxide conduc-
tion and valence bands, respectively.

As is pentavalent, thus, it can be assumed that each tetrahedral bond has
a formal fractional charge of 1.25 e; similarly, for Ga the fractional charge
is 0.75 e. At the surface, each As atom has two bonds saturated by the
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subsurface Ga atoms and two dangling bonds sticking out of the surface,
each formally charged with 1.25 e and requiring 0.75 e to become passivated.
As mentioned above, the passivation of the As-terminated back plane of
the slab required the use of fractionally charged pseudo hydrogen atoms,
similarly, the other As-terminated, but chemically active, surface has to be
passivated with a suitable species.

Since the experimental observations indicate an interface made out of an
As layer and an SrO layer, even though oxygen can not be resolved by the Z-
contrast images, I have studied the passivation of the As-terminated surface
with Sr and with variable amounts of oxygen, that is, the limiting cases of a
fully oxidized and unoxidized interface.

To passivate the As-terminated surface, a charge transfer of 0.75x2=1.5 e
per As atom is necessary, and in a c(4x2)GaAs(001) surface unit cell that
amounts to 6 e. If Sr is used to passivate the surface (oxidation state is
2), then three Sr atoms per c(4x2) surface unit cell which corresponds to a
coverage of 3/4ML will be necessary. Moreover, if the surface As atoms form
dimers then 1 e per As atom is used to form the dimer, and then 2 e per
c(4x2) surface unit cell need to be provided to passivate the surface. This
amounts to one Sr atom per c(4x2) surface unit cell or a 1/4ML coverage.

Incorporation of oxygen into the interface layer will not change the charge
count, because the charge transfer from Sr to As may still be accomplished
via the oxygen layer. Nevertheless, the dipole formed at the interface will be
different between an oxidized and unoxidized interface which will affect the
band offsets.

Thus, four limiting cases were investigated: the As-dimerized interface
with Sr 1/4ML, the undimerized interface with Sr 3/4ML, and both interfaces
oxidized and unoxidized. In principle, mixtures of the four limiting cases may
coexist at the interface. In order to minimize the electrostatic repulsion, an
ordering of the interfacial Sr atoms in a c(4x2) pattern is anticipated, with
the Sr atoms located in the valley between the As dimer rows, and occupying
every alternate site in the center of four As dimers.

I have found that the unoxidized Sr 1/4ML interface with As dimers
(Figure 5.1(a)) has a valence band offset of 0.97 ± 0.25 eV (Figure 5.1(b)),
roughly in the limit for an adequate hole injection barrier (which should be
larger than 1 eV). There are no states in the band gap (the calculated band
gap is 0.9 eV), and the states in the vicinity of the band gap are interfacial
states localized mainly in the As dimers and have antibonding character.
This interface determines almost symmetric valence and conduction band
offsets.

When the Sr 1/4ML interface is fully oxidized (Figure 5.2(a)), interfacial
states appear in the band gap and pin the Fermi level. These states originate
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Figure 5.1: The Sr 1/4ML interface of SrT iO3/GaAs(001). (a) Interfacial structure.
Oxygen, Ti, Sr, As, Ga, and pseudo hydrogen atoms are represented in red, yellow, green,
purple, grey, and white, respectively. (b) Layer projected density of states and valence
band offset. The shaded region indicates the occupied bands of the slab, and the blue line
the occupied bands in the bulk material.
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from the interaction between the antibonding orbitals of the As dimers and
the oxygen atoms. Moreover, this interface exhibits a small negative valence
band offset, −0.23 ± 0.10 eV (Figure 5.2(b)). This indicates that holes from
the semiconductor are injected into the oxide valence bands creating a large
surface dipole. This structure is likely to be unstable and needs further
investigation.

Oxidation produces the opposite effect in the undimerized Sr 3/4ML in-
terface. The unoxidized Sr 3/4ML interface (Figure 5.3(a)) has states in the
band gap, and thus Fermi level pinning, making it unsuitable for transistor
applications (Figure 5.3(b)). These states are localized at the interface and
have bonding character between Sr and As, and Ti and As.

Oxidation of the Sr 3/4ML interface (Figure 5.4(a)) results in a strong
interaction between oxygen and As and the opening of the bandgap; the cal-
culated band gap is 1.9 eV. The estimated valence band offset is 1.53±0.25 eV
(Figure 5.4(b)). This valence band offset is suitable to prevent injection of
holes into the oxide bands. However, when the value of the calculated band
gap is added to that of the valence band offset, the resulting value is slightly
larger than that of the band gap of bulk SrT iO3, which means that the con-
duction band offset is negative and can not prevent injection of electrons into
the oxide bands. Nevertheless, these calculated band offsets are in qualita-
tive agreement with the experimentally measured ones [72]. Moreover, the
atomic structure of this undimerized interface, has strong similarities with
the Z-contrast images and structural model proposed by Klie et al. [71], and
taking into consideration that oxygen is not visible in these images. The
comparison is shown in Figure 5.5.

Finally, Klie’s observation that SrT iO3 growth on the As-terminated
GaAs(001) surface by direct Sr and Ti co-deposition in the presence of molec-
ular oxygen resulted in Fermi level pinning, might be explained by a higher
concentration of oxygen vacancies (relative to 1ML) and/or a lower con-
centration of Sr (relative to 3/4ML) at the interface. This is because the
unoxidized Sr 3/4ML and the oxidized Sr 1/4ML interfaces have states in
the band gap.

5.4 The initial stages of SrTiO3 growth on

GaAs(001)

Klie et al. [71] reported that the epitaxial growth of SrT iO3 on GaAs(001)
could be achieved using two different growth methods: By deposition of Ti
1/2ML on the As-terminated GaAs(001) followed by co-deposition of both Sr
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Figure 5.2: The Sr 1/4ML oxidized interface of SrT iO3/GaAs(001). (a) Interfacial
structure. (b) Layer projected density of states indicating slightly negative valence band
offset. The color scheme is the same as in Figure 5.1.
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Figure 5.3: The Sr 3/4ML interface of SrT iO3/GaAs(001). (a) Interfacial structure.
(b) Layer projected density of states and valence band offset. The color scheme is the
same as in Figure 5.1.
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Figure 5.4: The Sr 3/4ML oxidized interface of SrT iO3/GaAs(001). (a) Interfacial
structure. (b) Layer projected density of states and valence band offset. The color scheme
is the same as in Figure 5.1.
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Figure 5.5: Comparison of the calculated Sr 3/4ML oxidized interfacial structure (left)
with the Z-constrast image and proposed structural model of Ref. [71] (right).

and Ti in the presence of molecular oxygen (first method), and by direct Sr
and Ti co-deposition in the presence of molecular oxygen (second method).
Both methods resulted in the presence of Sr at the interface after SrT iO3

growth, which indicates the possibility of Ti diffusion in the presence of Sr
and oxygen in the first method. I have simulated the deposition of Ti 1/2ML
on the As-terminated GaAs(001) substrate in order to gain insight into the
initial stages of oxide growth through the first method.

At Ti 1/2ML coverage, a passivated and undimerized As-terminated
GaAs(001) surface requires that the oxidation state of Ti is +3. Ti ad-
sorbs at interstitial sites on the surface and seems to be incorporated which
might be due to its small ionic radius (Figure 5.6(a)). This surface struc-
ture has states in the bandgap which is in agreement with the Fermi level
pinning observed after deposition of Ti 1/2ML in the experiments by Klie et
al. [71]. Oxidation of this surface structure with 1ML oxygen results in the
opening of the band gap (the calculated value is 1 eV) in a way similar to
the undimerized As terminated surface saturated by Sr 3/4ML. The oxygen
atoms bind to the Ti and As atoms on the surface (Figure 5.6(b)). At this
coverage, the stoichiometry of the materials deposited on the GaAs surface,
Ti 1/2ML and oxygen 1ML, corresponds to T iO2, nevertheless, this is not
yet one layer of the SrT iO3 oxide (which should consist of Ti 1ML and O
2ML).

When oxygen and Sr are co-deposited, Ti may make a transition to its
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(a)

(b)

Figure 5.6: The structure of Ti 1/2ML deposited on the As-terminated GaAs(001)
surface. (a) Unoxidized. (b) Oxidized. The color scheme is the same as in Figure 5.1.
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most stable +4 oxidation state, and then a reduced Ti 3/8ML coverage will
be necessary to passivate the undimerized As-terminated GaAs(001) surface.
On the other hand, as discussed above, a higher Sr 3/4ML coverage will
passivate the same undimerized surface. The lower coverage and the small
ionic radius and high diffusivity of Ti, may promote diffusion of Ti and Sr out
of and into the interface, respectively. Finally, as discussed above, the fully
oxidized Sr 3/4ML interface structure determines a large band gap which
might corroborate Klie’s observation that in the first method the Fermi level
pinning is alleviated after SrT iO3 growth.

5.5 Summary

The SrT iO3/GaAs(001) interfaces without Fermi level pinning have been
investigated. At the interface, the As-terminated GaAs(001) substrate has
been reported to face the SrO layer of the oxide. Therefore, passivation of
the GaAs(001) surface with variable amounts of Sr and oxygen were stud-
ied. Four limiting cases were identified: the As-dimerized interface with Sr
1/4ML, the undimerized interface with Sr 3/4ML, and both interfaces ox-
idized and unoxidized. It was found that the oxidized Sr 1/4ML and the
unoxidized Sr 3/4ML interfaces have states in the band gap originating from
the interaction between As and oxygen and the metal atoms in the oxide,
respectively. These interfaces have Fermi level pinning and are unsuitable for
transistor applications. The two interfaces without Fermi level pinning are:
The unoxidized Sr 1/4ML interface with a band gap of 0.9 eV and a valence
band offset of 0.97 ± 0.25 eV, and the oxidized Sr 3/4ML interface with a
band gap of 1.9 eV and a valence band offset of 1.53±0.25 eV. The former de-
termines almost symmetric valence and conduction band offsets which are in
the limit of being suitable for transistor applications. On the other hand, the
latter interface has a suitable valence band offset and the band alignment is
qualitatively similar to that measured experimentally. Moreover, the atomic
structure of this interface has strong similarities with the reported Z-contrast
images, suggeting that the real interface may be close to being stoichiometric,
as a SrO layer from the oxide. And deviations from the oxidized Sr 3/4ML
may lead to Fermi level pinning. The initial stages of SrT iO3 growth on
a GaAs surface covered with Ti 1/2ML has also been investigated. It was
found that at Ti 1/2ML coverage the surface is undimerized and the Fermi
level is pinned. Oxidation of this surface results in opening of the bandgap.
During deposition of the oxide, the oxidation state of Ti may change from +3
to +4 (the most stable one), which determines a lower Ti coverage necessary
to passivate the surface. On the other hand, the Sr 3/4ML coverage is higher
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and also passivates the surface. The lower Ti coverage relative to Sr (due to
the change in oxidation state) and the small ionic radius and high diffusivity
of Ti, may be responsible for the observed presence of Sr at the interface and
complete absence of the initial Ti layer.





Chapter 6

Summary

In this work the growth process of the technologically relevant system
Ge/SrHfO3(001) has been studied theoretically by means of the Projector-
Augmented Wave (PAW) method. The PAW method is based on Density
Functional Theory and it is implemented in the Car-Parrinello Ab-Initio
Molecular Dynamics. It is an all-electron method that treats explicitly the
core and valence electrons and gives access to the complete (also close to
the nucleus) wave function. Direct heteroepitaxial growth of Ge on an oxide
results in a Ge film with a large density of defects, unsuitable for transistor
applications, due to the fact that the semiconductor grows in 3D-islands on
the oxide. In order to obtain high quality Ge films, the growth mode of Ge
has to be changed to layer-by-layer growth. A surfactant is a third material
that could in principle change the growth mode, and I have investigated the
possibility of using such an approach to achive layer-by-layer growth of Ge
on the SrHfO3(001) substrate.

The stable SrO andHfO2 terminations of the SrHfO3(001) surface have
been taken into account by using two differently terminated slabs. I have
found that direct Ge deposition on these surfaces results in clustering. The
Ge adatoms seek to minimize their energy by saturating their dangling bonds
and so they prefer to make bonds to other Ge adatoms on the surface and
form clusters, than to make bonds to the surface oxygen atoms. Nevertheless,
at Ge 1ML coverage, a metastable epitaxial structure made out of diagonal-
rows of dimers was found on the SrO surface. This epitaxial structure could
in principle be stabilized by reducing the mobility of Ge atoms on the surface
(e.g. low temperature growth).

For heteroepitaxial growth, the structural compatibility between growing
film and substrate is essential. A suitable surfactant should segregate to the
surface, reduce the surface free energy, and modify the growth kinetics to
improve the surface morphology. The feasibility of using Sb as surfactant
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for Ge layer-by-layer heteroepitaxial growth was investigated, since Sb is a
traditional surfactant for Ge growth. It was found that Sb does not wet the
SrHfO3(001) substrate, and may have low adhesion to it. Consequently,
formation of ordered Sb structures on the surface, that could modify the
growth mode and growth kinetics of Ge on the surface, is difficult. Thus,
deposition of Sb prior to Ge on the SrO-terminated SrHfO3(001) surface
does not lead to epitaxial Ge layer-by-layer growth. On the other hand,
previous studies have indicated that Sr can passivate the Si(001) surface and
provide a technologically relevant interface for the SrT iO3/Si(001) system.
Consideration of these findings in the context of surfactant-mediated layer-
by-layer growth of Ge on SrHfO3(001), provide indications that Sr could
determine a stable interface with good transistor properties, and may act as
surfactant for Ge layer-by-layer growth. Therefore, the feasibility of forming
an ordered Sr 1ML film on the oxide surface, to be used as template for Ge
overgrowth, was investigated.

It was found that, on the SrO termination, careful control of the experi-
mental conditions may lead to the formation of the Sr 1ML film. During Sr
deposition, the first and second monolayers may be formed simultaneously,
nevertheless, in a small energy window between the activation energy for
diffusion (0.65 eV) and the binding energy (1.09 eV) of the isolated adatom
on the bare surface, formation of the second monolayer may be hindered in
favor of formation of the first monolayer. Moreover, it is unlikely that an
ordered Sr 1/2ML film can be formed in this way on the SrO termination.

The formation of a Sr 1ML film on the SrHfO3(001) substrate increases
the reactivity of the surface, which could in principle change the growth mode
and growth kinetics of Ge. However, it is expected that such a chemically
reactive Sr surface can be easily oxidized. Oxidation of the Sr 1ML tem-
plate will result in Ge clustering on the surface since the oxidized Sr 1ML
film is equivalent to a SrO layer, where it is known that Ge clusters. It has
been found that oxidation from the oxide subsurface layer is not thermo-
dynamically favorable. Additionally it is important to maintain the oxygen
contamination in the growth chamber at an insignificant level. The atom-
ization energy of the Sr 1ML film is equal to 1.39 eV/Sr, and it determines
the upper limit for the diffusion and desorption processes involving the use
of the Sr 1ML template.

Deposition of Ge on the Sr 1ML template results in Ge wetting of the
substrate and a change of the growth mode to layer-by-layer. However, the
diffusion barrier (2.12 eV) is larger than the atomization energy of the Sr 1ML
film, so diffusion can not be activated at low coverages of Ge. In addition,
it was found that a Ge adatom adsorbed at the hollow site on the Sr 1ML
film will not incorporate in the substrate and instead will remain on top of
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the Sr 1ML surface.
At Ge 1/2ML coverage on the Sr 1ML-covered SrHfO3(001) surface,

the stable configuration is epitaxial and consists of Ge atoms adsorbed at
hollow sites. Nevertheless other metastable configurations may form on the
surface due to the suppression of diffusion. Increasing the Ge coverage does
not necessarily result in a surface structure with increased occupation of
hollow sites. The equilibrium configuration of a Ge 3/4ML film on the Sr
1ML template is a short chain. This short chain structure is epitaxial and
is an structural element of the Ge(001) 2ML film. The short chain structure
indicates that the initial stages of Ge growth may not be layer-by-layer (which
would correspond to the initial occupation of all the available hollow sites on
the Sr 1ML template). Instead, it seems that Ge forms initially a compound
with Sr that stabilizes the Ge epitaxial growth.

At Ge coverages between 1ML and 2ML there are many degenerate struc-
tures that may indicate a disordered configuration on the surface or the for-
mation process of a Sr-Ge compound. Moreover, it has been found that Sr
diffuses from the interfacial Sr 1ML film to the Ge surface. So the Sr 1ML
film does not remain at the interface during Ge growth and segregates to
the Ge surface. Sr 1/2ML remains at the interface and the other half dif-
fuses to the Ge surface. A Ge thin film with Sr 1/2ML on both surfaces is
a passivated surface structure, and is expected to be more stable than other
unpassivated surface configurations.

After the formation of the passivated epitaxial Ge film, Sr 1/2ML at the
interface stabilizes the Ge epitaxial film and passivates the dangling bonds to
unpin the Fermi level. Sr 1/2ML at the Ge(001) surface should passivate the
dangling bonds but also may act as a surfactant since it lowers the surface
energy of Ge(001). Moreover, due to the large atomic radius of Sr (2.45 Å)
it is expected that it does not incorporate in bulk Ge during growth.

The Sr interfaces of the Ge/SrHfO3(001) system were studied. It was
found that an unoxidized Sr 1/2ML interface provides suitable band offsets
for transistor applications, whereas the oxidized Sr 1/2ML interface deter-
mines a hole injection barrier that is too small.

The La2Hf2O7 oxide is a complex oxide that has promising electrical and
structural characteristics for transistor applications and integration with Si.
The interfacial structure and valence band offsets of the La2Hf2O7/Si(001)
crystalline system were studied. For the La3HfO5 class of interfaces, three
interfacial structures that unpin the Fermi level were investigated and found
to be degenerate. These interfacial structures consist of a (2x2)Si(001) dimer-
ized surface and five oxygen atoms from the oxide, with four of them oxidizing
the Si atoms, and they differ in the relative orientation of the Si substrate
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and the relaxed position of the interfacial oxygen atom that does not bind
to the Si substrate. The valence band offsets were determined for two inter-
faces using a method analogous to the experimental determination from x-ray
photoelectron spectroscopy. For the interface where the interfacial oxygen
atom has relaxed into the oxide, the calculated valence band offset is equal to
1.81± 0.27 eV. And for the interface with different Si orientation and where
the interfacial oxygen atom remains at the interface, the calculated valence
band offset is 2.37 ± 0.02 eV. The large difference is due to the presence of
an electric dipole perpendicular to the interface, originated by the relaxation
of the interfacial oxygen atom from the interface into the oxide.

The SrT iO3/GaAs(001) gate stack may provide superior optical and
electronic properties compared to the oxide grown on Si. The technolog-
ically relevant SrT iO3/GaAs(001) interfaces, without Fermi level pinning,
have been investigated. Passivation of the GaAs(001) surface with variable
amounts of Sr and oxygen were studied due to the experimental evidence
that the As-terminated GaAs(001) substrate faces the SrO layer of the ox-
ide. Four limiting cases were identified: the As-dimerized interface with Sr
1/4ML, the undimerized interface with Sr 3/4ML, and both interfaces ox-
idized and unoxidized. It was found that the oxidized Sr 1/4ML and the
unoxidized Sr 3/4ML interfaces have states in the band gap, and Fermi level
pinning, originating from the interaction between As and oxygen and the
metal atoms in the oxide, respectively. The interfaces without Fermi level
pinning are the unoxidized Sr 1/4ML interface with a valence band offset
of 0.97 ± 0.25 eV, and the oxidized Sr 3/4ML interface with a valence band
offset of 1.53±0.25 eV. The former determines almost symmetric valence and
conduction band offsets which are in the limit of being suitable for transistor
applications. On the other hand, the latter interface determines a suitable
valence band offset but insufficient conduction band offset. The band align-
ment and atomic structure of this interface are qualitatively similar to the
experimental reports. The initial stages of SrT iO3 growth on a Ti 1/2ML
covered GaAs(001) surface has also been investigated. It was found that at
Ti 1/2ML coverage the surface is undimerized and the Fermi level is pinned.
Oxidation of this surface results in opening of the bandgap. Moreover, dur-
ing deposition of SrT iO3, the oxidation state of Ti may change from +3 to
+4 (the most stable one) which determines a lower Ti coverage necessary to
passivate the surface. Sr 3/4ML, on the other hand, is a higher coverage and
also passivates the surface. The complete absence of the initial Ti layer at
the interface after SrT iO3 growth, may be due to the small ionic radius and
high diffusivity of Ti but also to the lower Ti coverage (when the oxidation
state is +4) necessary to produce a passivated GaAs(001) surface.
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List of Total Energies

A list of the total energies of all the calculations used in Chapter 3 are
presented in the following tables. The reference (total) energies used to cal-
culate adsorption and formation energies are presented first.

System Notation Total Energy Reference energy
(Hartree)

Isolated Ge atom EGe
atom -3.8894264 Eqs. (3.1) and (3.5)

Bulk Ge (64 atoms) EGe
bulk × 64 -259.0964038 Eqs. (3.2) and (3.6)

Isolated Sr atom ESr
atom -31.0586147 Eq. (3.3)

Bulk Sr atom ESr
bulk -31.1073816 Eq. (3.4)

Bare SrO-terminated Eqs. (3.1), (3.2),

SrHfO3(001) surface ESrHfO3

slab -1040.9382584 (3.3) and (3.4)
(SrO-termination)

Bare HfO2-terminated

SrHfO3(001) surface ESrHfO3

slab -1040.9118525 Eqs. (3.1) and (3.2)
(HfO2-termination)
Sr 1ML film formed

on SrO-termination ESr+SrHfO3

slab -1165.3770087 Eqs. (3.5) and (3.6)
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System Total Energy (Hartree) Details

Ge adatom at oxygen Section 3.5.1
site on SrO-termination -1044.9173121 Figure 3.4(a)

Ge adatom at oxygen Section 3.5.1
site on HfO2-termination -1044.9072301 Figure 3.4(b)

Ge at barrier configuration
on SrO-termination -1044.8979306 Section 3.5.1

Ge at barrier configuration
on HfO2-termination -1044.9023416 Section 3.5.1

(Path A)
Ge at barrier configuration

on HfO2-termination -1044.8958878 Section 3.5.1
(Path B)

Ge 1ML adsorbed Section 3.5.2
on HfO2-termination -1057.0370098 Figure 3.9
(most stable structure)

Ge 1ML adsorbed Section 3.5.2
on HfO2-termination -1057.0114250 Figure 3.10(a)

Ge 1ML adsorbed Section 3.5.2
on HfO2-termination -1057.0007397 Figure 3.10(b)

Ge 1ML adsorbed Section 3.5.2
on HfO2-termination -1056.9776272 Figure 3.10(c)

Ge 1ML adsorbed Section 3.5.2
on HfO2-termination -1056.9730854 Figure 3.10(d)

Ge 1ML adsorbed Section 3.5.2
on SrO-termination -1057.0070944 Figure 3.11

(most stable structure)
Ge 1ML adsorbed Section 3.5.2

on SrO-termination -1057.0034639 Figure 3.12
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System Total Energy (Hartree) Details

Ge(001) diagonal-rows Section 3.5.2
of surface dimers -85.4075530 Figure 3.13(a)

Ge(001) straight-rows Section 3.5.2
of surface dimers -85.4089994 Figure 3.13(b)
(stable structure)
Ge 2ML adsorbed Section 3.5.2

on SrO-termination -1073.2240081 Figure 3.14

Ge 3ML adsorbed Section 3.5.2
on SrO-termination -1089.3875787 Figure 3.15

Sb 1ML adsorbed Section 3.7.3
on SrO-termination -1063.6814410 Figure 3.16(a)

Sb 1ML adsorbed Section 3.7.3
on SrO-termination -1063.6628639 Figure 3.16(b)

(chain structure)
Sb 2ML adsorbed Section 3.7.3

on SrO-termination -1086.4381040 Figure 3.17
(epitaxial structure)

Sr adatom at oxygen
site on SrO-termination -1072.0368921 Section 3.8.1

Sr adatom at bridge
site on SrO-termination -1072.0131369 Section 3.8.1
(barrier configuration)

Sr 1/2ML adsorbed Section 3.8.2
on SrO-termination -1103.1388025 Figure 3.18(a)

(most stable structure)
Sr 1/2ML adsorbed Section 3.8.2
on SrO-termination -1103.1303197 Figure 3.18(b)

Sr 1/2ML adsorbed Section 3.8.2
on SrO-termination -1103.0943267 Figure 3.18(c)
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System Total Energy (Hartree) Details

Sr 1ML adsorbed Section 3.8.3, and
on SrO-termination -1165.3770087 reference energy for

(ESr+SrHfO3

slab ) Eqs. (3.5) and (3.6)

Sr 5/4ML adsorbed
on SrO-termination -1196.4598881 Section 3.8.4

(Sr adatom at hollow site)
Sr 5/4ML adsorbed
on SrO-termination -1196.4524850 Section 3.8.4

(Sr adatom at bridge site)

Sr 1ML with oxygen 1/4ML Section 3.9
on SrO-termination with -1165.3531527 Figure 3.20
1/4ML oxygen vacancies

Ge adatom at hollow site Section 3.11.1
on Sr 1ML + SrO substrate -1169.4717036 Figure 3.21

Ge adatom at bridge site
on Sr 1ML + SrO substrate -1169.3938906 Section 3.11.1

(barrier configuration)

Ge adatom between Sr 1ML Section 3.11.2
film and SrO substrate -1169.4102754 Figure 3.22

Ge 1/2ML adsorbed on Section 3.11.3
Sr 1ML + SrO substrate -1173.5354498 Figure 3.23(a)
(equilibrium structure)
Ge 1/2ML adsorbed on Section 3.11.3

Sr 1ML + SrO substrate -1173.5316031 Figure 3.23(b)

Ge 1/2ML adsorbed on Section 3.11.3
Sr 1ML + SrO substrate -1173.4926779 Figure 3.23(c)

(dimer configuration)

Ge 3/4ML adsorbed on Section 3.11.4
Sr 1ML + SrO substrate -1177.5846753 Figure 3.24(a)
(equilibrium structure)
Ge 3/4ML adsorbed on Section 3.11.4

Sr 1ML + SrO substrate -1177.5721186 Figure 3.24(b)

Ge 3/4ML adsorbed on Section 3.11.4
Sr 1ML + SrO substrate -1177.5714274 Figure 3.24(c)
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System Total Energy (Hartree) Details

Ge 1ML adsorbed on Section 3.11.5
Sr 1ML + SrO substrate -1181.6584117 Figure 3.25

(Sr diffusion)
Ge 1ML adsorbed on Section 3.11.5

Sr 1ML + SrO substrate -1181.6442642 Figure 3.26(a)
(Sr diffusion)

Ge 1ML adsorbed on Section 3.11.5
Sr 1ML + SrO substrate -1181.6333921 Figure 3.26(b)

Ge 1ML adsorbed on Section 3.11.5
Sr 1ML + SrO substrate -1181.6331034 Figure 3.26(c)

Ge 1ML adsorbed on Section 3.11.5
Sr 1ML + SrO substrate -1181.6329861 Figure 3.26(d)

Ge 1ML adsorbed on Section 3.11.5
Sr 1ML + SrO substrate -1181.6189262 Figure 3.26(e)

Ge 1ML between Sr 1ML Section 3.11.5
film and SrO substrate -1181.5247405 Figure 3.27

Ge 2ML adsorbed on Section 3.12.1
Sr 1ML + SrO substrate -1197.8419843 Figure 3.28(a)
(Sr 1/2ML segregation)
Ge 2ML adsorbed on Section 3.12.1

Sr 1ML + SrO substrate -1197.8331567 Figure 3.28(b)

Ge 2ML adsorbed on Section 3.12.1
Sr 1ML + SrO substrate -1197.8582247 Figure 3.29

Ge 3ML adsorbed on Section 3.12.2
Sr 1ML + SrO substrate -1214.0931079 Figure 3.30(a)
(Sr 1/2ML segregation)
Ge 3ML adsorbed on Section 3.12.2

Sr 1ML + SrO substrate -1214.0487816 Figure 3.30(b)
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Workshop “Dünne Filme und Oberflächen” der TUC, Clausthal-Zellerfeld,
Germany, 07 July 2006.
Talk: ”Ab-initio Simulation of the Epitaxial Growth of a Semiconductor on
a Crystalline Oxide”.



152 Curriculum Vitae

1. Harzer Ab Initio Workshop, Clausthal-Zellerfeld, Germany, 23-25 October
2006.
Talk: ”Ab-initio Study of the Epitaxial Growth of Ge on SrHfO3(001) Using
Sr as Surfactant”.
Deutschen Physikalischen Gesellschaft Conference, Regensburg, Germany,
26-30 March 2007.
Talk: ”Ab-initio Study of the Epitaxial Growth of Germanium on SrHfO3(001)
Using Strontium as Surfactant”.
Laboratorio MDM-INFM, Milan, Italy, 29 March 2007.
Seminar: ”Ab-initio Study of the Epitaxial Growth of Ge on SrHfO3(001)
Using Sr as Surfactant”.
National Center on nanoStructures and bioSystems at Surfaces (S3) of INFM-
CNR, Modena, Italy, 2 April 2007.
Seminar: ”Ab-initio Study of the Epitaxial Growth of Ge on SrHfO3(001)
Using Sr as Surfactant”.
IBM Laboratory, Zurich, Switzerland, 17 September 2007.
Seminar: ”Epitaxial Growth of Ge on SrHfO3(001) Using a Surfactant”.
2. Harzer Ab Initio Workshop, Goslar, Germany, 15-17 October 2007.
Talk: ”Epitaxial Growth of Ge on SrHfO3(001) Using a Surfactant for MOS-
FET applications”.

Invited Talks

3rd International Conference on Diffusion in Solids and Liquids, DSL-2007,
Algarve, Portugal, 4-6 July 2007.
Title: ”Enabling Epitaxial Growth of Ge on a High-K Oxide by Means of a
Surfactant: An Ab-Initio Study”.

Publications

International Journals

G. Seguini, S. Spiga, E. Bonera, M. Fanciulli, A. Reyes Huamantinco, C.
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