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Abstract
The preparation of metal-supported ultrathin films of germanium dioxide,
termed also germania, has been successfully achieved for the first time. The
structure of the films is elucidated with atomic precision and chemical sen-
sitivity using surface science techniques. The investigation is performed by
analyzing STM images and is complemented by low-energy electron diffrac-
tion (LEED) patterns, a dynamical LEED study, and external support from
density functional theory (DFT) calculations.

In this work, we compare side-by-side atomically-resolved scanning tunnel-
ing microscopy (STM) images of ultrathin films of germania and silica. The
analysis aims to investigate the impact of the metal support on the structure of
oxide films. For that purpose, ultrathin germania films are grown on Ru(0001),
Pt(111) and Au(111), and compared with previously reported silica ultrathin
films supported on different substrates. Germania has been widely associated
with silica since they are considered to be structural and chemical equivalent
materials.

Three main network structures have been characterized: monolayer, zigzag
and bilayer films. In all systems, the building block consists of a distorted
tetrahedron with a germanium atom surrounded by four oxygen atoms. Ad-
jacent tetrahedra connect to each other through Ge-O-Ge bonds and, in the
case of the monolayer films, they also bind to the metal support. Conversely,
in bilayer films there are no chemical bonds to the metal substrate, thus pro-
viding more flexibility to the film structure. Through a meticulous control of
the preparation conditions one can obtain a purely crystalline phase, an amor-
phous one, or one with intermediate order. It is important to highlight that the
amorphous germania bilayer film represents a new 2-dimensional amorphous
material.
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Zusammenfassung
Die Herstellung von ultradünnen Germaniumdioxidfilmen auf Metallsub-
straten ist erstmals erfolgreich gelungen. Die Filmstruktur konnte mittels
oberflächensensitiven Techniken mit atomarer Präzision und chemischer Sen-
sitivität aufgelöst werden. Zur Untersuchung werden STM-Bilder analysiert
und durch niederenergetische Elektronenbeugung (LEED), eine dynamischen
LEED-Studie und extern ausgeführte Dichtefunktionaltheorieberechnungen
(DFT) ergänzt.

In dieser Arbeit werden atomar aufgelöste Rastertunnelmikroskopiebilder
(STM) von ultradünnen Germaniumdioxid- und Siliziumdioxidfilmen direkt
verglichen. Ziel der Analyse ist es, den Einfluss des Metallsubstrats auf die
Struktur von Oxidfilmen zu untersuchen. Zu diesem Zweck werden ultradünne
Germaniumdioxid-Filme auf Ru(0001), Pt(111) und Au(111) abgeschieden
und mit Siliziumdioxid-Filmen auf verschiedenen Substraten verglichen, die
in früheren Studien untersucht wurden. Germaniumdioxid und Siliziumdioxid
sind eng miteinader verknüpft. Hierbei sind Struktur und chemische Eigen-
schaften als äquivalent anzusehen.

Es wurden drei verschiedene Netzwerkstrukturen aufgeklärt: Monolagen-,
Zickzack- und Bilagenfilme. Die einzelnen Bausteine in diesen Filmsystemen
bestehen aus verzerrten Tetraedern, in denen ein Germaniumatom von vier
Sauerstoffatomen umgeben ist. Benachbarte Tetraeder sind durch Ge-O-Ge-
Bindungen miteinander verknüpft und binden im Fall der Monolagenfilme an
das darunterliegende Metallsubstrat. In Bilagenfilmen hingegen gibt es keine
chemischen Bindungen zum Substrat, wodurch die Filmstruktur flexibler wird.
Durch Variation der Herstellungsbedingungen kann man rein kristalline, amor-
phe oder Phasen mittlerer Ordnung erhalten. Es ist wichtig hervorzuheben,
dass der amorphe Germaniumdioxid-Bilagenfilm ein neues amorphes zweidi-
mensionales Material darstellt.
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Chapter 1

Introduction

1.1 General Introduction

The preparation and characterization of model systems constitutes a sophis-
ticated approach to study physicochemical properties of materials. The goal
by doing this is to reduce the complexity of the system as much as possible
to reach an understanding at the atomic level that would otherwise not be
possible.[1–4] One way to achieve this objective is by preparing the sample in
such a manner that it can be investigated by applying the tool box of sur-
face science.[1, 2, 5] A good example of this approach is the use of thin oxide
films supported on metal single crystals, which avoid charging effects during
the measurements. In particular, oxide films have contributed considerably
to the understanding of heterogeneous catalysis by isolating and simplifying
parts of real systems.[1, 3, 4, 6, 7] The most outstanding work in this area has
been done by Gerhard Ertl and coworkers, who classified each elemental step
of the complex industrial ammonia synthesis, widely known as Haber-Bosch
process.[8–11]

The characterization of materials at the atomic scale permits also the im-
plementation of theoretical modeling, thus promoting the interaction and com-
parison between experiments and theory to comprehend fundamental phenom-
ena.[12] For instance, the elucidation of the atomic structure of glass has been
addressed by a thorough characterization of a metal-supported silicon dioxide
(silica) bilayer film in a combined work between experiments and theory.[13, 14]
The importance of such a model system lies in the fact that silica is one of the
most abundant materials and is a widely-used support in catalysis. Moreover,
as silica is a glass-former material, its structure has been a topic of intense de-
bate.[15] The silica bilayer film represents the first two-dimensional (2D) glass
and allowed to ‘see’ for the first time a vitreous structure in real space thanks
to the power of scanning probe microscopy (SPM) to sense electron densities
in atomically flat areas.[14, 16]

1



2 Chapter 1. Introduction

It is important to remark that, on the one hand, thin oxide films present
physicochemical properties proper of the bulk oxide material, but on the other
hand, the influence of the 2D confinement and the film-support interaction
may lead to unique new properties.[17] These size-effect properties make these
materials novel and interesting for technological applications.[18, 19]

In this context, this thesis is motivated by the above mentioned efforts and
focuses on the atomic structure of metal-supported ultrathin films of germa-
nium dioxide (germania). Three main aspects are addressed: the impact of
the metal-support on the film structure, the atomic structure of a new 2D
amorphous material and the direct comparison with silica film systems. The
study encompasses films with a thickness up to a bilayer, which involves the
three configurations shown schematically in Fig. 1.1. The sketch does not
imply that all three structures (monolayer, zigzag, bilayer) have been observed
on the three metal supports. Interestingly, those polymorphs have been previ-
ously observed in silica films with, in same cases, remarkable differences. The
red balls in the figure correspond to oxygen atoms that bridge cation atoms,
link the film with the substrate or are adsorbed at the metal surface; and the
black balls are either germanium or silicon atoms.

Figure 1.1: Schematic representation of the three polymorphs observed on metal-
supported ultrathin films of silica and germania. The figure has been adapted from
Ref. [20].

The monolayer is characterized by a network which is chemically bound to
the metal substrate via Ge-O-M bonds, therefore forming a crystalline struc-
ture that follows strictly the registry of the support. Bilayer films, on the
contrary, interact weakly with the metal-support to form, among others, amor-
phous films that ‘feel’ less the presence of the metal substrate. Finally, the
zigzag phase is a crystalline metastable phase that shows an intermediate be-
havior between monolayer and bilayer, in terms of stoichiometry and binding



Chapter 1. Introduction 3

to the substrate.[20]
The films are prepared on three metal-supports, Ru(0001), Pt(111) and

Au(111), which have significantly different chemical reactivity, so that each of
them promotes the formation of different polymorphs. This allows us to corre-
late the influence of the substrate on the atomic structure of the film. Within
the different germania polymorphs that are obtained, the amorphous germa-
nia bilayer requires special attention. It constitutes a new 2D model system
that, by comparison with the corresponding silica film, shows similarities and
differences, e.g., a distinct ring-size distribution.

1.2 Thesis Organization

The first chapter introduces the different polymorphs that germanium and
silicon dioxide form in nature. Subsequently, a historical overview of ultrathin
silica films (monolayer, zigzag phase and bilayer) is given with the focus on
the impact of the substrate on the film structure.

In Chapter 2, the experimental methods used in this thesis are presented:
scanning tunneling microscopy (STM), low-energy electron diffraction (LEED)
and intensity-voltage low-energy electron diffraction (I/V-LEED). The ultra-
high vacuum (UHV) chamber where all the experiments were carried out is
described in detail, followed by the general recipe to prepare ultrathin germania
films supported on different metal substrates.

Chapter 3, 4 and 5 describe the atomic characterization of ultrathin germa-
nia films on Ru(0001), Pt(111) and Au(111), respectively. The analyzed films
comprise: monolayer films, zigzag phases, and crystalline and amorphous bi-
layer films. In Chapter 6, all germania structures are compared side-by-side
with previously reported silica film structures.

Finally, in Chapter 7, the work is summarized and conclusions are given.
All the investigation have been supported by density functional theory

(DFT) calculations provided by Philomena Schlexer, Sergio Tosoni and Gian-
franco Pacchioni from the Department of Materials Science in Università di
Milano-Bicocca, Italy.

1.3 Bulk Germania and Silica Structures

Germania and silica share chemical and structural properties, thus being con-
sidered analogue systems. In particular, the building blocks in the low-pressure
regime (XO4 tetrahedra, X=Ge, Si) and in the high-pressure one (XO6 octa-
hedra) are the same.[21] This resemblance is expected since both Ge and Si
share the same group in the periodic table of the elements. Nevertheless, since
Ge is placed in the period below Si, it has a larger size, thus having germa-
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nia a cation-anion radius ratio close to the limiting value for the tetrahedral-
octahedral structural transition, proposed by Linus Pauling.[22, 23] The 18
extra electrons of Ge with respect to Si, enable the O to occupy more posi-
tions surrounding the cation, a fact that is reflected by certain differences in
germania with respect to silica, like more distorted tetrahedra, more struc-
tural sensitivity towards pressure, much lower glass transition temperature
(Tg), larger number of 3-membered rings in the glass, among others (see Table
1.1).[21]

Matthieu Micoulaut et al. have reviewed the knowledge of the crystalline
and amorphous polymorphs of germania that we briefly summarize here.[21]

Germania forms two crystalline polymorphs at room temperature: α-
quartz-like and rutile-like structures. The latter is considered as the most
stable phase at room temperature and shows close resemblance with the silica
rutile-like structure (stishovite) with the cations in 6-fold coordination. Con-
versely, α-quartz-like germania is the stable phase at high temperature and
presents significant differences with α-quartz.[24] It consists of GeO4 tetrahe-
dra, which are more distorted than the SiO4 unit blocks. While the O-Si-O
angle remains close to the ideal intratetrahedral bond angle (109.5◦), O-Ge-O
presents a wider distribution that ranges from 106.3◦ to 113.1◦. The interte-
trahedral angle has a lower mean value for germania (130◦) than for silica
(144◦).[23] Moreover, it has been shown that by applying pressure, the GeO4

unit block gets more distorted than the analogue Si-based one.[25]
The structure of amorphous silica and germania has been mostly inferred

from complementary information from neutron diffraction (ND) and X-ray
diffraction (XRD), since x-rays are more sensitive to X-O, X-X bonds, and
neutrons to X-O and O-O.[21] These results conclude that the structure of both
vitreous germania and silica match the continuous random network (CRN)
theory[26] in contrast to the crystallite theory.[27] The latter theory pictures
the glass as an aggregate of highly dispersed crystals, while the CRN theory
proposes the presence of corner sharing XO4 tetrahedra that are linked together
randomly forming a network that lacks periodicity, extended symmetry, and
long-range order.[28–30] However, recent analysis of the density fluctuations in
vitreous silica and germania concluded that the concentration of crystobalite-
like areas in such glasses is too high to match a truly random network.[31]

The debate about a model that fits better the real structure of glass is still
open and a theory that combines the mentioned ones, known as cybotactic
theory[32], would explain better the chemistry and devitrification behaviour
of glasses.[33]

Table 1.1 summarizes some physical properties of vitreous silica and ger-
mania glass measured by XRD, ND and anomalous X-ray scattering (AXS).

While the different experimental techniques agree that the silica tetrahe-
dron is more rigid than the germania one,[37] there is no general consensus in
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Table 1.1: Physical properties of bulk amorphous silica and germania as deter-
mined by X-ray diffraction (XRD), neutron diffraction (ND) and anomalous X-ray
scattering (AXS). The bond lengths and angles, the glass transition temperature
(Tg) and the melting point (m.p.) are reported. The data has been extracted from
Refs. [34–38] and the table has been published in Ref. [39].

SiO2 GeO2

M-O 0.16 nm (ND) (XRD) 0.17 nm (ND) (AXS)
O-O 0.26 nm (ND) (XRD) 0.28 nm (ND) (AXS)
M-M 0.31 nm (ND) (XRD) 0.32 nm (ND) (AXS)
O-M-O 106◦ - 114◦ 104◦ - 115◦ (ND)
M-O-M 120◦ - 180◦ (XRD) mean 144◦ 121◦ - 147◦ (XRD) mean 130◦

Tg 1474 K 980 K
m.p. 1996 K 1389 K

the width distribution of the X-O-X bond angle, responsible of the medium
range order of the system, typically hard to access. It is widespread in the
literature that the Si-O-Si angle distribution in amorphous silica, typically
attributed to Mozzi and Warren,[36] is much broader than in amorphous ger-
mania, however, more recent high energy XRD and nuclear magnetic resonance
(NMR) experiments suggest that the distributions are actually very similar.[40,
41] Apart from the angle distribution, the mean Ge-O-Ge intertetrahedral an-
gle is smaller than the silica one (∼130◦ versus ∼144◦).[40, 42] The presence
of a larger number of 3-membered rings in germania glass than in silica may
explain this difference,[37] since such a ring must form a Ge-O-Ge bond angle
of 130.5◦.[43, 44]

1.4 Ultrathin Silica Films

This section summarizes the recent history of experimental and theoretical
efforts that have been made to prepare and interpret the atomic structure of
metal-supported silica films. In Chapter 6, a side-by-side comparison between
germania and silica films is provided, which includes previous and current
results.

The important role of silica in technology, semiconductor industry and
heterogeneous catalysis[45–50] has been enough motivation for making great
efforts to obtain a well-defined silica model system that allows us to study its
properties from a microscopic and controlled view. Using a metal single crystal
as a support to grow ultrathin silica films is a successful strategy, as it provides
an atomically flat, ordered and almost defect-free template on which the film
can grow. Moreover, the metal provides a nearly infinite source of electrons
that supply the conductivity that most surface science techniques need. Since
this is only valid if the film is thin enough, most of the experiments that are
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mentioned comprise ultrathin silica films up to bilayer thickness.
In this field, the first experiments encompassed the successful preparation

of thin, crystalline silica films supported on Mo(112).[51–53] The preparation
consisted of series of one-half monolayer Si evaporation at room temperature
with subsequent annealing steps at 800 K and 1200 K, with minor differ-
ences between the two experimental groups working on it. The precise atomic
structure of the film has led to controversy, since there were in essence two
models that agreed that the SiO4 tetrahedron was the building block, the
film had c(2 × 2) periodicity and the coverage did not exceed the SiO4 unit
block in thickness; but differed in the orientation and connectivity of the SiO4

tetrahedra.[52, 53] Thomas Schroeder et al., based on results obtained by X-
ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS) and infra-red absorption spectroscopy (IRAS), proposed different mod-
els inspired in silica bulk polymorphs where the SiO4 tehrahedra bind to each
other and to the metal substrate.[51, 52] On the other hand, Ming-shu Chen
et al., analysing data from high resolution electron energy loss spectroscopy
(HREELS), proposed a model described as Mo(112)-c(2 × 2)-SiO4 with only
one tetrahedron per unit cell with its four oxygen atoms bound directly to the
metal substrate.[53]

The exact atomic structure of silica films on Mo(112) was finally revealed
years later by Jonas Weissenrieder et al. by combining STM, XPS, IRAS and
DFT calculations.[54] The first 2D network of corner-sharing SiO4 tetrahedra
was obtained (a so-called monolayer silica film). Three of the oxygen atoms of
a unit block bridge neighboring SiO4 and the fourth one bonds the substrate, in
agreement with the model of Schroeder et al.[51, 52] It is important to remark,
that the close interaction between experimental and theoretical findings was
the key to disentangle the atomic structure of the film. Fig. 1.2 shows the
atomically resolved STM image of the silica monolayer on Mo(112) and the
top- and side-view DFT calculated models, reproduced from Ref. [54].

These results promoted suddenly a new field of research characterized by
atomically-defined silica surfaces ideal for heterogeneous catalysis experiments
at the atomic level. These systems allow us to study chemical reactivity on
oxides and on metal-particles supported on oxides by applying surface science
techniques without charging problems.

Continuing with this approach, the first 2D zeolites were synthesized by
codeposition of Si and Al on a Mo(112)-O-precovered single crystal.[55] In
these aluminosilicates, Al replaces some Si atoms hence forming an atomically
flat film of corner-sharing SiO4 and AlO3 unit blocks.

Due to the fact that in the monolayer films some oxygen atoms are shared
between the Si and metal atoms from the support, the stoichiometry of the
systems is SiO2.5, different from SiO2 of a full saturated silica structure.[53,
54, 56]
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Figure 1.2: SiO2.5 monolayer film supported on Mo(112). (a) STM image,
8.0 nm × 8.0 nm, IT=0.75 nA, VS=0.65 V. (b) Top and (c) side view of the DFT
calculated model. All images were reproduced from Ref. [54].

Different experiments tried to overcome the problem of the stoichiometry
by increasing the thickness of the film, however silica thick films supported
on molybdenum surfaces led only to ill-defined amorphous networks.[57, 58]
The growth mode of these films is conditioned by the strong Si-O-Mo bond,
hence preventing a defined layer-by-layer growth.[59] As a matter of fact, the
film-substrate interaction is the main impediment to grow better defined sto-
ichiometric SiO2 films. The problem was overcome after selecting the (0001)
crystallographic plane of ruthenium as an appropriate metal support that in-
teracts weaker with the film.

The preparation of silica films on Ru(0001) consists of the following main
steps: precover the Ru(0001) with oxygen, evaporate silicon on top, and a final
annealing in oxygen at around 1200 K.[13, 60, 61] By varying slightly these
parameters, different silica structures on Ru(0001) are observed. The oxygen
precover prior to silicon evaporation may prevent Si and Ru intermixing and
provides the system with highly reactive oxygen atoms that are consumed
during the evaporation process, as determined by XPS.[13, 61]

Furthermore, the amount of evaporated silicon determines the coverage
of the film. At low coverage, a monolayer with a similar structure to that
found on Mo(112) is formed, which also shows a (2 × 2) periodicity in the
LEED pattern and where the IRAS spectrum indicates the presence of Si-
O-Ru bonds.[61–63] Interestingly, ultra-flat and well-defined films with SiO2

stoichiometry are obtained when the coverage is doubled, i.e. two layers of
SiO4 tetrahedra connected to each other via Si-O-Si bonds perpendicular to
the metal surface (see model in Fig. 1.1 (c)).[13] Thus, the SiO2 film is fully
saturated and there are no chemical bonds linking it to the metal support.
The interaction between the silica film and the Ru(0001) originates mostly
from dispersion forces with an adhesion energy of magnitude 3.1 kJ/mol Å2

calculated with DFT + D.[13] Experimentally, the absence of chemical bonds
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between the film and the substrate is evidenced in the now missing Si-O-Ru
vibrational frequency observed on monolayer films on the same substrate. The
crystalline phase presents a unit cell twice as large as the one of Ru(0001), thus
leading to a (2 × 2) superstructure in the LEED pattern, which is aligned to
a high symmetry Ru(0001) crystallographic direction. The double layer forms
now cages that involve twelve silicon atoms, all connected by oxygen atoms. If
we only consider the Si atoms of the structure, two layers of 6-membered rings
in the plane parallel to the surface are seen, separated by 4-membered rings in
the perpendicular direction (see model in Fig. 1.1 (c)).

A big step towards the construction of a well-defined silica 2D model system
was the successful preparation of a bilayer film in its amorphous phase.[60] The
network structure was imaged by STM and atomic force microscopy (AFM)
showing no long range ordering and periodicity.[16, 60] In addition, the SiO4

unit blocks remain the same, however they do not follow any preferential ori-
entation.[16] In contrast to the ordered honeycomb-like structure present in
the crystalline phase, the vitreous silica bilayer exhibits a range of different
ring-sizes, while in the perpendicular direction 4-membered rings still bridge
both layers. On both crystalline and amorphous phases of the silica bilayer
film a bias- and tip-dependent contrast has been observed, providing chemi-
cal sensitivity to the imaging process, which allows one to identify the silicon
and oxygen atomic positions.[13, 60] The imaging of this 2D vitreous phase
permitted the direct observation of glass at the atomic scale for the first time.
It has additionally verified the CRN theory proposed in 1932 to explain in a
simple way the structure of glass elucidated at that time mainly by results of
XRD.[26]

The silica bilayer also allows one to computer-model amorphous systems
and compare them with experimental results in real space, since the decrease
in the dimensionality from the three-dimensional (3D) bulk material [15] to
2D networks makes the calculations feasible.[64]

The silica bilayer is today in the tool box of 2D materials,[65] thanks to
extensive characterization that includes studies of: work function[66], band-
gap[67], crystalline-vitreous interface[14], atomic[68, 69] and molecular[69–
71] sieve, confined chemistry[72–74], bending rigidity[75], 2D zeolites[76–78],
transferring from one substrate to another[79] and imaging in water[80]. With
all this knowledge available, the silica bilayer becomes an interesting dielectric
material for nanoelectronic devices.[65]

Besides the growth of bilayer films on Ru(0001), the film has been pre-
pared on graphene[81], Pt(111)[82], Pd(111)[71, 83], Pd(100)[84, 85] and
NixPd1−x(111)[86]. The impact of the metal support on the silica film structure
is the topic of the next section. Understanding the mechanisms that determine
the structure of the films when they are prepared on different substrates has
been of great help to predict the structures of germania films by changing the
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metal support.

1.4.1 Influence of the Substrate

The structure and properties of metal-supported silica films are strongly in-
fluenced by the composition of the metal substrate.[66, 82, 83, 86, 87] Struc-
turally, the films adopt different atomic arrangements when prepared on dif-
ferent metal substrates, as it was introduced in the previous section.

Table 1.2 shows properties of some crystallographic planes of metals (and
graphene) that have been used to support silica films. The supports are listed
in decreasing order of oxygen affinity, as evidenced in their calculated heat of
dissociative adsorption of O2 (∆Hads(O2)=2∆H0

f (metal-O) - ∆H0
f (O-O).[88]

Regarding the substrate geometry, Ru(0001), Pt(111), Pd(111) and graphene
have hexagonal symmetry, while Mo(112) has a 2D rectangular unit cell and
Pd(001) a square one. The table also shows what kind of silica film configura-
tions have been experimentally observed (tick) or not (cross). There is a clear
tendency to form bilayer films at high values of ∆Hads(O2). In addition, the
crystalline bilayer films on Pd(111) and Pd(001) are non-commensurate, while
the one on Ru(0001) forms a (2 × 2) superstructure.

Table 1.2: Properties of some substrates used to support silica films. The follow-
ing information is provided for each support: crystallographic structure; 2D lattice
vectors (Å); calculated heat of dissociative adsorption of oxygen (kJ mole−1)[88]; ex-
perimental observation of silica monolayer (ML), crystalline and amorphous bilayer
(BL) films.[13, 54, 60, 61, 71, 81–85]

Support Cryst. 2D vectors ∆Hads(O2) ML Cryst. Amorph.
Struct. (Å) (kJ mole−1) BL BL

Mo(112) bcc 2.72 × 4.45 -544 X × ×
Ru(0001) hcp 2.70 × 2.70 -220 X X X
Pd(100) fcc 2.77 × 2.77 -170 × X X
Pd(111) fcc 2.75 × 2.75 -170 × X X
Pt(111) fcc 2.77 × 2.77 -133 × × X
Graphene 2.46 × 2.46 × × X

The impact of the metal substrate on the atomic structure of silica films is
explained by the interplay between three main components: (1) film-substrate
interaction, (2) lattice mismatch, (3) substrate geometry.[83]

Xin Yu et al. suggest that the ∆Hads(O2) of the metal substrate determines
the structure of the silica film, while the lattice mismatch is not a critical
element.[82] The trend shows that supports with high oxygen affinity, like Mo,
forms chemically bonded monolayer films; inert metals, like Pd and Pt, interact
less with the film and permits the formation of non-commensurate crystalline
structures, as well as decoupled amorphous bilayer films; and intermediate
metal supports, like Ru, exhibits both types of behaviors.
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On the other hand, Jin-Hao Jhang et al. put the emphasis in the lattice mis-
match to explain the different configurations that the bilayer films adopt.[83]
For instance, the trend that is observed on silica bilayer films supported on
Ru(0001), Pd(111) and Pt(111) (surface lattice constants: 2.70, 2.75, 2.77 Å,
respectively) supports this argument. Bilayer films on those substrates have
a lattice mismatch of 2.2, 3.8 and 4.6%, and form commensurate crystalline
films, non-commensurate crystalline films and only amorphous films, respec-
tively. In support of this argument, Andrei Malashevich et al. have shown
theoretically that tensile strain favours the formation of larger rings.[87] Ex-
perimentally, a zero-strain film has been grown on a Ni0.48Pd0.52(111) surface,
resulting in a crystalline phase, in agreement with this argument.[86] One must
clarify, that when the film-interaction is too strong, this argument is no longer
valid, because chemical interactions govern the structure, as it has been shown
by doping the silica film with Al.[83]

With respect to the geometry of the substrate, silica films grow epitaxially
if there is a direction along which they can relax their hexagonal structure and
form, additionally, periodic defects to release tensile strain.[84]
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Experimental Methods

This chapter is divided in three main sections: experimental techniques, experi-
mental setup and preparation conditions. In the first one, a short description of
the methods used in this thesis is given, namely: STM, LEED and I/V-LEED.
Second, the UHV chamber where the films were prepared and characterized is
presented. Finally, the general recipe to prepare ultrathin germania films on
Ru(0001), Pt(111) and Au(111) is reported.

2.1 Experimental Techniques

2.1.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy, or STM, is considered one of the most used
methods for the analysis of solid surfaces. It has proven to be an extremely
powerful tool for many disciplines in condensed-matter physics, chemistry and
biology. The STM can resolve local electronic structures at the atomic scale on
literally every kind of conducting solid surface, thus also allowing its atomic
structure to be revealed. This technique was invented by G. Binning and
H. Rohrer in 1982 [89] for which they were awarded with the Nobel Prize in
physics in 1986. Further developments have led to STM-based spectroscopic
methods which provide information about different sample properties. For
example, scanning tunneling spectroscopy (STS) [90, 91] focuses on the local
densitiy of states (LDOS) of surfaces and adsorbates; inelastic electron tun-
neling spectroscopy (IETS) [92, 93] studies vibrational properties of molecules
on surfaces or the surfaces itself or also vibrational modes characteristic of the
structure of the tip apex [94]; photon scanning tunneling microscopy (PSTM)
[95–98] gets information about local optical properties.

When a bias voltage is applied between a conductive surface and an atom-
ically sharp tip, and they are brought close to each other (∼5 Å), a current in
the nanoampere range starts to flow before they touch, a phenomenon that is

11
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forbidden in classical physics. The origin of this current is known as quantum
tunneling effect. Since the distance between the electrodes is small enough,
the wave function at the tunneling junction is different from zero and permits
electrons to cross the barrier, as shown in the bottom part of Fig. 2.1. By
applying a negative bias (eV) voltage to the tip with respect to the sample,
the tip Fermi level (ET

F ) raises and electrons in the tip filled states tunnel into
the empty states of the sample (see Fig. 2.1, upper part). The bias voltage
can be inverted, and electrons flow in the opposite direction.

The strong sensitivity of the STM lies in the strong dependence of the
tunneling current on the tip-sample distance. By scanning the surface area
with the tip, contours of equal current or height can be obtained, which are
sensitive to the LDOS of the system. By making a careful interpretation of
them, the surface topography can be derived.

Figure 2.1: 1D scheme of the energy levels and wave functions at the quantum
tunneling junction. The figure has been taken from Ref. [99].

We can simplify the system and derive the exponential decay that describes
the tunneling current as a function of the tip-sample distance, as shown in Eq.
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2.1[100]. In order to obtain this equation it is necessary to make a series of
approximations, introduced by J. Tersoff and D. R. Hamann.[101, 102] The
one-dimensional (1D) system is solved by assuming low bias voltages, low
temperatures, s-like wave functions in the tip apex, and considering only elastic
tunneling processes.

I ∝ exp

(
−2S

√
2m

~2

(
〈φ〉 − e|eV |

2

))
(2.1)

Where S is the tip-sample distance, m the electron mass, e the electron
charge, ~ the reduced Planck constant, 〈φ〉 the average of the work function
of the tip φT and the sample φS, and eV the bias voltage.

The exponential dependence of the tunneling current on the tip-sample
distance is responsible for the STM high vertical resolution of around 10 pm.
Laterally, depending on the sharpness of the tip apex, the resolution is about
200 pm.[100] The STM experimental setup is described in Section 2.2.2.

2.1.2 Low-Energy Electron Diffraction

For more complete and detailed information about the technique, refer to [103,
104]. In 1927, C. Davisson and L. Germer observed the angular distributions of
electrons scattered from Ni and explained their data in terms of diffraction of
electrons [105]. This observation earned Davisson the Nobel prize in physics in
1937 and turned out to be the first experimental proof of the wave-like behavior
of massive particles as postulated by Prince Louis-Victor de Broglie.[106]

The LEED apparatus, shown in Fig. 2.2 (b), consists of an electron emitter
that ejects electrons towards the sample and a screen where the scattered
electrons are visualized. In more detail, a current is passed through a cathode
filament which is biased negative with respect to the anode, hence accelerating
the electrons. Between the cathode and anode, a Wehnelt cylinder focuses the
beam by setting an additional negative voltage. After passing through the
cathode, the electrons trajectory is converged and guided by the presence of
a series of electrostatic lenses. Finally, the electrons are backscattered from
the surface and accelerated towards a high-voltage (and positive) phosphorus
screen. Inelastically scattered electrons do not reach the screen due to the
presence of energy-filtering grids which are set at slightly more positive than
the original electron energy. All parts are enclosed in an ultra-high-vacuum
chamber given the low inelastic mean free path of electrons in air.

Unlike what we saw in the previous section, where a microscope image is
close to be a map of the structure of the system in real space, a diffraction
pattern of a crystal is a map of its reciprocal lattice. Both lattices, the real and
the reciprocal one, are related by simple equations. For simplicity reasons, we
reduce the dimensionality of the system to two dimensions. The basis vectors
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a1 and a2 describe the real space 2D lattice and define the smallest parallelo-
gram from which the structure is described in real space. The corresponding
reciprocal lattice vectors a∗1 and a∗2 are related to the real vectors through the
following equation:

ai · a∗j = δij (2.2)

where i, j = 1 or 2 and δij is the Kronecker δ function. This implies that
a∗i ⊥ aj for i �= j, and the magnitude of a∗i is inversely proportional to the one
of ai

As we mentioned above, the diffracted electrons correspond to a reciprocal
space image of the lattice from which the electrons are diffracted. Hence,
by uncovering the relationship between a reciprocal space and the real space
lattice, we can use LEED patterns to investigate the order, periodicity and
symmetry of the surface structure.

In contrast to XRD, electrons do not penetrate so deeply into the crystal
becoming then a surface-sensitive technique. Electron scattering is surface
sensitive if the electrons have the right energy. The inelastic mean free path
of electrons in solids at different energies does not depend strongly on the
chemical identity of the solid. Therefore, in a first approximation, the relation
of the inelastic mean free path with the electron energy is universal, as it is
shown in Fig. 2.2 (a). Moreover, for incident energies between roughly 20 and
500 eV, electrons interact strongly with the matter, thus having an inelastic
mean free path between 5-10 Å, ideal for surface analysis.

Figure 2.2: (a) Variation in the mean escape depth with increasing electron energy.
Reproduced from Ref. [107]. (b) Diagram of a standard LEED setup. The scheme
was taken from Ref. [108].



Chapter 2. Experimental Methods 15

2.1.3 Dynamic Low-Energy Electron Diffraction: I/V-
LEED

A LEED pattern provides valuable information about the degree of order of
the surface under investigation, the size of the unit cell, and the presence of
domains and superstructures. However, it is only possible to assess the precise
position of the atoms by measuring the intensity of elastically scattered low-
energy electrons as a function of the energy (the so-called I/V-LEED curves).
With the complementary help by other techniques, one must prepare a list
of plausible structural models, calculate their I/V-LEED curves, and compare
them with the experimental ones. If the experimental and theoretical curves
for a given proposed model match precisely, the structure of the surface is
unraveled.

The theory that best describes the dependence between the geometric
atomic structure and the intensities of the spot profiles as a function of the
energy is the dynamical theory of LEED.[109, 110] This theory, unlike the
kinematic theory, considers multiple scattering of electrons, that cannot be
negligible due to the large electron-atom cross section at low energies.[110]

In order to perform the I/V-LEED analysis, we have used the software
symmetrized automated tensor LEED (SATLEED).[111] The calculation pro-
cess assumes a number of considerations and approximations that we mention
below.

First, the surface is modeled with the so-called muffin-tin approximation.
In it, each atom is represented by a spherical potential within a sphere that
does not overlap with the adjacent ones. In the regions between the spheres,
the potential is considered constant. This potential is known as muffin-tin
constant or inner potential and is responsible for changing the kinetic energy
of the electrons after diffracting on the surface. Its value is typically between
5-15 eV, and is adjusted during the structure optimization process.[110]

Second, since the I/V-LEED analysis considers the spot behavior of elas-
tically diffracted electrons, all inelastically scattered electrons are simply ex-
cluded from the total intensity. An imaginary part of the potential, or optical
potential, considers the amount of electrons that loose energy. Its value can
be obtained from the experimental peak widths of the I/V curves.

Third, SATLEED uses perturbation theory for the structure optimization
process.[112, 113] The atomic coordinates of the reference structure are dis-
placed by a small amount, permitting to treat this new trial structure by first
order perturbation theory, which saves substantial computer time.

In order to quantify qualitatively the agreement between the calculated
and experimental I/V curves a reliability factor (R-factor) is used. Among
the many that exist, we use the Pendry R-factor (RP ) in this thesis, which is
more sensitive to the peak positions than to the intensity of the curves.[114]
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Mathematically, it uses the logarithmic derivative of the intensity as a function
of the energy, as shown as follows:

L =

(
∂I

∂E

)
I

(2.3)

However, instead of L, a bounded function, Y, is preferred to avoid large
numbers at low intensity values:

Y =
L

[1 + (LV0i)2]
(2.4)

The function Y gives equal mathematical weight to all the peaks, regardless
of their intensity. Finally, the RP is defined by the mean squared deviation
of the Y functions of the calculated (Ycalc) and experimental (Yexp) curves,
and divided by a term that makes RP=1 if there is no correlation between the
curves:

RP =

∑
c

∫
(Yc,calc − Yc,exp)2dE∑

c

∫
(Y 2

c,calc + Y 2
c,exp)dE

(2.5)

The summation is over the different curves c corresponding to sets of equiv-
alent spots, and the integral over the whole energy range for each curve. A
perfect agreement between theory and experiments gives an RP=0, if the curves
are not correlated RP=1, and if they are anti-correlated RP=2, which is the
maximum possible value.

2.2 Experimental Setup

2.2.1 Ultrahigh-Vacuum Chamber

All experiments presented in this thesis were carried out in the same UHV
chamber, which has been built by Niklas Nilius and is still located in the
Fritz-Haber-Institute of the Max Planck Society.[115, 116] The setup has been
updated during the years of this project, thus the following description corre-
sponds to its status in July 2019.

During the years of this PhD thesis the following upgrades have been imple-
mented: (1) a load-lock that permits to insert and take out samples without
breaking the UHV conditions of the whole chamber, (2) new STM Nanonis
electronics and software that provide less electronic noise and more control
over the scanning area, (3) new wiring for all the electronic equipments pro-
viding the proper shielding and spatial arrangement to avoid coupling effects,
(4) a new molybdenum support in the heating stage with a hook termination
to prevent samples from falling to the bottom of the chamber, (5) a Helmholtz
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coil to correct the alignment of the LEED and I/V-LEED measurements by
creating an external magnetic field (more details in Section 2.2.3), (6) an ac-
tive vibration isolation table that decouples the chamber from the external
noise. The updated experimental setup is illustrated in Fig. 2.3, which has
been modified from the original figure in the thesis of Dr. Hadj Mohamed
Benia.[117]

Figure 2.3: Scheme of the UHV chamber used in the experiments. Updated from
Ref. [117].

The setup consists of two chambers that are separated by a gate valve. The
preparation chamber (on the right-hand side in Fig. 2.3) is used to clean sub-
strates, prepare films, get LEED patterns and measure dynamic I/V-LEED.
The other one, the PSTM chamber (on the left-hand side in Fig. 2.3), contains
the microscope that is surrounded by a parabolic mirror for optical measure-
ments. The background pressure is around 8−10 mbar and is achieved by a
turbo-molecular pump (pumping speed 150 l/s) in the preparation chamber
and an ion-getter-pump (155 l/s) supported by a titanium sublimation pump
(TSP) in the PSTM chamber. The preparation chamber contains: a sput-
ter gun (Ar ion sputtering), two electron beam evaporators (containing a Si
rod and Ge powder in a graphite crucible), a high-pressure oxygen vessel, a
load-lock, and a three-grid LEED apparatus surrounded by a Helmholtz coil
arrangement.

The samples are heated by thermal electron emission by applying 2000 V to
the sample and passing 5 A through a homemade filament of W/Th placed at
the back side of the sample, connected to ground potential. A pyrometer, with
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a range between 573-2273 K, measures the temperature. The cleaning process
of metal samples is done by combining several cycles of oxygen annealing, UHV
annealing and Ar+ sputtering . STM images and the LEED pattern determine
when the cleaning process stops (see Section 2.3 for more details).

The metal samples, Ru(0001), Pt(111) and Au(111), are carried by molyb-
denum holders, as shown in Fig. 2.4. The sample holder carries the crystal
by pressing it through two slots on both opposite sides of the sample. The
rectangular shape of the holder is necessary to be hooked by the manipulator
and transported in the chamber.

Figure 2.4: Photo of the Ru(0001) crystal supported by a molybdenum sample
holder.

2.2.2 Beetle Type PSTM

Typically, after a film preparation the sample is transferred immediately into
the PSTM chamber. The whole microscope is surrounded by a liquid-nitrogen
flow cryostat, which allows the STM head to be cooled down to temperatures of
around 77 K, measured by a K-type thermocouple. In order to avoid significant
thermal drift during the STM imaging, it is necessary to wait normally a few
hours to get thermal equilibrium, since the STM head is cooled by liquid
nitrogen and the sample is normally still cooling down from high temperature
processes.

The STM head is suspended by four springs and is also coupled to an eddy
current damping system in order to isolate the structure from vibrational noise.
In addition to that, the whole system is fixed on an active vibration isolation
table for decoupling the microscope from external vibrations, providing stable
tunneling conditions.

The microscope has a Besocke or beetle-type design, which is characterized
by, as said by Karl Besocke himself, simplicity and stability.[118] The basic
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setup consists of three piezoelectric tubes, known as carriers, arranged in an
equilateral triangle configuration on which the sample plate is laid down, as it
is shown in Fig. 2.5. The sample plate has three ramps on its bottom part,
which convert the tangential movement of the carrier piezos into a movement
in the z-direction, which is used for the approach and withdrawal of the sample
with respect to the fixed tip. Additionally, movement in x- and y-direction is
also obtained by coordination of the same carrier piezos, phenomenon known
as stick-slip motion. This configuration provides a large scanning area of 10
× 10 × 1 µm3. The sample bias is applied through one of the three stainless
steel balls (radius=1 mm) that are attached at the end of the piezo carriers.
The metallic tip is carried by a central piezoelectric tube with a movement
restricted to the z-direction and faces the sample surface through a hole in the
central plate.

Figure 2.5: Beetle STM design of Besocke and Frohn et al.

The tunneling current that flows between tip and sample, or vice-versa
(described in Section 2.1.1) is amplified by a current amplifier to become a
voltage, which is compared with a set value. The difference is then amplified
again to drive the z-piezo. The phase of the amplifiers is chosen to provide
negative feedback. That means, if the tunneling current is larger than the
reference value, then the voltage applied to the z-piezo tends to withdraw the
tip from the sample surface, and vice versa. Consequently, in the constant
current mode the tunneling current is kept constant and the tip-sample dis-
tance is adjusted according to the current signal. The z-position of the tip is
recorded and yields an image that shows the available LDOS up to the given
tunneling bias. In the constant height mode the feedback is disabled or a very
weak feedback is still present to maintain a constant average tip-sample dis-
tance. The image is formed by recording the tunneling current versus the x-
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and y- coordinates. Because in this mode the adjusting of the surface height
is not needed, a higher scan speed can be obtained. This is useful to study
dynamic processes such as film growth or diffusion on surfaces. This mode is
only appropriate for atomically flat surfaces as otherwise a tip crash would be
inevitable. During our work, only the constant current mode has been used.

The PSTM has also the capability to measure light emitted from the STM
junction. Although no optical measurements are shown in this PhD thesis, they
can serve as powerful characterization methods in systems that are suitable for
the current experimental setup. For instance, deposition of Ge nanoparticles on
either ultrathin silica or germania films comprises a interesting system to study
with atomic sensitivity the photo-luminescence of Ge quantum dots (QDs),
which is still poorly understood.[119–122]

A short overview of the microscope optical skills is given next.[117, 123]
In order to get the light, the microscope head is surrounded by a parabolic
mirror, whose focal point is located at the tip apex (Fig. 2.3). This mirror
is made of AlMg3 and coated with a thin aluminum film, delivering a very
low thermal expansion coefficient. With this configuration, some of the light
emitted in random directions by the tip-sample junction is collected by the
mirror and translated into parallel optical paths, which are collected by a
second parabolic mirror situated outside the UHV chamber and are delivered
finally to a liquid-nitrogen-cooled PI/Acton SP-2156 spectrograph with a 1340
× 100 pixel charge-coupled device (CCD) camera attached. In order to get
enough intensity over a large spectral range (200 nm (6.2 eV) to 1000 nm (1.2
eV)), the spectrograph is equipped with two gratings (150 grooves/mm) with
different blazes at 300 and 500 nm.

2.2.3 I/V-LEED Setup

The I/V-LEED experimental data is obtained by recording systematically a
set of LEED patterns at different electron kinetic energies. The quality of
the data is mainly determined by the symmetry of the LEED pattern, which
depends on the alignment between the sample and the electron gun, and on the
presence of external magnetic fields that may deflect the electrons undesirably.
Regarding the former, one must have a symmetrically correct sample holder
and position it perpendicular to the electron gun. With respect to the second,
fine alignment is obtained by the implementation of a Helmholtz pair outside
the UHV chamber. Two hexagonal-shaped coils are oriented along the same
axis, perpendicular to the floor and spaced by the radius of the hexagons. Each
of the coils contains 15 rounds of silicon-coated copper wire, which together
generate a homogeneous magnetic field in the vertical direction in the center of
the coil, where the sample is located. The goal of the device is to cancel external
magnetic fields and to fine-adjust the trajectory of low-energy electrons by



Chapter 2. Experimental Methods 21

exposing them to the Lorentz force.
The experimental I/V-LEED process requires automation for reducing time

and human effort. In our setup, a LABVIEW script coordinates the three
components involved in the measurement: the LEED, the Helmholtz coil power
supply and the camera. The coordination process is summarized in Fig. 2.6.

Figure 2.6: Photo and diagram of the I/V-LEED setup. The figure has been taken
from Ref. [124].

More specifically, the software is in charge of running the following cycle:
(1) set the kinetic energy of the electrons emitted by the electron gun; (2)
adjust the current that flows through the Helmholtz coil; (3) take a picture;
(4) ramp up the energy and start again. In our particular case, a typical
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energy range encompasses 60 to 540 eV in steps of 1 eV every 3 seconds; thus
the whole experiment lasts 24 minutes.

Figure 2.7: Experimental I/V curves of five equivalents spots and LEED pattern
at 318 eV of Ru(0001). The five curves are averaged, smoothed and normalized, as
shown in the black curve.

As it was mentioned above, the quality of the data is determined to a large
extent by the symmetry of the LEED pattern. The most sensitive way to
test the symmetry of the data is to analyze a plot of the intensity of sets of
equivalent spots versus the kinetic energy. To do that, one must track the spots
and integrate over their intensity as a function of the electron kinetic energy.
The software that we use for this task has been developed and provided by
Helmut Kuhlenbeck. The resulting graph is called intensity-voltage or I/V
curve. An example of this is given in Fig. 2.7, where the I/V curves of five
spots, equivalents to the (1,1) of the Ru(0001), are shown. A LEED pattern of
the system at 318 eV is provided in the upper right corner of the figure. The
five spots of interest are labelled with the same color as their I/V curves. The
shadow of the electron gun blocks the sixth spot that completes the set from
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being tracked.
Given the expected 6-fold symmetry of the Ru(0001) LEED pattern (see

Section 3.1.1), it is important that the curves match precisely the same peak
positions. Conversely, the intensity of the curves does not have to match,
indeed, some differences can be caused by non homogeneous damage of the
phosphorous LEED screen, like in our setup, where the spots at the bottom
part of the screen are less intense than the upper ones (see Fig. 2.7).

In case the peak positions do not match, the sample-holder position and/or
the function that describes the current that flows through the Helmholtz coil
must be corrected. Once this is adjusted, the equivalent I/V curves are av-
eraged, smoothed and normalized by the incident current (see black curve in
Fig. 2.7. By getting the I/V curves, like the black one in Fig. 2.7, for each set
of equivalent spots, the experimental part of the I/V-LEED study is finished
and the comparison with the calculated curves starts (see Section 2.1.3).

2.3 Preparation Conditions

Figure 2.8: Preparation steps of a germania monolayer film on Ru(0001) followed
by STM and LEED. The electron kinetic energy in the LEED patterns is 80 eV, and
all STM images have a size of 160.0 nm × 160.0 nm. (a) IT=1 nA, VS=2 V. (b)
IT=1 nA, VS=2 V. (c) IT=0.5 nA, VS=0.8 V. (d) IT=0.4 nA, VS=2.7 V.

In this section, the steps of the synthesis of ultrathin germania films on
Ru(0001), Pt(111) and Au(111) are described. The recipes to obtain the dif-
ferent germania polymorphs follow the same basic steps, which are also based
on previously reported silica film preparations.[60] All the steps are carried out
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under UHV conditions. The different preparation steps are described next:

1. Clean the single crystals. Firstly, they are annealed in 2 × 10−6 mbar
of oxygen pressure for 10 minutes at 1250 K. The cleaning process is
followed by several cycles of UHV annealing for 1 minute at 1450 K for
Ru(0001), at 1350 K for Pt(111) and at 820 K for Au(111); alternated
with Ar+ bombardment at 1 kV for 30 min. The cycles are repeated until
the LEED pattern shows six sharp spots, as it is shown in 3.3 (b), for the
case of Ru(0001). Additionally, clean and flat terraces divided by sharp
monatomic steps of ruthenium or platinum are observed in the STM.
Typically, the crystals are clean after two or three cycles of sputtering
and annealing.

2. The metal substrate is pre-covered with oxygen in the case of Ru(0001)
supported films. To do that, the crystal is annealed up to 1100 K for 10
minutes in an oxygen pressure of 2×10−6 mbar. This oxygen atmosphere
is kept in the chamber until the end of the preparation process. An
oxygen layer is adsorbed forming a (2 × 2)-3O structure.[125, 126] The
clean Ru(0001) and its (2 × 2)-3O structure have been characterized in
detail by performing an I/V-LEED study, described in Section 3.1. The
corresponding LEED pattern is shown in 3.3 (c). For growing films on
Pt(111) and Au(111), this step is omitted.

3. Evaporate germanium. Germanium is evaporated by physical vapor de-
position (PVD) from a graphite crucible containing Ge powder. 700 V are
applied between the crucible and the filament, while 2 A flows through
it. Electrons hit the crucible and provide enough energy to evaporate Ge
in a controlled way. We vary slightly the current in order to get a con-
stant ion flux of 15 nA during the whole evaporation process. The time
of deposition determines the coverage of the film and follows a linear de-
pendency. 30 minutes of evaporation provides enough material for a fully
covered monolayer film. Due to the linear dependency between evapo-
ration time and coverage, that we previously mentioned, 60 minutes of
evaporation produces a bilayer film.

4. Annealing in oxygen. This step determines the polymorph that it is go-
ing to be formed, for a given coverage (determined by the amount of
evaporated Ge). The films are annealed for 10 minutes in a range of
annealing temperatures between 770 K and 950 K. By annealing below
770 K, the surface looks rough in the STM and blurry spots are observed
by performing LEED. Above 950 K, the dewetting of the films occurs.
The exact annealing temperatures for every phase are given in the cor-
responding sections. In the case of the films supported on Au(111), they
are formed at temperatures lower than 573 K, the minimum temperature
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that we can measure. After the annealing, the system is cooled down by
turning off the heater. 10 minutes later the oxygen valve is closed and
the UHV conditions are recovered.

As a graphic example, Fig. 2.8 illustrates the four described steps in a
preparation of a germania submonolayer film supported on Ru(0001) followed
by STM and LEED. The clean Ru single crystal and the Ru(0001)-(2 × 2)-3O
do not show any difference in a large scale STM image, however the oxygen
superstructure is clearly observed in the LEED pattern. The time of Ge evap-
oration determines the final coverage of the film, since the other evaporator
parameters are kept constant. After the evaporation process a rough surface
with big particles are seen by STM, and the LEED pattern do not show the
(2 × 2) anymore and the metal substrate spots appear blurry. Finally, the sys-
tem is oxidized producing an atomically flat film which shows a sharp (2 × 2)
LEED pattern, characteristic for a clean germania monolayer film on Ru(0001),
which is the topic of the next section.





Chapter 3

Ultrathin Germania Films on
Ru(0001)

In this chapter we present the structural characterization of germania films
supported on Ru(0001). The study includes STM imaging, LEED, I/V-LEED
analysis, and support from DFT calculations from Philomena Schlexer, Sergio
Tosoni and Gianfranco Pacchioni from the Department of Materials Science in
Università di Milano-Bicocca, Italy.

In the first section, the monolayer film is described. The film forms a (2 × 2)
superstructure with respect to the Ru(0001) support, as it is clearly observed
in its LEED pattern. Atomic-resolution STM images provide a comprehensive
picture of the top-most layer that consists of a hexagonal network with six
oxygen and six germanium atoms per ring. Different tunneling conditions allow
us to obtain chemical sensitivity and identify both cations and anions in the
film. With this information in hand, an I/V-LEED study has been performed
to assess the full structure of the film and the substrate, which is inaccessible
with the STM alone. The atomic coordinates that the I/V-LEED calculations
require to predict I/V-curves are taken from the most stable DFT models and
are further optimized to fit the experimental I/V-curves. After finding an
appropriate model, reflected in a low Pendry R-factor, the coordinates of the
atoms of the whole film and the ones of the first layers of the substrate are
determined with high accuracy.

After the successful elucidation of the crystalline structure of the film, we fo-
cus on the defect structures that are observed in STM images. Detailed atomic
characterization allows us to classify many boundary structures according to
the different ring-size combinations that are involved. The presence of differ-
ent ring-sizes is required to form amorphous networks, therefore those defect
structures gave us the first indications of potential 2D amorphous networks.
Most of the data presented in this chapter has been published in Physical
Review B, Ref. [124].

27
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Finally, the thickness of the film is increased by preparing films with twice
as much germanium, constituting our first attempt to grow a bilayer of ger-
mania. It forms an amorphous network characterized by a strong interaction
with the Ru(0001) metal support, which leads to a corrugated structure that
hinders us to acquire highly-resolved STM images. Nevertheless, we observe
some patches with ring combinations similar to those of the amorphous silica
bilayer. A comparison between the germania and silica bilayer is given in Sec-
tion 6.4. The results of the last section are part of an article published in the
Journal of Physical Chemistry C.[39]

3.1 Germania Monolayer Film

The film is prepared as described in Section 2.3. In this section we focus on
a fully-covered monolayer film, although submonolayer films can be prepared
by reducing the amount of evaporated Ge. Fig. 3.1 (a) shows a large-scale
STM image of a fully covered germania monolayer film that exhibits four ter-
races separated by well-defined monatomic steps of the Ru(0001) substrate
underneath.

Figure 3.1: STM images of a germania monolayer film on Ru(0001). The image
in (b) corresponds to the scan area marked with a dashed-line square in (a). (a)
170.0 nm × 170.0 nm, IT=0.7 nA, VS=3.0 V. (b) 26.0 nm × 26.0 nm, IT=0.6 nA,
VS=1.0 V. The figure is adapted from Ref. [124].

The film grows atomically flat and presents only a few holes which are
typically no larger than 5 nm in diameter. Boundary structures of the film
are observed under the working tunneling condition as protruded thin lines
that decorate the terraces of the film (Fig. 3.1 (a)). A close-up STM image of
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the dashed-line square in Fig. 3.1 (a) is shown in Fig. 3.1 (b). It has a size of
26.0 nm × 26.0 nm and resolves the ring structure of the film. The main phase
forms a honeycomb-like structure formed by 6-membered rings, which is better
resolved in Fig. 3.2, discussed below. In addition, we can appreciate that the
domain boundary structures consist of well-defined structures that form mostly
straight lines and join with each other, most of the times, through connection
points, as observed in Fig. 3.1 (b). Interestingly, the unit blocks of these
arrangements are rings of different sizes. In Section 3.1.2, a detailed analysis
of the diversity and structural arrangement of these defects is given.

We focus now on the atomic structure of the main hexagonal phase. In
order to determine the arrangement of the top-most layer of atoms, highly-
resolved STM images are taken on different positions of the surface. Interest-
ingly, two different contrasts are observed while scanning at different tunneling
conditions and probably with a different tip termination. We correlate the dif-
ferent contrasts to the sensitivity of the STM towards the two elements that
form the film: oxygen and germanium.

In practice, the scanning tip apex can touch intentionally or randomly the
surface and pick atoms or molecules from the surface. This contact with the
surface may produce, in addition, a deformation of the tip-apex atomic-profile.
Intentionally, the tip shape can be modified by voltage pulses close to the sur-
face or by insertion of the tip into the sample in a relatively controlled way.
Unintentionally methods may occur at any moment during the scanning pro-
cess and involve undesired adsorbates at the tip, strongly corrugated surfaces
that impact the tip, etc. In all cases, the tunneling process is affected and is
evidenced in different image contrasts of the same sample system.[127, 128]
Although the tip apex modifications are usually unintended and undesired, in
our case we take advantage of this phenomenon providing chemical sensitivity
to our STM measurements.

Figs. 3.2 (a) and (b) illustrate two high-resolution STM images of size
4.7 nm × 4.3 nm. They correspond to the same honeycomb-like structure of
the main phase of the germania monolayer on Ru(0001), although they were
not taken in the exact same position. In the STM image in Fig. 3.2 (a) a set
of relatively equally-intense protrusions are observed and, in the right-hand
side of the image, red balls are superimposed and connected to each other by
yellow and white equilateral triangles. The white and yellow triangles appear
alternately and are rotated by 30◦ with respect to each other. A side of the
triangle has a length of 2.9 Å, which fits well the O-O distance shown in Table
1.1 for bulk germania. Consequently, we assume that this contrast corresponds
to the oxygen atomic positions. We can see already that by connecting the
protrusions, rings of six oxygen atoms are formed.

On the other hand, Fig. 3.2 (b) shows the second type of contrast that we
observe in the system. It exhibits a honeycomb-like structure formed by regular
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Figure 3.2: Atomic resolution STM images of a germania monolayer film on
Ru(0001). Superimposed red balls represent oxygen atomic positions and the blue
ones germanium. On the top right part the GeO4 unit block is drawn. (a)
4.7 nm × 4.3 nm, IT=0.3 nA, VS=0.2 V. (b,c) 4.7 nm × 4.3 nm, IT=0.5 nA,
VS=2.0 V. The figure is adapted from Ref. [124].

hexagons. In this case, the protrusions are superimposed with blue balls and
connected to each other with white dashed-lines. One more time, by comparing
the atomic distances in bulk amorphous germania with the measured distance
between two adjacent protrusion (3.2 Å) in Fig. 3.2 (b), we assign this contrast
to germanium atoms.

We can make one step further and find the way to link the oxygen and
germanium atoms together. The GeO4 tetrahedron unit block described in
Section 1.3 provides a good explanation. The tetrahedron consists of one
germanium atom surrounded by four oxygen atoms (see top right part of Fig.
3.2). One can think that the vertices of each white and yellow triangle (Fig.
3.2 (a)) correspond to three of the four oxygen atoms of one GeO4 tetrahedron
and the fourth oxygen atom faces down into the plane of the surface and cannot
be seen by STM. Moreover, two adjacent tetrahedra are linked by sharing an
oxygen atom.

Assuming the tetrahedral configuration, every germanium atom (blue balls
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in Fig. 3.2 (b)) must be located in the center of the tetrahedra (triangles in
Fig. 3.2 (a)). This model is presented in Fig. 3.2 (c) by superimposing the
oxygen and germanium networks on the same image. Finally, the full picture
of the top-view of the germania monolayer film is obtained. This 2D view of
the film structure is formed by rings of six O and six Ge atoms (6-membered
rings). Due to the fact that two adjacent tetrahedra unit blocks are rotated
along an axis perpendicular to the surface by 30◦ with respect to the each
other (manifested in the oxygen-resolved STM image in Fig. 3.2 (a)), the 6-
membered rings present a particular shape, different from a regular hexagon.

Thus far, STM imaging allows us to derive the atomic structure of the top-
most atomic layer. The different tunneling conditions and uncontrollable tip
configuration help us to sense different chemical entities without the need to
use spectroscopic methods.[129, 130] Since the utility of the STM is limited to
the very topmost atoms, an I/V-LEED analysis has been performed in order
to get access to the full germania monolayer structure, the topic of the next
section.

3.1.1 I/V-LEED Analysis

The power and accuracy of I/V-LEED to determine structural information has
been discussed in Section 3.1.1. It is important to remark that the strategy
that we follow to elucidate the full structure of the monolayer film on Ru(0001)
is a common and powerful procedure in the surface science community. which
consists on the joint application of STM, I/V-LEED and DFT to unravel
the atomic structure of complex surface terminations, thin films or adsorbate
superstructures. [131–133] It is important to remark that this approach has
been pioneered and promoted by Lutz Hammer and Klaus Heinz from the
Universtät Erlangen-Nürnberg, whose work has inspired us.[134, 135]

In general, STM provides important structural information of the surface
at the atomic scale in relatively short time. It is therefore the adequate tech-
nique to work with in the initial steps of developing and optimizing the material
preparation conditions pursuing to get a flat surface, minimize the amount of
defects and avoid coexistent phases. If the system fulfills the previous require-
ments, an I/V-LEED analysis can be carried out. At this point, the atomic
coordinates derived from the STM are a useful input for the I/V-LEED calcu-
lations.[134] Complementary, fully relaxed total energy DFT calculations can
contribute to determine the atomic coordinates, specially those that the STM
cannot ‘see’.[135]

Fig. 3.3 shows the LEED pattern after each of the film preparation steps
(detailed in Section 2.3). Fig. 3.3 (a) shows the LEED pattern of a clean
Ru(0001) single crystal formed by sharp spots with 6-fold symmetry, despite
the 3-fold symmetry of an atomically perfect surface of an hcp crystal. The
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Figure 3.3: LEED patterns and atomic models derived from I/V-LEED calculations
for a germania film on Ru(0001) and for previous preparation steps. The LEED
images were taken at Ekin = 60 eV. The size of the top-view atomic models is
0.9 nm × 0.9 nm. (a) clean Ru(0001) crystal, (b) Ru(0001)-(2 × 2)-3O, (c) germania
film in a hcp configuration with oxygen on Ru(0001), (d) side view of the model in
(c) at the plane indicated by the orange dashed line. The atomic coordinates are the
result of the optimization process of I/V-LEED. Drawing is not to scale and height
variations are exaggerated for better visualization. At the bottom, a legend of the
atoms involved is provided. The figure is adapted from Ref. [124].

6-fold pattern is the result of spatial averaging over many atomically flat ter-
races, separated by monatomic steps, which are rotated by 180◦. This fact has
been shown by fine spatial resolution low-energy electron microscopy (LEEM)
for micro-I/V-LEED measurements on single Ru(0001) terraces.[136] After an-
nealing the crystal in 2×10−6 mbar of oxygen pressure for 10 minutes, a (2 × 2)
superstructure is observed in LEED at room temperature (Fig. 3.3 (b)). Fi-
nally, after evaporating Ge and oxidizing the film at 813 K for 10 minutes in
2×10−6 mbar of oxygen pressure, the prepared film exhibits also a (2 × 2) su-
perstructure (as observed in the STM), but the spots show different intensity
(Fig. 3.3 (c)).

The I/V-LEED analysis is carried out for the three systems: clean Ru(0001)
crystal, Ru(0001)-(2 × 2)-3O and germania monolayer film on Ru(0001). The
study of the first two systems enables us, on the one hand, to know in detail
the atomic structure of the film precursors and, on the other hand, we can test
the veracity of our setup by comparison with literature.

The general principles of the experimental and theoretical I/V-LEED mea-
surements have been described in Section 2.1.3. The three systems were mea-
sured at normal incidence, at room temperature, and the electron beam energy
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Figure 3.4: Comparison of theoretical and experimental I/V-LEED curves for
Ru(0001) and Ru(0001)-(2 × 2)-3O. The R-factors for each set of spots are displayed
next to the curves. The figure has been taken from Ref. [124].

range was chosen from 60 eV to 550 eV, recording the intensity every 1 eV.
Specifications of the non-structural parameters for each of the analyzed sys-
tems are detailed below.
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The analysis of the I/V curves of the clean Ru(0001) involves tracking five
symmetry inequivalent set of spots: (0,1), (0,2), (0,3), (1,1), and (1,2), with a
total energy range of 1432 eV. The phase shifts have been calculated from zero
to ten angular momentum number (lmax=10). The muffin-tin radius for Ru
atoms is set at 0.95 Å, the Debye temperature at 440 K, the real part of the
inner potential V0,r=9 eV and the imaginary part, or optical potential, V0,I=-7
eV. The optimized V0,I seems higher than the -5 eV to -6 eV expected value
for clean metal surfaces.[137] This discrepancy in the optical potential may be
explained by a small misalignment from the ideal perpendicular orientation
between the electron gun and the sample that broadens the spectra artificially.
Nevertheless, it does not affect the overall results, since the Pendry R-factor
is acceptable. Only one Ru atom has been optimized in the unit cell; the rest
are kept in bulk positions. The best Pendry R-factor achieved is 0.13. The
experimental and calculated curves are plotted in Fig. 3.4, top part. The
optimized interlayer distance converged to 2.11±0.02 Å, in agreement with
previous measurements.[138, 139] The derived atomic coordinates are attached
in the appendix.

To study the Ru(0001)-(2 × 2)-3O system, 42 spots are tracked and
grouped in 6 symmetry inequivalent sets: (0,1/2), (0,1), (0,3/2), (0,2),
(1/2,1/2) and (1,1), with a total energy range of 2082 eV. The muffin-tin radii
and the Debye temperatures are 0.95 Å and 440 K for ruthenium, and 0.58 Å
and 650 K for oxygen. V0,r=13 eV, V0,I=-6 eV and lmax=10. The optimized
unit cell consists of 15 atoms: the first three layers of ruthenium and three
adsorbed oxygen atoms. 0.18 is the best RP obtained. The I/V-LEED curves
are illustrated in Fig. 3.4, bottom part. The results confirm the presence
of three oxygen atoms per (2 × 2) supercell and provide details of the exact
surface arrangement, following the same tendency reported in the literature.
[126, 140] The atomic coordinates are attached in the appendix.

A top- and side-view of the Ru(0001)-(2 × 2)-3O reconstruction derived
from the I/V-LEED study is shown in Fig. 3.5.

In the upper part of figure, the arrows inside the unit cell (marked in
orange) indicate the shift of the atoms with respect to the bulk positions.
Oxygen atoms occupy hcp hollow sites of the Ru(0001), however they move
towards bridge sites. The top layer of Ru is expanded with respect to the bulk
layer distance (2.14 Å), dRu1−Ru2=2.16±0.02 Å . Three Ru atoms of the unit
cell also undergo a lateral movement as marked in the upper part of the figure.
Within the first three layers of Ru atoms, there are some slight variations in
the height of the atoms expressed by ∆1, ∆2 and ∆3, in the lower part of the
figure. The distance between the oxygen adsorbed layer and the first layer of
Ru atoms is 1.21±0.02 Å

Finally, the germania monolayer grown on an oxygen-covered Ru(0001)
substrate is analyzed by I/V-LEED. The (0,1), (0,3/2), (0,2), (1/2,1/2),



Chapter 3. Ultrathin Germania Films on Ru(0001) 35

Figure 3.5: Top- and side-view of the Ru(0001)-(2 × 2)-3O reconstruction model
derived from I/V-LEED analysis. At the bottom, the side view corresponds to the
plane indicated by the orange dashed line. Lateral displacements and vertical height
variations are detailed at the sides. Drawing is not to scale. In each layer, one Ru
atom per unit cell occurs at a different height (dashed lines) than the other three
(solid lines). The buckling within the Ru layers is shown on the left side. The error
bars were calculated according to [113, 114]. Red circles correspond to adsorbed
oxygen atoms, Ru atoms from the first layer appear in light gray and dark gray
corresponds to the atoms of the second and third Ru layer. The figure has been
adapted from Ref. [124].

(1,1/2) and (1,1) sets of spots are tracked, yielding a total energy range of
2450 eV. The muffin-tin radii are 0.95 Å, 0.58 Å and 0.58 Å, for Ru, Ge and
O, respectively. Debye temperatures are 440 K, 650 K and 280 K for Ru, O
and Ge, respectively. V0,r=12 eV and V0,I=-8 eV, lmax=10.

In order to fit the experimental data, different models (see Fig. 3.6) have
been proposed which are characterized by: different registries with respect to
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Table 3.1: Relative stability per unit area Erel(X)/A (eV/nm2) of the germania
monolayers with different registries. For the systems without oxygen adatom Erel(X)
= [Etot(X) - Etot(hcp, distorted)], and for the systems with oxygen adatom Erel(X)
= Etot(X) - Etot(hcp, distorted Oad), with X = hcp, fcc and top. The table has been
adapted from Ref. [124].

fcc hcp top
distorted 0.45 0.00 0.37

undistorted 2.11 1.66 2.13
distorted with Oad 1.61 0.00 3.89

the substrate, the presence of adsorbed oxygen and different angles of the Ge-
O-Ge bridge bonds. In the calculations, the following atoms per unit cell were
subject to the Tensor LEED atomic optimization process: the first three layers
of Ru, one adsorbed O atom (in some models), two O atoms binding Ge atoms
with the substrate, three O atoms connecting Ge atoms with each other, and
two Ge atoms; the other Ru atoms were kept in bulk positions. The type of
hollow site situated in the center of each ring determines the three different
analyzed registries that we call: hcp, fcc and top. Moreover, distorted and
undistorted structures, mostly given by the orientation of the O bridges, are
part of the comparison. It is important to highlight, that the stability of these
models have been calculated by DFT. The results are exposed in Table 3.1.

The distorted structures with and without oxygen in the interface in the
hcp configuration are the most stable ones, theoretically. Furthermore, the
stability of the different models predicted by DFT is in line with the trend
given by the obtained Pendry R-factors, which are attached next to each model
in Fig. 3.6. The RP dictates the degree of correlation between the calculated
and experimental I/V curves.

Undoubtedly, the distorted versions show better results than the undis-
torted ones, as observed in Table 3.1 and Fig. 3.6. Additionally, the hcp
registry is the most stable configuration in both of its versions with and with-
out adsorbed oxygen. For the rest of the models the RP is always greater than
0.39 (see Fig. 3.6). The lowest Pendry R-factor is obtained for the distorted
hcp structure with oxygen adatoms, RP=0.19 . The experimental and cal-
culated I/V curves for this model are shown in Fig. 3.7 . Removing the O
adatoms from the distorted hcp configuration increases the RP from 0.19 to
0.25. This case represents a good example of a system that cannot be eluci-
dated by using a single technique, however, by combining many (STM, DFT,
I/V-LEED), the structure is successfully unraveled.[135]

We describe below the atomic model of the germania monolayer film sup-
ported on Ru(0001), which was originally suggested by STM images, and fi-
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Figure 3.6: Nein different germania monolayer models proposed by DFT. The fcc,
hcp and top models present different registries between the film and the substrate.
Each of them has a distorted, undistorted and distorted with adsorbed oxygen ver-
sion. Next to each, the optimum I/V-LEED Pendry R-factor is shown. The figure
has been adapted from Ref. [124].

nally validated by agreement between the Tensor LEED optimization process
and the most stable model predicted by DFT.

Both the bond lengths and the angles that are involved in this film are
within the measured range for bulk amorphous GeO2 using ND, XRD, and
AXS.[34, 37] Tetrahedral GeO4 building blocks form a crystalline structure
which is bound to the substrate through oxygen atoms to top and fcc hollow
sites of the Ru(0001). Adjacent tetrahedra are rotated by 30◦ around an axis
perpendicular to the surface, and share one oxygen atom. The top-view of the
atomic model is shown in Fig. 3.3 (c), right part, and the side-view in Fig. 3.3
(d), together with some specific layer distances and height variations. In order
to estimate their error bars the Pendry approach was used.[114] It is important
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to remark the presence of a vertical rumpling in the film due to two different
binding schemes: Ge and O atoms on top positions occur higher than the ones
on fcc hollow sites, as shown in Fig. 3.3 (d), ∆Ge−Ge and ∆O−O. However, the
O atoms in the topmost layer are all at the same height. To compensate for
that, different O-Ge-O angles occur in a range between 103◦ and 114◦. The
angle of the Ge-O-Ge bond is 129±2◦.

Figure 3.7: Comparison between the experimental and theoretical I/V-LEED
curves of the germania monolayer film on Ru(0001). The chosen reciprocal lattice
spots are indicated by their Miller indices. The best match is given by the distorted
germania monolayer in the hcp configuration with adsorbed oxygen, which provides
a RP=0.19. The figure is taken from Ref. [124].

In Fig. 3.3 (d) one can see that those Ru atoms involved in the Ru-O-
Ge bond (dashed line in the figure) are found considerably lower than the
neighboring Ru atoms (solid line), as quantified in ∆Ru1. The Ru-O bond
therein has a length of 1.68±0.02 Å. Moreover, the first ruthenium layer is
contracted similarly to bare Ru(0001) (see dRu1−Ru2 in Fig. 3.3 (d)). The
adsorbed oxygen atoms on hcp hollow sites are located 1.27±0.02 Å from the
first ruthenium layer, in range with the ones in the Ru(0001)-(2 × 2)-3O system
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(1.21±0.02 Å), discussed above.

3.1.2 Boundary Structures

The atomic structure of the main hexagonal phase of the germania monolayer
on Ru(0001) has been described in detail. However, besides the ideal hexagonal
lattice, other ring sizes are also present in the film, forming boundary structures
and connection points between them. The presence of different rings, in this
case in form of defect structures, provides the first indications of a potential
formation of an amorphous phase. Randomly oriented bonds are required in
silica bilayer films to grow amorphous, and this requirement seems to be also
present in germania films by analyzing the wide set of different structures that
their defects form.

A series of domain boundary structures observed in germania monolayer
films on Ru(0001) is shown in Fig. 3.8. The left-hand column exhibit STM
images with ring resolution of the linear boundary structures and a complex
connection point (Fig. 3.8 (m)), where the mentioned boundaries meet each
other. In the middle column, color-coded rings are superimposed onto the im-
ages according to the reference exhibited at the top of the figure, that involves
ring sizes from 4- to 8-membered rings. In the right-hand column of the figure,
a network of the domain structures is drawn on top of a modeled Ru(0001)
metal-support.

The most frequently observed boundary structure consists of a linear com-
bination of 8- and 4-membered rings (Fig. 3.8(a)-(c)). It is rotated by 30◦ with
respect to a high symmetry direction of the Ru(0001) and, like all the other
domain structures, the registry at both sides of the boundary remains the same
(see models in Fig. 3.8, right-hand column). This finding is in agreement with
the most stable registry of the 6-membered rings centered on hcp hollow sites,
as found by I/V-LEED and DFT calculations. On the second raw of Fig. 3.8, a
boundary made of 5-,6- and 7-membered rings is depicted. This structure can
be visualized as a linear arrangement of Stone-Wales defects [141] separated
by 6-membered rings. This defect is also present in the middle of the STM
image shown at the beginning of this chapter (Fig. 3.1 (b)). On that same
image, the defect described in the third row of Fig. 3.8 can be observed. It
corresponds to a complex structure that has not been reported on other 2D
materials, to the best of our knowledge. Its unit cells includes 5-,6-,7- and
8-membered rings, arranged as shown in Fig. 3.8 (h). Its large unit cell and
the variety of ring-sizes reminds the complexity of some zeolite structures.

The 558 boundary in Figs. 3.8 (j)-(l) is very rare and is the only one which
is aligned to a main crystallographic orientation of the Ru(0001), however, the
registry of the domains at both sides of the defect is still in the hcp configura-
tion (see Fig. 3.8 (l)). Finally, Figs. 3.8 (m) and (n) depict a 3-fold symmetric
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Figure 3.8: STM images and atomic models of domain boundary structures in
germania monolayer films on Ru(0001). (a,b,c) 48 antiphase domain boundary:
5.1 nm × 4.3 nm, IT=0.5 nA, VS=2.5 V. (d,e,f) 57756 antiphase domain bound-
ary: 4.7 nm × 3.3 nm, IT=0.5 nA, VS=2.5 V. Reproduced from Ref. [124]. (g,h,i)
5678 complex boundary: 5.5 nm × 5.5 nm, IT=4.0 nA, VS=2.4 V. Reproduced from
Ref. [124]. (j,k,l) 558 boundary: 3.2 nm × 3.1 nm, IT=0.5 nA, VS=1.0 V. Repro-
duced from Ref. [39]. (m,n) connection point formed by 4-, to 8-membered rings:
6.8 nm × 6.8 nm, IT=1.0 nA, VS=2.0 V. Reproduced from Ref. [39]. In the second
column the ring sizes are color-coded accordingly and in the third one an atomic
model that involves the metal support is shown.
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connection point which includes a 4- to 8-membered rings. The linear domain
structures described above usually come together in these kind of ‘meeting
point’ structures, or are interrupted by a hole or a step, as it is illustrated in
the STM images in Fig. 3.1.

A comparison between the described defects and those of some other 2D
materials is provided in Section 6.3.

3.2 Germania Bilayer Film

In this last section of this chapter, we report the preparation and characteri-
zation of germania bilayer films on Ru(0001). To prepare the bilayer films, we
proceed in the same way as to prepare monolayer films, but we deposit more
Ge. Since we oxidize the film in excess of oxygen, we expect that the bilayer
film has a fully saturated structure without dangling bonds.

An STM image of the bilayer, coexisting with a monolayer patch, is shown
in Fig. 3.9 (a). The main phase of the image corresponds to the bilayer
film (BL, in the figure) and on the left part (darker in the image) a small
patch of the hexagonal monolayer film (ML) is present. The apparent height
of the bilayer with respect to the monolayer is 1.3 Å, in line with the silica
bilayer-monolayer difference of 1.4 Å and with the DFT calculated model. The
germania bilayer shows no signs of crystallinity and presents a significant cor-
rugation that makes the interpretation and identification of the rings difficult.
Therefore, we examine the STM image in Fig. 3.9 (a) by implementing two dif-
ferent image analysis tools, developed by Leonard Gura and Patrik Marschalik,
detailed in the supporting information of Ref. [39].

First, the sharp protrusions of the STM image in Fig. 3.9 (a) have been
tracked (red dots in the image) and correlated by doing a pair distance his-
togram (PDH), shown in Fig. 3.9 (c). A similar 2D analysis has been pre-
viously applied to silica bilayer films.[16] This study allows one to get some
insights into the short range order of the system. In 3D, the typical bulk
procedure to investigate bond lengths uses XRD measurements to obtain the
structure factor of the material. Subsequently, through Fourier transform, a
radial distribution function is obtained, which represents the average distribu-
tion of atoms around any given atom within the system.[142–144] The PDH
in Fig. 3.9 (c) has a first intense peak at 2.7 Å, in good agreement with XRD
data on bulk amorphous germania for nearest O atoms,[34] which suggests that
the protrusions in the STM image in Fig. 3.9 (a) correspond to O atomic po-
sitions. Moreover, we have seen that germania and silica bilayer films present
similar short-range order up to a radial distance of 1.1 nm by comparing their
PDHs.[39]

Secondly, we have applied a filter with a scaled structuring element for
erosion to the STM image in Fig. 3.9 (a), and it is shown in Fig. 3.9 (b). The
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Figure 3.9: Germania bilayer film supported on Ru(0001). (a) STM image with
labels on the monolayer (ML) and bilayer (BL) patches, and in half of the image red
dots are superimposed on the protrusions. (b) Erosion filter image applied on image
(a) in order to emphasize structural motifs. Color-coded rings in monolayer and
bilayer patches are superimposed, and red close curves mark the perimeter of bigger
holes. (c) Oxygen-oxygen pair distance histogram (PDH) of the germania bilayer
film on Ru(0001). The vertical red dashed line indicates the nearest O-O distance
measured by XRD in bulk amorphous germania. (a) 12.0 nm × 7.0 nm, IT=0.4 nA,
VS=-0.5 V. Adapted from Ref. [39].

filter highlights the repeated 2D unit blocks and therefore the ring structure
is better visualized. As a reference, some 6-membered rings of the monolayer
film are superimposed on the filtered image. Interestingly, some small areas
resemble the ring structure observed in amorphous silica films, like the one
marked with a few color-coded rings, which have comparable size and distri-
bution. On the other hand, some larger loops (marked in red) and ill-defined
regions are also observed.

DFT computes a significant difference in the film-substrate interaction in
comparison to silica bilayer films on the same substrate, that provides an inter-
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pretation to the experimentally observed corrugated germania bilayer film.[39]
Unlike the van der Waals forces that dominate the interaction between the sil-
ica bilayer and the Ru(0001) support, the germania bilayer shows a chemical
binding to the Ru surface. This is manifested by a three times larger adhesion
energy than that of the silica bilayer, by a shorter distance between the film
and the substrate, and by a significant charge transfer from the Ru substrate to
the germania bilayer.[39] The comparison between both systems is extended in
Section 6.4. The strong interaction between the film and the metal substrate
is responsible for the observed buckled germania bilayer, which may present a
set of distinctive connectivity rules, like different ring-sizes which connect the
first to the second layer, bonds between the germania film and the substrate,
differently coordinated Ge atoms, and others.

In conclusion, in the films of germania on Ru(0001) prevails a strong cou-
pling with the substrate, which conditions the structure of the oxide substan-
tially. This phenomenon must be overcome in our desire to prepare a better-
defined germania bilayer model system. The next attempts use Pt(111) as a
more inert support, and is the topic of the next chapter.





Chapter 4

Ultrathin Germania Films on
Pt(111)

This chapter describes the atomic structure of ultrathin germania films sup-
ported on Pt(111). On this metal support, we have observed a wider variety
of polymorphs in comparison to the reduced number of network structures on
Ru(0001) and on Au(111). The different polymorphs differ from each other in
their coverage, degree of order and symmetry. They are prepared by follow-
ing the general recipe described in Section 2.3, and by varying the amount of
evaporated Ge and the final oxidation temperature in a narrow range between
770 K and 950 K, the different structures are obtained.

The chapter is organized as follows. First, the monolayer phases are de-
scribed. At low temperatures the film forms a well-ordered network of mainly
6-membered rings. By oxidizing it at higher temperature, the system restruc-
tures itself into a rectangular unit cell consisting of a combination of 8-, 4-,
and 6-membered rings. Interestingly, it is shown that by selecting the proper
temperature, both phases coexist in the same film.

Lastly, we report the successful preparation of atomically flat germania bi-
layer films. We focus on the different degree of order that the system adopts: a
pure amorphous 2D network and a crystalline phase, when the film is annealed
at higher temperature. At moderate temperatures, a phase with intermediate
ordering is observed. These three phases are investigated in detail by analyz-
ing high-resolution STM images. This data has been published in Angewandte
Chemie International Edition.[145]

All the results are complemented with DFT calculations provided by
Philomena Schlexer, Sergio Tosoni and Gianfranco Pacchioni from the De-
partment of Materials Science in Università di Milano-Bicocca, Italy.

45
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4.1 Germania Monolayer Films
The investigation of germanium dioxide films on Pt(111) has been done by
increasing gradually the coverage. We start the chapter describing first the
hexagonal monolayer phase and afterward the one with a rectangular unit cell.

4.1.1 Hexagonal Monolayer Film

The hexagonal phase presented in this section is stabilized in the presence
of patches of a bilayer film, i.e., in films with a coverage between 1 and 2
monolayers, as the one that is described in Section 4.2, Fig. 4.8 (a). A high
resolution STM image of the hexagonal monolayer phase is shown in Fig. 4.1.
The scanned area of the image shows two main domains that are separated by
a linear boundary structure. On those domains, the STM senses protrusions
that correspond to the vertices of regular hexagons, or 6-membered rings.

Figure 4.1: STM image of the hexagonal germania monolayer phase on Pt(111).
In (b), color-coded rings are superimposed onto the same STM image. Aligned 8-
membered rings form a boundary structure. (a,b) 4.7 nm × 3.2 nm, IT=600 pA,
VS=1.5 V.

Based on the contrast assignment made on germania monolayer films on
Ru(0001) (Section 3.1, Fig. 3.2), the protrusions of the STM image in Fig.
4.1 (a), forming a honeycomb-like structure, match atomic Ge positions. The
hexagonal phase of Fig. 4.1 (a) is divided into two by an antiphase boundary
structure, in which a linear array of rings with eight protrusions each is ob-
served. Due to the irregular geometrical shape of these octagons, we refer to
them as elongated 8-membered rings. This boundary structure appears fre-
quently in the film and is the only type of defect that we have observed. For
clarity, in Fig. 4.1 (b) color-coded rings are superimposed onto the same STM
image. A similar antiphase boundary structure has been observed in crystalline
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silica bilayer films supported on Pd(100).[84] The model for this silica defect
suggests that the tetrahedron in the middle of the 8-membered ring shares
two oxygen with the adjacent silicon atoms in both direction of the boundary
and the other two are linked with a mirrored edge-sharing tetrahedron from
the lower half of the bilayer, thus there are no dangling bonds.[84] A similar
connectivity may apply for the germania system, but as this is a monolayer,
both oxygen atoms must bond to the metal substrate.

The distance between adjacent rings is 4.8 Å, 11% shorter than the ring-
ring distance in germania monolayer films on Ru(0001). That distance and the
orientation with the metal-support matches a (

√
3 ×
√

3)R30◦ superstructure
on the Pt(111). However, further analysis suggests that this is not the correct
size of the film unit cell. Under different tunneling conditions or, more likely,
with a different tip termination, a particular contrast among the 6-membered
rings is enhanced. While the STM image in Fig. 4.1 displays a hexagonal
network formed by equivalent 6-membered rings, another STM image (Fig.
4.2 (a)), taken on the same hexagonal monolayer phase, evidences a different
contrast array. Three types of rings are now identified based on the darkness
in the center of each ring, which follow the periodicity of the unit cell, marked
in orange in the figure. The three alternating different contrasts may be ex-
plained in terms of different registries of the 6-membered rings with respect to
the substrate. However, when the orientation of the film with respect to the
substrate is considered, together with the measured ring-ring distance, there
is no model configuration that can explain the contrast in terms of different
film-substrate registries.

Consequently, we propose that the size of the rings, given by the positioning
of the O atoms bridging Ge atoms, is responsible of the distinct contrasts.
Unfortunately, the O atomic positions have not been experimentally observed.
A sketch of the model is superimposed in Fig. 4.2 (a) and drawn in Fig. 4.2 (b)
including the metal-substrate underneath. The model suggests three different
sizes of 6-membered rings given by their O-bridges arrangements: all oxygen
atoms facing out of the ring (yellow and biggest ring), all oxygen atoms facing
into the ring (violet and smallest ring) and alternating in and out O atoms
(red and intermediate ring size). The unit cell is marked in orange in both
images and forms a superstructure with a (3 × 3) periodicity, i.e. unit vectors
of length 8.3 Å rotated by 120◦ with respect to each other. In the model, all
the rings are centered on hcp hollow sites of the Pt(111). Supporting the STM
derived unit cell, the corresponding LEED pattern, shown in Fig. 4.3, shows
the same periodicity and alignment with the metal crystallographic direction.
The LEED pattern has been simulated with the software LEEDPat42 [146]
and is shown on the side for clarity. The unit cell in reciprocal space of the
Pt(111) is marked in red and the one of the film superstructure in orange.

After oxidation at higher temperature ∼930 K, the hexagonal phase rear-
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Figure 4.2: STM image and atomic model of the hexagonal monolayer phase sup-
ported on Pt(111). Three different 6-membered rings are color-coded and super-
imposed onto an (a) STM image and a (b) model of the Pt(111) metal support.
The unit cell is marked in orange. Blue and red balls represent Ge and O atoms,
respectively. (a) 3.2 nm × 2.7 nm, IT=800 pA, VS=0.8 V. (b) 2.1 nm × 2.0 nm.

ranges into one phase with a rectangular unit cell. Interestingly, both phases
can also coexist if they are annealed at the right temperature for a short time
∼890 K, for 10 minutes. This is shown in Fig. 4.4), where both hexagonal
(left-hand side) and rectangular (right-hand side) phases coexist in the same
film. The STM apparent height along the phase transition remains constant.

The atomic model depicted in Fig. 4.4 (b) represents the area inside the
white dashed-line rectangle in Fig. 4.4 (a). The transition between the hexag-
onal and rectangular phases is constituted by 7- and 4-membered rings, as
derived from the STM image and drawn in the model in red. The phase
transition follows a main crystallographic orientation of the Pt(111) substrate,
which is also the orientation of the aligned elongated 8-membered rings of the
rectangular monolayer phase.

Strikingly, in the STM image in Fig. 4.4 (a), the protrusions of the hexago-
nal phase correspond to Ge atomic positions (as discussed above) and those of
the rectangular phase indicate clearly O atomic contrast (as discussed in the
next section), which means that the STM varies its sensitivity when passing
through the phase transition. The physical understanding of this phenomenon
is still not clear and its elucidation would require insights into the electronic
structure of both films.
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Figure 4.3: Analysis of the LEED pattern of the hexagonal germania monolayer
film supported on Pt(111). (a) LEED pattern with an electron beam kinetic energy
of 70 eV. (b) Simulated LEED pattern using the software LEEDPat42.[146] The film
forms a (3 × 3) superstructure (marked in orange) with respect to the unit cell of
the Pt(111) metal support (marked in red).

4.1.2 Rectangular Monolayer Film

The monolayer phase with a rectangular unit cell predominates at higher ox-
idation temperatures and, unlike the hexagonal phase, it is also observed in
the absence of bilayer patches. A large scale STM image of the rectangular
monolayer film is shown in Fig. 4.5 (a). The resolution of the STM image is
enough to distinguish darker dots, which correspond to the 8-membered rings
of the film. The film wets almost completely the Pt(111) metal substrate,
forming a few holes where the metal surface is exposed. The apparent height
of the monolayer with respect to the bare substrate is 1.2 Å, which is in range
with the measured apparent depth of 1.4 Å in holes of silica monolayer films
supported on Ru(0001),[61] and the Ge-O bond distance of 1.7 Å, measured
by XRD.[37] Some clusters and adsorbates are observed on top of the film,
whose nature is unknown, however we notice that the amount of them differs
in each preparation, thus being unreacted material.

The STM image in Fig. 4.5 (a) shows the presence of antiphase domain
boundaries that translate the domains laterally by half a unit cell. The
zoomed-in image of the dashed rectangle in Fig. 4.5 (a) is depicted in Fig.
4.5 (b), and the rings involved are color-coded in Fig. 4.5 (c). The rectangular
unit cell of the monolayer is marked in orange at both sides of the boundary
structure in Figs. 4.5 (b) and (c). A zigzag-line of 6-membered rings (marked
with thick red edges in Fig. 4.5 (c)) form the antiphase boundary structure.
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Figure 4.4: Coexisting hexagonal and rectangular monolayer phases supported
on Pt(111). In (a) the unit cells are marked in orange and the white dashed-line
rectangle corresponds to the area modelled in (b). The 4- and 7-membered rings of
the phase transition are drawn in red. (a) STM image, 14.7 nm × 5.0 nm, IT=800 pA,
VS=0.8 V. (b) DFT-derived model, 5.9 nm × 2.0 nm.

One can also evidence the presence of the three domains which are rotated by
120◦ with respect to each other, measured with black angle markers in Fig.
4.5 (a).

The presence of rotational domains is also evidenced in the LEED pattern
of a fully covered rectangular monolayer film, shown in Fig. 4.6 (a). The color
of the LEED pattern has been inverted and a simulation is shown next to it to
facilitate the analysis. The reciprocal unit cells of the three rotational domains
are marked in green, yellow and violet in the measured and simulated LEED
patterns, together with the unit cell of the Pt(111) metal substrate, marked
in red. The simulation corresponds to three domains of a rectangular unit
cell with unit vector sizes of 8.31 Å and 9.59 Å. The agreement between the
measured and simulated LEED pattern is very good.

A high-resolution STM image of the rectangular monolayer phase is de-
picted in Fig. 4.7 (a), together with the top- and side-view of the DFT calcu-
lated model (Figs. 4.7 (b) and (c), respectively). The size of the rectangular
unit cell (marked in orange) measured with the STM matches the value derived
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Figure 4.5: Germania monolayer film supported on Pt(111) with a rectangular
unit cell. (a) STM image of the germania monolayer film, 68.0 nm × 68.0 nm,
IT=800 pA, VS=2.0 V. 120◦ markers refer to the rotated domains of the film. (b)
Zoom-in in a common boundary structure, 3.4 nm × 3.2 nm. In (c), color-coded
rings are superimposed onto the image shown in (b).

from the LEED pattern and the DFT calculated model (8.3 Å × 9.6 Å). The
top-most atomic layer of the DFT calculated model is superimposed in the
lower half of the STM image. The superimposition suggests that the STM im-
age is sensitive to the O atoms of the film, because the agreement between the
theoretical model and the experimental data is convincing. The DFT model
shown in Figs. 4.7 (b) and (c) corresponds to the most stable registry of the
film with respect to the Pt(111) metal-support. On that configuration, the
6-membered rings are centered on top positions of the Pt(111) metal-substrate
and are rotated 30◦ with respect to the 6-membered rings of the hexagonal
phase (see Fig. 4.4). Interestingly, the DFT model demands a remarkable
distortion to adapt to the support, up to the point of involving Ge atoms that
assume coordination five, unlike the expected tetrahedral or octahedral unit
block, known in bulk germania.[21]

The rectangular unit cell consists of 8-, 6- and 4-membered rings, arranged
as shown in Fig. 4.7. The 8-membered rings are elongated and form linear
chains that follow the main crystallographic directions of the Pt(111) metal
substrate. The side-view of the DFT calculated model shown in Fig. 4.7 (c)
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Figure 4.6: Measured and simulated LEED pattern of the germania monolayer film
on Pt(111). The substrate unit cell is marked in red, and the unit cell of the three
rotated domains of the monolayer are marked in yellow, green and violet. Electron
kinetic energy: 60 eV. The software LEEDPat42 was used for the simulation.[146]

exhibits a short interfacial distance with the presence of Ge-O-Pt bonds. In
this figure, one can see some five-coordinated Ge atoms. They form one Ge-
OPt bond, three Ge-O-Ge bonds and they connect to a neighboring Ge atom
through two O bonds.

Interestingly, the 2D structure of the rectangular monolayer phase on
Pt(111) resembles some zeolite framework types projected along certain planes,
like for example: the ATT, ATV, JBW, ITW, DFT projected along the [100]
and the UEI, OWE along the [010].[147] The mentioned codes correspond to
zeolite structures according to the nomenclature adopted by the International
Zeolite Association (IZA),[148] which follows the rules set up by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) Commission on Zeolite
Nomenclature.[149]
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Figure 4.7: High-resolution STM image and side and top view of the DFT calcu-
lated model for the germania monolayer film supported on Pt(111). The unit cell
of the system is marked in orange. Ge and O atoms are drawn in blue and red,
respectively. (a) STM image, 2.2 nm × 2.2 nm, IT=800 pA, VS=800 mV. An atomic
network of Ge and O atoms is superimposed on the lower half of the image. (b) Top-
view, size: 2.2 nm × 2.2 nm, and (c) side-view of the most stable DFT calculated
model.

4.2 Germania Bilayer Film

Ru(0001) and Pt(111) present a similar lattice constant (2.70 Å and 2.77 Å,
respectively), but a considerably different oxygen affinity (heat of dissocia-
tive adsorption of oxygen: -220 and -133 kJ mole−1, respectively [88]). This
fact represents the main reason that made us choose Pt(111) as a metal sup-
port, since previous studies in silica films have shown that more inert metal
substrates diminish the interaction between the film and the substrate and
promote decoupled network structures (see Section 1.4.1).

Consequently, unlike the presented germania bilayer films on Ru(0001)
(Section 3.2), bilayer films on Pt(111) grow atomically flat and allow us to
perform a precise structural characterization. The films are prepared by in-
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creasing the amount of evaporated Ge, with respect to the above discussed
monolayer films, and keeping the other parameters constant.

Germania bilayer films occur with different degrees of order by varying the
final oxidation temperature. Those films which are annealed at around 800 K
show a predominant amorphous phase. By annealing gradually at higher tem-
perature the film gets partially ordered, until reaching a purely crystalline film
at 900 K. The detailed analysis of the amorphous, crystalline and intermediate
ordered structures is the topic of Section 4.2.1.

Large-scale STM images of three different preparations of germania films
on Pt(111) are depicted in Fig. 4.8. For better visualization, the contrast of
the images has been enhanced with the local histogram equalization option
available in the software for image analysis Gwyddion.[150] The processed im-
ages are shown in the right-hand column of the figure. Fig. 4.8 (a) corresponds
to a germania film with a coverage of 1.5 monolayers and is described as fol-
lows. First of all, a monatomic step of the Pt metal substrate separates the
film into two terraces (a dashed black line marks the left part of the step).
The Pt metal substrate cannot be seen in the image since it is fully covered
either by a monolayer or a bilayer film (labeled with ML or BL, in the fig-
ure). On both sides of the step similar features are observed: darker areas,
which correspond to the crystalline hexagonal monolayer (described in section
4.1.1), and brighter domains of a bilayer phase. In the equalized image in Fig.
4.8 (a), right-hand side, one can distinguish the honeycomb-like structure of
the monolayer and the 3-fold oriented antiphase boundary structures (shown
with atomic resolution in Fig. 4.1 (a)), which are 30◦ rotated with respect to
the main crystallographic orientations of the Pt(111) (the Pt [110] direction
is indicated in the figure). Moreover, the bilayer phase forms an atomically
flat film that exhibits different ring-sizes and lacks order. Interestingly, a few
small crystalline patches present in the bilayer film are aligned with high sym-
metry Pt(111) crystallographic directions. In Fig. 4.8 (a), two black lines are
superimposed and aligned with ordered patches in the bilayer film.

By preparing films with longer Ge evaporation time, fully covered germania
bilayer films are obtained. Figs. 4.8 (b) and (c) illustrate large-scale STM
images of a crystalline and an amorphous germania bilayer film, respectively.
The black dots that predominate in the STM image of the crystalline phase
correspond to 8-membered rings, and in the amorphous one to a distribution
of different ring-sizes. As discussed above, the crystalline domains are aligned
with the main Pt(111) crystallographic orientations (black straight lines in
Fig. 4.8 (b)). On the other hand, the phase shown in Fig. 4.8 (c) does not
follow any preferential orientation and lacks order and periodicity. The atomic
structure of these two phases is addressed in the next section.
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Figure 4.8: Large-scale STM images of different preparations of germania bilayer
films on Pt(111). Scan size: 45.0 nm × 45.0 nm. The right-hand column shows
the corresponding STM images after local histogram equalization. (a) 1.5 monolayer
germania film, IT=800 pA, VS=800 mV. (b) Crystalline bilayer film, IT=500 pA,
VS=1 V.(c) Amorphous bilayer film, IT=200 pA, VS=250 mV.
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4.2.1 From Crystalline to Amorphous Phases

The structure of the bilayer films on Pt(111) is now analyzed at the atomic
scale. We focus on the structural arrangements that describe the system while
changing its level of order. The crystallinity of the system is tuned by varying
the preparation conditions, as aforementioned.

The study is performed by applying image-analysis techniques to three
high-resolution STM images corresponding to a crystalline phase (Fig. 4.9
(a)), an amorphous phase (Fig. 4.9 (c)), and one with an intermediate behavior
between the other two (Fig. 4.9 (b)).

All three images have a size of 6.6 nm × 6.6 nm and allow us to identify
in the film different ring-sizes, which are color-coded and superimposed onto
the images shown in Fig. 4.9, right-hand column. The crystalline phase (Fig.
4.9 (a)) exhibits predominantly a repeated combination of 8- and 5-membered
rings. Its unit cell is oblique (marked in the figure) and consists of elongated 8-
membered rings connected to 5-membered rings at the sides. We have observed
in the crystalline rectangular monolayer phase (Section 4.1.2) that elongated
8-membered rings also form linear chains by connecting each other through the
longitudinal axis. In the STM image one can also identify linear arrangements
of 6-membered rings (colored in green) that introduce antiphase boundary
structures to the periodic network. Occasionally, 4-, 7- and 9-membered rings
form local defects. The crystalline germania bilayer, that we will refer as
558, entails a significant structural difference with the silica crystalline bilayer
network, formed by 6-membered rings.[13]

Recently, the Altman group has calculated the stability of different free-
standing germania bilayer polymorphs.[87] All the structures contain exclu-
sively GeO4 as unit blocks and are characterized by a more distorted and less
stable network with respect to the analogous silica bilayer structure. In that
study, the free-standing germania bilayer formed by a periodic arrangement of
6-membered rings presents the highest stability (31 meV/Ge more stable than
the 558 phase). Those results are consistent with DFT calculations from the
group of Pacchioni.[145] However, the latter has also calculated the stability of
germania bilayer polymorphs supported on a Pt(111) single crystal, obtaining
results that match our experimental observations. The supported 558 germa-
nia bilayer film is 35 meV/Ge more stable than the hexagonal phase, while for
silica the trend is the opposite. The comparison between silica and germania
bilayer films is continued in Section 6.4.

The DFT calculated models of the hexagonal and the 558 germania bilayer
film supported on Pt(111) are shown in Fig. 4.10. The size of the calculated
558 unit cell is in range with the one measured with the STM (a=11.37 Å,
b=11.38 Å, γ=138.9◦). However, the DFT model and the experimental obser-
vations differ in the alignment of the film with respect to the metal support.
Experimentally, the film is aligned with the main directions of the Pt(111),
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Figure 4.9: STM images of three phases of the germania bilayer film. STM images
with a scan size of 6.6 nm × 6.6 nm are shown in left-hand column and color-coded
ring sizes are superimposed in the right-hand column, together with the correspond-
ing FFT representations. (a) IT=400 pA, VS=300 mV. (b) IT=200 pA, VS=600 mV.
(c) IT=100 pA, VS=200 mV. Size of the FFT: 9.1 Å−1 × 9.1 Å−1. The figure is
adapted from Ref. [145].
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Figure 4.10: Top- and side-view of the DFT models of the (a,c) hexagonal and the
(b,d) 558 germania bilayer film supported on Pt(111). The figure is reproduced from
Ref. [145].

while in the DFT model the bilayer film is rotated by 12◦ in order to reduce
the strain from 9 to 1%. Both hexagonal and 558 structures are bound to the
substrate via dispersion forces, while the charge transfer from the substrate to
the film is negligible. The 558 structure is more distorted than the hexago-
nal phase, being therefore more strongly bound to the substrate (Ead(558)=-
2.71 eV/nm2 versus Ead(558)=-2.20 eV/nm2) and having a shorter interfacial
distance (2.58 Å versus 2.88 Å), as one can see in the side-view of the DFT
models in Figs. 4.9 (c) and (d). Distorted organic molecules interact better
with metal substrates than undistorted ones, in line with our results.[151]

The phase shown in Fig. 4.9 (b) is not as ordered as the crystalline phase
of Fig. 4.9 (a), but it is not completely amorphous, like the phase depicted
in Fig. 4.9 (c), therefore we will refer to it as the intermediate phase. In this
phase, one can see some rings with orientations and combinations of rings that
are preferred, although no repeated pattern prevails. Short aligned chains of
6-membered rings are now all over the phase, surrounding oriented elongated
8-membered rings, which are typically bound to 5-membered rings at the sides.

Finally, the STM image in Fig. 4.9 (c) represents a phase without evi-
dent signs of periodicity and order. It can be seen, however, that elongated
8-membered rings with 5-membered rings at the sides are still a preferred
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Figure 4.11: Ring-size histograms and triplet-combination analysis of the crys-
talline, intermediate and amorphous germania bilayer phases. The plots of Figs. (a),
(b) and (c) come from the analysis of the phases illustrated in Figs. 4.9 (a), (b) and
(c), respectively. For clarity, only the most prominent ring triplet combinations are
shown in the right-hand column. The figure is adapted from Ref. [145].

combination. The amorphous character of this phase is manifested as well by
plotting the fast Fourier transform (FFT) of the corresponding STM image
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(see top right corner of Fig. 4.9, bottom row). The FFT representations of the
intermediate and amorphous phases present a blurry bright circle whose radius
(drawn with a white arrow) corresponds to 1/k=2.6 Å. A similar value (2.8 Å)
has been measured by XRD as the O-O distance in bulk amorphous germa-
nia.[34] In addition, the average distance between protrusion measured in STM
oxygen-resolved images of the amorphous bilayer phase is also 2.6 Å. Therefore,
the blurry circle observed in the FFT representation of the intermediate and
amorphous phases is correlated with the randomly-oriented GeO4 tetrahedra
that form the network. The same finding has been observed on amorphous sil-
ica bilayer films.[60, 152] Amorphous oxides formed by rotationally invariant
building blocks have been already predicted by Zachariasen in his continu-
ous random network theory (refer to the cited literature for more details).[26]
By analyzing high-resolution STM images the theory has been verified in real
space in two different model system materials: silica and germania bilayer
films. However, a different ring-size distribution has been quantified for both
systems (Section 6.4) Apart from the discussed circle, the FFT images of the
intermediate and crystalline phase show additional spots, which are related to
preferential orientations that certain ring combinations adopt. For example,
the highly ordered 558 ring combination in the crystalline phase (Fig. 4.9 (a))
are manifested in the sharpest spots in the corresponding FFT image.

It has been shown that by increasing the crystallinity of the system, cer-
tain ring combinations start to dominate and some rings orient themselves.
However, the ring size distributions for the three phases do not show major
differences with each other, as shown in Fig. 4.11, left-hand column. The
minor differences between the histograms, while decreasing the order of the
film, comprise: an increase in the amount of 7-membered rings, a decrease in
the number of 5- and 8-membered rings.

After having observed that the ring-size distribution for each phase is not
a key feature that allows us to explain the differences between the phases,
we analyze the way that rings are connected to each other in each phase.
Fig. 4.11, right-hand column row, shows the ring triplet combination analysis
for each phase. In other words, the frequency of repetition of sets of three
rings sharing the same vertex is plotted. For clarity, only the most prominent
ring-triplet combinations are shown in the figure. For obvious reasons, the
crystalline phase shows a clear maximum in the (5,5,8) triplet-combination,
followed by a considerable amount of (5,6,8) triplets, which are present in the
boundary structures. The (5,6,8) triplet is interestingly the most abundant in
the intermediate and amorphous phases, while the amount of (5,5,8) decreases
significantly, although is still a preferred combination. To finish the discussion
about triplet combinations of the three different phases, it is important to
highlight that the amorphous phase still shows preferred ring-combinations,
contrarily to what an intuitive definition of amorphous system suggests.
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Figure 4.12: DDO analysis of the ring-center positions for the three germania
bilayer phases. On the upper row, the ring networks are drawn and the ring centers
are connected with black lines. The angles formed between two adjacent ring centers
with respect to the reference 0◦ angle (drawn in the upper-right corner of Fig. (c))
are represented in the right-hand column for each phase. The pairs of rings that
show preferential alignments are drawn above the corresponding peaks. The figure
is adapted from Ref. [145].
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Fig. 4.12 exhibits a direct distance orientation (DDO) analysis of the three
ring networks.[14] This analysis is inspired by previously reported studies on
silica bilayer systems[14, 66] and allows us to get further insights into the char-
acteristics that distinguish the pure crystalline phase from the amorphous and
the intermediate one. The left-hand column of the figure shows the color-coded
ring network presented in Fig. 4.9, with additional white lines connecting the
center of neighboring rings to each other. The angle that those lines form with
respect to the reference of zero degrees (shown in a box in Fig. 4.9 (c)) is
plotted for each phase in the right-hand column of Fig. 4.12.

When analyzing the results from the crystalline phase to the amorphous one
(from top to bottom in Fig. 4.12) one can see that well-defined peaks decrease
progressively. The presence of peaks manifests that certain ring pairs have
preferential orientations, as observed in Figs. 4.12 (a) and (b), while in Fig.
4.12 (c) the amorphous phase shows non-preferential ring-ring orientations, in
line with the above discussed FFT representations. Above each peak in Figs.
4.12 (a) and (b), the pair of rings responsible of the preferential orientation
is drawn. We can see that the 8-membered rings take part of almost all the
specifically oriented ring pair combinations.

The particular arrangement of 5- and 8-membered rings (constituent of the
crystalline phase) gives rise to most of the peaks. In that configuration, the
5-membered rings join typically the elongated 8-membered rings to only six of
the eight possible sides. Moreover, the elongated 8-membered rings are rotated
by 120◦ with respect to those in the intermediate phase. This is explained by
the presence of rotational domains in the crystalline phase, which were already
shown in Fig. 4.9. The 3-fold orientation of the film may be caused by the
hexagonal Pt(111) metal substrate underneath the film.



Chapter 5

Ultrathin Germania Films on
Au(111)

After the characterization of ultrathin germania films supported on Ru(0001)
and Pt(111) described in the previous two chapters, one can already notice
the impact of the metal support on the oxide network structure. While on
Ru(0001) the films are dominated by a strong interaction with the metal sup-
port, on Pt(111) the film-support coupling is low enough to permit the growth
of structures with different degrees of crystallinity. In addition, in Section
1.4.1 the effect of the metal substrate on the structure of ultrathin silica films
has been addressed. On the one hand, it has been argued that the key fac-
tor to understand the different structural behaviors is the oxygen affinity of
the metal substrate.[82] On the other hand, the lattice mismatch between the
metal support and the crystalline silica bilayer film may explain the formation
of either crystalline or amorphous, or both, films.[83]

With this in mind, the preparation of films either of silica or germania sup-
ported on Au(111) represents an extreme case to study the impact of the metal
substrate in the film structure, due to the gold chemical inertness (∆Hads(O2)=
+54 kJ mole−1 [88]). Au(111) is also an interesting metal support for the fol-
lowing reasons: (1) since it is the most electronegative metal, it can reveal the
role of the charge transfer between the film and the substrate, (2) its herring-
bone reconstruction (easily resolved with the STM) provides an indirect way
to probe the film-substrate interaction, (3) it has an unreconstructed lattice
constant of 2.88 Å, which is larger than that of the previously investigated
hexagonal supports (Ru(0001), Pt(111), Pd(111), graphene).

In this chapter we report the preparation of germania bilayer films on
Au(111), with focus on the film-substrate interaction that is evidenced by the
change in the Au(111) reconstruction. The preparation of the films follows the
same steps as described in Section 2.3. However, the films are annealed at con-
siderably lower temperature (<580 K) than that used to grow germania films
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on Ru(0001) and on Pt(111) (around 820 K).[39, 145] At higher temperature
dewetting occurs.

The results of this chapter were obtained in collaboration with Fernando
Stavale, and with theoretical support from Sergio Tosoni and Gianfranco Pac-
chioni from the Department of Materials Science in Università di Milano-
Bicocca, Italy. The presented data has been published in Ref. [153].

5.1 Germania Bilayer Film

Three STM images of a germania bilayer film with different scan sizes are
shown in Fig. 5.1. The film covers the total scanned area by ∼75%, resulting
in a coverage of 1.5 monolayers, assuming a bilayer configuration. The open
patches expose the metal-support and appear black in Figs. 5.1 (a) and (b).

The film grows atomically flat and forms different ring-sizes without long-
range order and periodicity, as one can see in Fig. 5.1 (b). Fig. 5.1 (c) has
been taken in a 10.0 nm × 10.0 nm scan area on one bilayer film terrace. One
can identify different ring-sizes that range from 4- to 8-membered rings, which
are color-coded accordingly in half of the image.

We have observed a bias-dependency of the apparent height of the germania
bilayer film with respect to the bare gold. At a bias of 200 mV we measure a
thickness of the film of ∼2 Å and increases to ∼3.5 Å at 1.5 V. In both cases
the apparent heights are lower than the expected geometrical thickness for a
germania bilayer (∼4.8 Å plus ∼3.0 Å of the interfacial distance, according to
DFT calculations[153]).

The presented germania films on Au(111) share many similarities with pre-
viously reported silica films on Pt(111):[82] (1) in a range of coverages up to
2 monolayers, only bilayer films have been observed; (2) both bilayers are amor-
phous; (3) at low coverage they form islands that are bridged by narrow stripes
(see Fig. 5.2 (b)), although the silica stripes follow the main crystallographic
orientations of the Pt(111)[82] and the germania ones are randomly oriented;
(4) a similar underestimation of the STM apparent thickness of the films is
observed, which can be interpreted on the basis of the STM sensing the elec-
tronic structure of the film, instead of its topography, a phenomenon typically
observed in metal supported oxide films.[82, 154, 155] The similarities between
both systems indicate the formation of a bilayer film of germania weakly cou-
pled to the Au(111) metal support. In the next chapter, the comparison with
ultrathin films of silica is extended.

5.1.1 Herringbone Reconstruction

As we mentioned above, the (111) plane of Au undergoes a large surface re-
construction.[156–160] The reconstructed unit cell involves the topmost gold
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Figure 5.1: STM images of a germania bilayer film supported on Au(111) of
1.5 monolayers of coverage. (a) 400.0 nm × 200.0 nm, IT=0.9 nA, VS=1.1 V. (b)
70.0 nm × 70.0 nm, IT=0.3 nA, VS=0.7 V. (c) Close-up view of a germania bi-
layer film terrace, 8.0 nm × 8.0 nm, IT=0.2 nA, VS=0.15 V. The figure has been
reproduced from Ref. [153].

atomic layer and has a (22 ×
√

3) periodicity. There are two extra atoms which
compresses the 〈110〉 surface direction by 4.34%. That gives rise to two differ-
ent registries with respect to the underlying atomic layer (fcc and hcp) sepa-
rated by soliton walls that rotate periodically 120◦.[161] This fact is responsible
for the particular “herringbone” contrast observed with the STM,[162] shown
in Fig. 5.2 (a).
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The Au(111) herringbone reconstruction has been widely used to test in-
directly the interface between organic molecules and metals, as the STM can
easily sense any perturbation in the herringbone contrast. Three interaction
regimes between organic molecules and the Au(111) surface have been summa-
rized by Erin Iski et al.[163] Aromatic molecules tend to couple weakly to the
substrate leaving the herringbone reconstruction unaltered[164–170]. On the
contrary, some adsorbates, typically oxygen or sulfur containing molecules, in-
teract so strongly with the metal surface that may extract gold atoms from the
surface[171–176]. An intermediate behavior happens when the adsorbates alter
the herringbone reconstruction, but depending on the coverage and annealing
treatment may not lift the reconstruction.[163, 176–184]

Figure 5.2: Analysis of the change in the Au(111) herringbone reconstruction due
to the presence of the germania bilayer film. (a) STM image of bare reconstructed
Au(111), 150.0 nm × 100.0 nm, IT=0.4 nA, VS=0.6 V. (b) STM image of a ger-
mania bilayer film supported on reconstructed Au(111) of coverage 0.6 monolayers,
170.0 nm × 170.0 nm, IT=0.3 nA, VS=1.2 V. (c) STM z-profiles along the black line
in (a), and the red line in (b). The figure has been reproduced from Ref. [153].

In the field of ultrathin oxide films, Au(111) has been also extensively
used as a metal support.[185] It has been observed that oxide films, such as
MgO[186], TiO2[154, 187], ZnO[188], MoO3[189] lift the herringbone recon-
struction. This effect is seen by STM, in submonolayer films, where the soli-
ton walls wind around the unreconstructed gold below the oxide islands. On
the contrary, NaCl films on Au(111) do not affect the herringbone reconstruc-
tion.[190, 191]

Fig. 5.2 (a) shows an STM image of a native Au(111) reconstructed surface
and Fig. 5.2 (b) exhibits a low coverage germania bilayer film supported on a
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reconstructed Au surface. The contrast of the STM image in Fig. 5.2 (b) has
been tuned with the adaptive nonlinear color mapping mode available in the
scanning probe microscopy data visualizer Gwyddion,[150] in order to detect
simultaneously features of the film and the Au surface.

Figure 5.3: Analysis of the Au soliton walls behavior in germania bilayer films
supported on reconstructed Au(111). The contrast of the STM images has been
enhanced for better visualization of the Au soliton walls. Orange circles mark areas
where the soliton walls penetrate below the film. (a) 25.0 nm × 25.0 nm, IT=0.5 nA,
VS=1.8 V. (b) 35.0 nm × 35.0 nm, IT=0.6 nA, VS=2.3 V. (c) 100.0 nm × 65.0 nm,
IT=0.2 nA, VS=1.2 V. The figure has been reproduced from Ref. [153].

Interestingly, by comparing the film in Fig. 5.2 (b) with the pristine
Au(111) herringbone reconstruction (Fig. 5.2 (a)), one can see that the Au
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reconstruction has changed due to the presence of the film. An initial analysis
suggests that the soliton walls (protruded lines in the images) in Fig. 5.2 (b)
avoid to continue under the film patches by changing direction and forming
loops. This indicates that the film has lifted the Au(111) reconstruction un-
derneath, in line with other oxide films and strongly coupled adsorbates.[154,
176, 186–189] This effect is also observed in Fig. 5.3 (a), where the soliton
walls do not continue under the oxide island. A similar behavior is observed
in chemisorbed islands of fullerenes on reconstructed Au(111).[176] Moreover,
one can see in Fig. 5.2 (b) some areas between the film patches, where the
herringbone reconstruction looks unaffected. For instance, the 120◦ angle of
rotation of the soliton walls remains the same as in the native reconstruction,
as shown with white angle markers in Figs. 5.2 (a) and (b). The STM z-
profiles along the black and the red lines in Figs. 5.2 (a) and (b), respectively,
are shown in Fig. 5.2 (c). One can see that the size of the reconstructed unit
cell in some specific areas remains unaltered. The distance between equivalent
soliton walls, measured perpendicular to their direction, is in both systems
∼6.3 nm.

In the STM images in Fig. 5.3 the contrast has been enhanced in such a
way that we can focus with more detail on the behavior of the soliton walls
accessible with the STM between germania bilayer film patches. In contrast
to what we discussed above, by projecting the trajectory of the protruded
lines in the STM images, one can see that some soliton walls penetrate below
the film islands. Examples of that are encircled in orange in Figs. 5.3 (b) and
(c). These observations place the system in an intermediate interaction regime.
The film-substrate interaction is such that the reconstruction is not completely
lifted, contrary to the mentioned studies on oxide films supported on the same
substrate.[154, 186–189] The system shows a similar adsorption behavior to the
ideal NaCl physisorbed film on Au(111).[190–192] These results support the
atomic model for the decoupled bilayer film, derived originally experimentally
and theoretically for silica bilayer films on Ru(0001).[13] Moreover, the weak
film-substrate interaction is responsible for the growth of a purely amorphous
network. In the next chapter, the film-substrate interaction is quantified by
means of DFT calculations.



Chapter 6

Comparison with Ultrathin Silica
Films

In Chapter 1, we have seen that bulk germania and silica are structurally
analogue materials, however distinctive differences are still present. In this
chapter we focus on the comparison between germania and silica to the poly-
morphs observed in metal-supported ultrathin films. The analysis includes a
side-by-side comparison of monolayer films, zigzag phases and bilayer phases.
We identify differences and similarities, aiming to find a common trend be-
tween the structure of both oxide films and their interplay with the different
metal-supports.

The DFT calculations included in the chapter have been provided by
Philomena Schlexer, Sergio Tosoni and Gianfranco Pacchioni from the De-
partment of Materials Science in Università di Milano-Bicocca, Italy.

The data presented in this chapter is part of an ongoing minireview article,
Ref. [193].

6.1 Monolayer Films

In Fig. 6.1, the germania monolayer film supported on Ru(0001) (Section 3.1)
and the most stable monolayer phase on Pt(111) (Section 4.1.2) are compared
to each other and to the silica monolayer film on Ru(0001). The analysis is
made by means of STM images, and side- and top-views of the DFT calcu-
lated models of the three different monolayer films. First, the silica and the
germania monolayer films on Ru(0001) (first and second columns in the figure,
respectively) exhibit a similar network of XO4 (X=Ge or Si) tetrahedra which
are chemically bound to the substrate via X-O-Ru bonds and form a hexagonal
(2 × 2) superstructure (see orange unit cells in Figs. 6.1 (a) and (b)).[61, 124]
They differ, however, in the intertetrahedral bonding angle. While the oxygen
bridge in the Si-O-Si bond is straight when looked from the top (Fig. 6.1 (d)),
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the Ge-O-Ge bond forms an angle of 150◦ (Fig. 6.1 (e)) that stems from the
longer germania Ge-O bond. Moreover, they both contain an oxygen atom ad-
sorbed in a hcp hollow site of the Ru(0001) in the center of each 6-membered
ring, as determined by I/V-LEED for germania[124] and by STM for silica.[63]

An interesting question to tackle at this point is why germania forms mono-
layer films on Pt(111) and silica does not. On the one hand, we must consider
that the larger lattice constant of Pt(111) with respect to Ru(0001) implies
a considerable stretching of the silica and, to a lesser extent, of the germania
monolayer film to match a (2 × 2) superstructure. In the case of germania, the
tensile stress is overcome in two different ways. At low annealing temperatures
it forms a network of 6-membered rings that are rotated by 30◦ with respect
to a highly symmetric direction of the Pt(111) (Section 4.1.1). Secondly, the
most stable monolayer phase of germania on Pt(111) forms different ring-sizes
(other than the prevailing 6-membered rings) and has a rectangular unit cell
(third column in Fig. 6.1 and Section 4.1.2). In both cases (hexagonal and
rectangular monolayer phases) the films exist due to the presence of highly
distorted germania tetrahedral unit blocks. Furthermore, in the case of the
rectangular configuration some Ge atoms are coordinated with five O atoms.
These observations are in line with the more distorted tetrahedra that bulk
germania presents in comparison to bulk silica (Section 1.3). The larger mis-
match between silica and the Pt(111) support, together with the more rigid
SiO4 tetrahedra building blocks, may explain the lack of silica monolayer films
supported on Pt(111).

Additionally, one must take into consideration the thermodynamic competi-
tion between the formation of a monolayer and a bilayer film. If the formation
of a bilayer film implies an energetic benefit for the system, the tetrahedra
that form the monolayer may decouple from the substrate, flip around, bind
to another layer of XO4 building blocks and form a self-saturated bilayer film.
This circumstance can only happen if the XO-M chemical bonds are weak
enough to break and form new X-O-X bonds. At this point, the stability of
the free-standing silica and germania bilayer films and the nature of the metal
substrates play a key role. Given the weakness of the SiO-Pt bond [82, 194]
and the larger stability of the silica free standing bilayer film in comparison
to the germania one[39, 87, 145], we can understand the behavior of silica on
Pt(111). This discussion is continued below in this chapter in the section that
compares silica and germania bilayer films (Section 6.4).
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Figure 6.1: Comparison of different silica and germania monolayer films supported
on Ru(0001) and Pt(111). All STM images have a size of 2.2 nm × 2.2 nm (first
row). The top-view of the DFT calculated models have a size 1.5 nm × 1.5 nm
(second row), and the side-view models are shown in the third row. (a) IT=0.01 nA,
VS=1.0 V. (b) IT=0.2 nA, VS=0.6 V. (c) IT=0.6 nA, VS=1.5 V.(d) IT=0.8 nA,
VS=0.8 V. The figure has been reproduced from Ref. [193].
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6.2 Zigzag Phase
In Section 1.4 we described a recently observed silica polymorph, which is
characterized by a zigzag-line contrast observed with the STM. Comprehen-
sive experimental and theoretical work resulted in a complex atomic model
that combines features of the silica monolayer and bilayer networks, and some
unique characteristics, like the presence of 3-membered rings.[20] A STM im-
age and the top- and side-view of the DFT calculated model are reproduced in
Figs. 6.2 (a), (d) and (f), respectively. The importance of this polymorph lies
in the fact that after subsequent annealing at higher temperature, it converts
completely into a silica bilayer film, being then a metastable phase which may
play a major role in the glass formation process.[20]

On this basis, metastable phases with these characteristics must be present
on other glass former materials, and in fact, we observe analogue phases when
silica and germania films are prepared at low annealing temperatures (∼770 K).

Fig. 6.2 (b) exhibits an STM image of the zigzag phase that silica forms
on Pt(111). Its contrast looks very similar to the one on Ru(0001) and has the
same size of the unit cell (orange rectangle in the figure). At the bottom part of
the image one can see extra features that can be associated with 6-membered
rings embedded in the zigzag network. Similar motifs have been observed on
films supported on Ru(0001).[20]

A high-resolution STM image of germania supported on Pt(111) forming
a zigzag-line phase is shown in Fig. 6.2 (c), together with the top- and side-
view of the DFT calculated model (Figs. 6.2 (e) and (g), respectively). The
germania DFT model, calculated by the Pacchioni group, follows the same
connectivity rules as the silica one, i.e. non-planar 8-membered rings from the
top-view, 3- and 4-membered rings from the side-view and a stoichiometry of
XO2.17.[20] One non-planar 8-membered ring is marked in the STM image and
in the DFT model, for clarity.

The unit cell of the germania zigzag phase is also rectangular with a size of
9.6 Å × 8.3 Å, same as the rectangular germania monolayer phase on Pt(111)
(Section 4.1.2). This periodicity and commensurability with the metal sub-
strate imply a significant difference to the silica zigzag-phase, which is incom-
mensurate and its unit cell has a size of 9.4 Å × 7.6 Å.[20] Atomic coordinates
derived from the DFT calculated models are superimposed onto the corre-
sponding STM images in Figs. 6.2 (a) and (c). The zigzag contrast is nicely
reproduced by a wavy chain of (Si)Ge-O bonds. Between the zigzag-lines, less
intense protrusions, corresponding to atomic positions located below the top-
most layer of atoms, are also observed and superimposed with smaller balls.
It is interesting to see that some of the atoms, which were theoretically pre-
dicted but not experimentally observed in the silica zigzag phase [20], are now
visualized in the germania one.



Chapter 6. Comparison with Ultrathin Silica Films 73

Figure 6.2: Comparison of germania and silica zigzag phases on Ru(0001) and
Pt(111). The first row compares STM images of the systems illustrated on the top
of the figure. The STM images have a size of 3.3 nm × 3.3 nm. (a) IT=0.02 nA,
VS=0.7 V. (b) IT=0.8 nA, VS=0.9 V. (c) IT=0.6 nA, VS=0.3 V. DFT calculated
models for the silica zigzag phase on Ru(0001) are shown in (d) and (f), and for the
germania one on Pt(111) in (e) and (g). The unit cells are marked in orange and
8-membered rings are shaded with blue lines. Figs. (a), (d) and (f) have been taken
from Ref. [20]. The figure has been reproduced from Ref. [193].
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6.3 Domain Boundary Structures

A material with a single homogeneous crystalline phase is an idealization.
There is no material that is formed exclusively by an unequivocal continuous
repetition of its unit cell. The structure of bulk materials and their surfaces
may contain defects of many types, such as voids, dislocations, impurities, va-
cancies, grain boundaries, and others, depending on the nature and synthesis
of the material. Interestingly, many properties of solids are more dependent on
the presence, amount and type of defects than on the structure itself.[195] As
a matter of fact, defect structures in materials are often desired, since they are
responsible for controlling mechanical,[196–198] optical,[199], electronic[200,
201] and chemical properties[202–207], which often lead to devices with prac-
tical functionalities. The influence of the defects on the material properties
is enhanced by decreasing the dimensionality of materials, for instance, on
surfaces. In particular, the presence of defects on oxide surfaces plays a cir-
cumstantial role in heterogeneous catalysis, since they determine corrosion
resistance, molecular adsorption, and reactivity.[208]

The properties of 2D materials are therefore significantly affected by the
presence of defects. An exemplary case of this is graphene.[213, 214] It has been
found that the mechanical properties of graphene are not only influenced by
the density of defects, but also by the atomic local arrangement of them.[198,
215] Thus, it is of fundamental and of technological interest to investigate in
detail the atomic configuration of defects and grain boundaries to understand
the effect on the material properties. As an example, while the main phase
of graphene consists of hexagons of six carbon atoms each, grain boundaries
are formed mostly by pentagon-heptagon pairs.[214] More details about the
defects of graphene layers can be found in the review of Florian Banhart et
al.[216]

Table 6.1 shows a summary of the ring-size configuration of different defects
and domain boundary structures observed in graphene and in ultrathin films
of germania and silica. When dealing with such ultrathin layers, the substrate
underneath turns out to be the main source of defect formation, either due to
the mismatch or to the growth of domains which are shifted by a non entire
number of unit cells with respect to each other.[211] In the case of graphene, it
is important to remark that Table 6.1 only shows such defects that have been
experimentally identified to date, excluding the vast list of predicted ones.[217,
218]

Most of the defects in graphene are observed with transmission electron
microscopy (TEM). They correspond mostly to point defects, unlike the sil-
ica and germania defects that form domain boundary structures (Table 6.1).
Exceptionally, the Stone-Wales defect (point defect in which four adjacent 6-
membered rings are changed into two 5-membered rings and two 7-membered
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Table 6.1: Domain boundary structures and common defects in graphene, and
ultrathin films of silica and germania. The table has been reproduced from Ref.
[193].

System Types Method Citation
Graphene Stone-Wales defect

59 point defect
585 point defect
555777 point defect
555567777 point defect
558 domain boundary

TEM
TEM
TEM
TEM
TEM
STM

[209]
[210]
[210]
[210]
[210]
[211]

ML SiO2/Ru(0001) 5577 domain boundary
57 triangular loop defect encompassing
a 6 MR
457 rectangular loop defect encompass-
ing an 8 MR

STM
STM

STM

[63]
[62]

[62]

BL SiO2/Ru(0001) 558 antiphase domain boundary
57 rotational domain
48 domain boundary
Stone-Wales defect
57 closed-loop defects

AFM/STM
AFM/STM
AFM/STM
AFM/STM
AFM/STM

[212]
[68]
[68]
[68]
[68]

ML GeO2/Ru(0001) 48 antiphase domain boundary
57756 antiphase domain boundary
5678 complex boundary
58 triangular loop defect encompassing
a 6 MR
45678 loop defect encompassing three
6 MR
558 antiphase domain boundary

STM
STM
STM
STM

STM

STM

[124]
[124]
[124]
[39]

[39]

[39]
ML GeO2/Pt(111)
(Hexagonal)

elongated 8 MRs STM current
study

ML GeO2/Pt(111)
(Rectangular)

Antiphase domain boundary STM current
study

BL GeO2/Pt(111) 6 MR antiphase domain boundary STM [145]

rings[141]) is present in graphene and in silica bilayer films on Ru(0001).
This may suggest that such defects are only formed in well-decoupled sys-
tems. Moreover, the 558 is the most common antiphase boundary structure,
observed in graphene, in the silica bilayer on Ru(0001) and in the germania
monolayer on Ru(0001). Is is interesting to note that the germania monolayer
film on Ru(0001) is the system with the largest amount of different defect
structures, despite its chemical bond to the metal-support. One can interpret
this in terms of the flexible GeO4 building blocks that lead to a wide set of
ring combinations.
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6.4 Bilayer Films

We begin the comparison by analyzing theoretical results of free-standing bi-
layer films. The Altman group,[87] in agreement with the Pacchioni group,[39,
145] predicts the 6-membered ring configuration to be the most stable free-
standing bilayer polymorph for both silica and germania. The hexagonal ger-
mania bilayer film presents a more distorted structure, characterized by:[39,
87, 145] (1) Ge-O-Ge bond angles in the direction perpendicular to the surface
which are smaller than the 180◦ Si-O-Si bond angles in the silica bilayer film;
(2) a reduced symmetry, D3, in comparison to the symmetry of the silica bi-
layer film, D6h, due to the rotation of the top and bottom tetrahedra building
blocks that removes the mirror plane between the upper and the lower layer
breaking the C6 rotational axis; (3) less stable rings other than 6-membered
rings than those of the silica bilayer film; (4) a considerably less stability than
the silica bilayer film.

The analysis continues by considering the adsorption of the films on metal
supports. One important computed parameter to evaluate the coupling be-
tween the film and the substrate is the adhesion energy (Ead). It refers to the
relaxation of the system when covering a bare substrate with a film, and it is
defined as follows:[39]

Ead = [E(XO2/M)− E(M)− E(XO2)]/S (6.1)

Where E is the total electronic energy of the XO2/M supported film (in-
cluding the contribution of the long-range dispersion), the M support and
the free-standing film; and S is the supercell area. In addition, there are
other important parameters to probe the film-substrate interaction:[39] the
film-substrate distance (d), defined as the average distances in the z-direction
between the uppermost metal layer and the lowest oxygen layer of the film;
and Q, the charge transfer from the substrate to the film.

Table 6.2 shows the DFT calculated Ead, d and Q for the hexagonal and
the 558 configuration for the germania bilayer films supported on Ru(0001),
Pt(111) and Au(111); and for the silica bilayer films on Ru(0001) and Pt(111).

Due to the difficulty to calculate the Au(111) reconstruction, two different
domains (fcc and hcp) have been modeled as discussed in Refs. [153, 191]. All
the adhesion parameters show a moderate dependence on the Au(111) domain.

One can see that the GeO2/Ru(0001) system presents the lowest Ead and
shortest d, and the largest Q value. The latter is related to charge transfer
from the Ru(0001) substrate to the germania film that gives rise to Ge and
O states right above and below the Fermi level in the calculated densitiy of
states (DOS).[39] These adhesion parameters point towards the formation of
chemical bonds between the film and the substrate, which are responsible
for the highly stable monolayer films and buckled bilayer structure that we



Chapter 6. Comparison with Ultrathin Silica Films 77

discussed in Chapter 3. A similar behavior has been observed for silica films
on Mo(112). While very stable crystalline monolayer films of silica are formed,
higher coverage films are ill-defined due to the strong SiO-Mo bonds that
prevail in the system.[54, 59]

Table 6.2: Comparison of adhesion properties of metal-supported germania and
silica bilayer films calculated at the PBE/D2’ level: strain (%), adhesion energy (Ead,
eV/nm2), interfacial distance (d, nm) and charge transferred to the film normalized
per surface unit (Q, |e|/nm2). The coincidence of the film and the substrate cell is
indicated in the footnotes. The table has been reproduced from Ref. [153].

Oxide Support Phase Strain(%) Ead(eV/nm2) d(nm) Q(|e|/nm2) Ref.

GeO2

Ru(0001) hexa +0.24 -6.78 0.217 0.60 [39]
558b +1.7,+3.0 -7.46 0.219 2.10 [145]

Pt(111) hexa +1.63 -2.20 0.288 0.34 [145]
558b +0.12,-1.23 -2.71 0.258 0.66 [145]

Au(111) hex(fcc)c -1.26 -1.54 0.301 0.35 [153]
hex(hcp)d +0.77 -1.75 0.305 0.39 [153]

SiO2

Ru(0001) hexa -2.76 -1.76 0.265 0.09 [39]
558b +5.76,4.57 -1.13 0.263 0.79 [145]

Pt(111) hexa +4.56 -1.34 0.319 0.04 [145]
558b +7.52,+6.34 -0.65 0.285 0.11 [145]

a (1×1)/(2×2)
b (2×3)/(

√
67×
√

147)R12◦
c (3×3)/(

√
31×
√

31)R9◦
d (3×3)/(

√
61×
√

61)R26◦

Conversely, the silica bilayer film on Ru(0001) binds onto the substrate
mainly via dispersion forces, as deduced from the adhesion properties shown
in Table 6.2, and as determined experimentally via SPM and IRAS.[13, 66]
Moreover, ultrathin silica films on Ru(0001) form a hexagonal monolayer and
a zigzag-line phase, which are in both cases well-defined and atomically flat
as observed in the STM images.[20, 61] Among the different germania films
that we present in this thesis, the one supported on Pt(111) presents the clos-
est resemblance with the silica films on Ru(0001). First, in both cases the
interaction between the film and the substrate is such that it permits the
presence of different polymorphs: monolayer film, zigzag phase and bilayer
film. Second, within the bilayer phases, they both present a crystalline and an
amorphous configuration. A side-by-side comparison between the amorphous
bilayer phases of germania on Pt(111) and of silica on Ru(0001) is the topic
of the next section. As discussed in Section 4.2.1, DFT calculations and ex-
perimental observations agree that the most stable configuration of crystalline
germania bilayer films supported on Pt(111) consists of an arrangement of 8-,
and 5-membered rings, while the one of silica on Ru(0001) is formed by 6-
membered rings. One can compare the adhesion properties for both systems
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by looking at Table 6.2. The film-substrate distance is 0.258 nm and 0.265 nm
for the germania and the silica bilayer film, respectively; the Ead is around 1 eV
lower for the germania film and the charge transfer is also more significant for
the germania film. These parameters indicate that the germania bilayer film
interacts stronger with the metal support than the silica film does, a fact that
is evidenced in the “promoted” 558 germania crystalline structure.[145]

The germania bilayer film on Au(111) presents a small adhesion energy, a
large interfacial distance and low charge transfer, in comparison to the rest
of the germania bilayer films (see Table 6.2). A similar interfacial distance
(3.12 Å) has been calculated for a NaCl bilayer film supported on Au(111), an
ideal physisorbed film. Moreover, similar adhesion properties are observed for
SiO2/Pt(111), in agreement with the structural similarities, discussed in Chap-
ter 5. The similarity is mainly related with the low influence of the support
on the film structure, which is manifested in the fact that none of them form
monolayer films, nor crystalline bilayer phases. Furthermore, the germania
bilayer film on Au(111) behaves more like the calculated free-standing bilayer
film, as the 6-membered ring is the preferred ring-size.

Interestingly, in Section 5.1 we have identified different ring-sizes in the ger-
mania bilayer film on Au(111). Although the amount of them is not enough to
quantify a statistically significant ring-size distribution, we can see a prevalence
of 6-membered rings. Moreover, the 6-membered rings tend to be together,
thus being the (6,6,6) triplet combination a preferred one. This fact constitutes
a large difference with the triplet analysis performed in germania bilayer films
on Pt(111), where the (6,6,6) triplet combination is very rare (Section 4.2.1).
We can now deduce that the ring-size distribution of the germania bilayer film
supported on Pt(111) is influenced by the metal-support and, therefore, by the
preferred 558 crystalline configuration, as we deduced in Section 4.2.1.

As a conclusion to this section, based on the type of structures that they
form, we have found three metal-supported germania and silica systems that
behave similarly: SiO2/Mo(112) and GeO2/Ru(0001), SiO2/Ru(0001) and
GeO2/Pt(111), SiO2/Pt(111) and GeO2/Au(111). This correlation is schemat-
ically depicted in Fig. 6.3.

6.4.1 Silica Versus Germania Amorphous Bilayer Films

Fig. 6.4 shows a side-by-side comparison between two STM images of silica and
germania amorphous bilayer films supported on Ru(0001) and on Pt(111), re-
spectively. Both STM images are atomically resolved, however, their contrasts
correspond to different chemical elements.

The protrusions in the silica bilayer film image (Fig. 6.4, left-hand col-
umn) correspond to Si atoms, while those in the germania bilayer film (Fig.
6.4, right-hand column) indicate O atomic positions. In Figs. 6.4 (c) and



Chapter 6. Comparison with Ultrathin Silica Films 79

Figure 6.3: Correlation between the structural behavior of ultrathin films of silica
and germania supported on different metal substrates. The figure has been repro-
duced from Ref. [193].

(d) the protrusion are superimposed with green and red balls, respectively.
In addition, in the bottom right-hand half of the images the top-most atomic
layer is completed by adding the missing anions or cations accordingly. This is
achieved, for the silica bilayer film, by adding the O atoms in the intermediate
position between two adjacent Si atoms. This procedure is supported by pre-
vious studies on silica bilayer films, where Si and O atomic contrast has been
simultaneously observed by using a dual mode AFM/STM setup.[16] For the
germania system, Ge atoms (blue balls) are placed in the center of the trian-
gles that are formed by the oxygen atoms. This process assumes the fact that
cations are located in the center of the XO4 tetrahedra building blocks, whose
projection in 2D forms triangles of three O atoms surrounding the cation (see
Section 3.1). Finally, in Figs. 6.4 (e) and (f) the top-most layers are com-
pleted and the rings are color-coded according to their sizes. The smallest ring
is for both systems the 4-membered ring and the largest one is for germania
the 10-membered ring and for silica the 9-membered ring. However, we have
observed a small amount of 10-membered rings in another silica preparation
on Ru(0001).[145]

It is worth to note that in the same-sized STM images in Figs. 6.4 (a) and
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Figure 6.4: STM images of silica (left-hand column) and germania (right-hand
column) amorphous bilayer films supported on Ru(0001) and Pt(111), respectively.
In Figs. (c) and (d), O atoms (red balls), Ge atoms (blue balls) and Si atoms
(green balls) are superimposed on the STM images. In Figs. (e) and (f), the rings
are color-coded according to the code shown at the bottom of the figure. (a,c,e)
6.6 nm × 6.6 nm, IT=0.05 nA, VS=2.0 V, adapted from the supplemental material
of Ref. [14]. (b,d,f) 6.6 nm × 6.6 nm, IT=0.1 nA, VS=0.2 V, adapted from Ref.
[145]. The figure has been reproduced from Ref. [193].
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(b), about the same number of rings have been quantified for silica (145) and
germania (143), although the Ge-O bonds are longer than Si-O ones. This
similarity in the ring density has been also observed in DFT calculated free-
standing bilayer films.[87] The larger corrugation of the germania bilayer film
is responsible for the smaller appearance of the ring-sizes, as evidenced in the
atomic models in Figs. 6.4 (e) and (f). While the atoms involved in the Si-
O-Si bonds are aligned (Fig. 6.4 (e)), the Ge-O-Ge bonds are often bent as
viewed from the top (Fig. 6.4 (f)). Additionally, the shape of the silica and
germania rings show a different degree of distortion. While the rings of the
silica bilayer film tend to form regular polygons; the germania bilayer network
presents many strongly distorted rings, typically elongated polygons.

We compare now the ring-size distribution (Figs. 6.5 (a) and (b)) for both
systems presented in Fig. 6.4. The silica ring-size distribution shown in Fig.
6.5 (a) is qualitatively equivalent to previous studies that quantified a larger
number of rings.[152] The main differences between the ring-size statistics of
the amorphous germania bilayer film supported on Pt(111) and the amorphous
silica bilayer film supported on Ru(0001) are: (1) the most frequent ring in
germania is the 5-membered ring, while in silica is the 6-membered ring; (2)
the ratio between the 5- and the 6-membered rings is exchanged; (3) germania
has a larger number of 8-membered rings and less 7-membered rings. In both
cases the amount of 4-, 9- and 10-membered rings remains low. There is a
geometric argument that establishes the balance that must exist between the
number of rings smaller and larger than 6-membered rings, in order to keep
the system flat. This principle is called Euler theorem applied to 2D systems,
and it is shown in the next equation:[219]∑

nx(x− 6) = 0 (6.2)

Where nx is the number of x-membered rings. The summation in the left-
hand side of eq. 6.2 taken over the ring statistics of the germania and the
silica bilayer films give a result of 13 and 3, respectively. On the basis that
both systems are atomically flat, as judged with the STM, and they are formed
exclusively of polygons of 4 to 10 sides, we would expect that the summation
results zero for both systems. However, there are two additional aspects to
consider. The first one, the sample space is finite and the edge effect may
cause results that are not exactly zero. Second, the equation assumes only the
presence of regular polygons. Since the germania bilayer film presents mostly
irregular-shaped rings, the Euler equation is no longer valid and gives a result
far from zero, even though the film is atomically flat. Conversely, in the silica
bilayer film, which is constituted by mostly regular rings, the summation in
eq. 6.2 gives as a result 3, which is very close to fulfill the equation.[220]
This subtle discrepancy is explained partially by the edge effect and by the
non-perfectly regular polygons that make up the film.
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Figure 6.5: Ring-size distribution (upper row) and triplet combination analysis
(bottom row) for silica (left-hand column) and germania (right-hand column) amor-
phous bilayer films supported on Ru(0001) and Pt(111), respectively. The analysis
is performed for both networks shown in the STM images in Fig. 6.4. The most
frequent triplet combinations are drawn above the corresponding peaks, bottom row.
(b) and (d) are taken from Ref. [145]. The figure has been reproduced from Ref.
[193].

We continue the analysis by comparing the triplet combination occurrence
in the silica bilayer phase with respect to the germania one, Figs. 6.5 (c) and
(d), respectively. Note that triplets that include 4-, 9- and 10-membered rings
are scarce and are not included in the figure for clarity. A triplet combination
analysis for the silica bilayer film supported on Ru(0001) with more counts
that the current study is in the literature,[221] and both provide qualitatively
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similar results. When comparing both histograms, one can evidence a corre-
lation between the most frequent triplet combinations and the rings involved
in the most stable crystalline structures in silica and germania bilayer films.
In the case of germania, the 558 unit cell of the germania crystalline bilayer
film (Section 4.2.1) is manifested in the high occurrence of the (5,5,8) triplet
combination (Fig. 6.5 (d)). Additionally, the most frequent triplet combina-
tion, the (5,6,8), is present in the linear chains of 6-membered rings that are
introduced as defect structures in germania crystalline bilayer films (see Fig.
4.9 (a)). This defect also introduces (6,6,8) and (5,6,6) triplets, which are also
frequent in the amorphous phase.

On the other hand, all triplet combinations in the amorphous silica bilayer
film (Fig. 6.5 (c)) contain 6-membered rings, including the (6,6,6) triplet,
in line with the preferred crystalline hexagonal phase in silica bilayer films
on Ru(0001). Silica films also show a correlation between the most frequent
triplets and the ring-combinations that form defect structures in the crystalline
phase. For instance, the most common defect in crystalline silica bilayer films
supported on Ru(0001) is the 558 antiphase boundary structure.[212] One
unit cell of this defect contains ten triplet combinations, four of them are
(5,6,8) triplets, and the (5,6,6), (5,5,8) and (6,6,8) are repeated twice each.
One can see in Fig. 6.5 (c) that all these four different triplet combinations
are preferred ones. In Table 6.1 we can see that the silica crystalline bilayer
film supported on Ru(0001)forms also other defect structures that involve 5-
and 7-membered rings, and a 48 domain boundary. The former ones introduce
triplets such as (5,6,7) and (6,6,7), both of them preferred triplet combinations
in the amorphous phase. The 48 domain boundary is not evidenced in any
preferred ring combination in the amorphous phase due to the small number
of 4-membered rings in the film. Kristen Burson et al. investigated in detail the
correlation between the different rings that form defects in the silica crystalline
bilayer film grown on Ru(0001) and its amorphous phase.[212] Similarities in
the ring combinations and statistics were found, however a clear difference
lies in their order and periodicity. In bulk materials, crystalline regions of
cristobalite are observed in vitreous silica and germania which increase size
upon devitrification.[31]

It is worth to highlight, the significant small number of the (6,6,6) triplets
in the germania amorphous bilayer film, despite the fact that the 6-membered
rings are the second most frequent ring-size (Fig. 6.5, right column). This
observation is in agreement with the impact of the crystalline unit cell on
the amorphous ring-size distribution, discussed above. Moreover, in Section
4.2 we refer to DFT calculations of free-standing germania and silica bilayer
films which predict the hexagonal phase to be the most stable one in both sys-
tems.[87, 145] We therefore conclude that the 558 crystalline phase observed in
germania bilayer films and the lack of (6,6,6) triplet combinations is attributed
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to the influence of the metal-support on the film structure.[145]



Chapter 7

Summary and Outlook

Ultrathin films of germania have been prepared on different substrates and
characterized at the atomic level by using a combination of high-resolution
STM images, LEED, I/V-LEED and external support from DFT calculations.

In Chapter 3, we investigated the structure of ultrathin films of germania on
Ru(0001). At low coverages, the STM images revealed a hexagonal structure
of O and Ge atoms, while the LEED pattern exhibited a (2 × 2) periodicity
with respect to the metal-support. Subsequently, an I/V-LEED study deter-
mined that the film consists of a network of GeO4 building blocks forming a
strongly coupled monolayer film of 6-membered rings. Furthermore, different
ring-sizes were observed in diverse boundary structures. At higher coverage,
an amorphous bilayer film is observed. However, its strong interaction with
the metal-support, as determined by DFT calculations, causes an ill-defined
and corrugated film.

Ultrathin films of germania supported on Pt(111) were the topic of the
Chapter 4. On this metal-support, we have observed the largest number of
polymorphs: two types of monolayer films, a zigzag phase, and bilayer films
with different degree of order. The monolayer films undergo a significant dis-
tortion in order to adapt to the support. In one case, three different sized
6-membered rings arranged in a (3 × 3) superstructure and, in another case a
combination of 8-, 6- and 4-membered rings forming a rectangular unit cell. In
the latter film, the distortion is such that the DFT model predicts the presence
of 5-coordinated Ge atoms. Moreover, well-defined bilayer films were prepared
and characterized in detail. Interestingly, by varying the temperature one can
tune the degree of crystallinity of the film. While the crystalline phase presents
an oblique unit cell formed by 8- and 5-membered rings, the amorphous phase
exhibits a ring-size distribution that ranges from 4- to 10-membered rings.
The latter film constitutes a new well-defined 2D amorphous model system
with similarities and differences to the corresponding Si-based material. The
germania bilayer film, like the silica one, is formed by a double layer of GeO4

building blocks which are chemically decoupled from the metal support. How-
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ever, in comparison to the silica bilayer film, it shows a larger corrugation.
Moreover, the ring-size distribution of its crystalline and amorphous phase are
influenced by the interaction with the Pt(111) metal-support.

In chapter 5, we investigated films of germania supported on Au(111). This
system allowed us to judge the role of the substrate in the film structure, since
Au(111) is inert to O and has a distinctive surface reconstruction through
which we probed the film-substrate interaction. The films only formed amor-
phous bilayers, as expected from the trend observed in silica films supported on
different metal supports. The presence of the (6,6,6) triplet combination, as a
preferred one, suggested that the film is little influenced by the metal-support
and its structure may resemble more the calculated one for free-standing ger-
mania bilayer films. The decoupling of the film from the Au(111) support has
been evidenced by the presence of soliton walls of the herringbone reconstruc-
tion that continue under germania bilayer islands. This observation differs
from the general behavior of oxides of lifting the Au(111) reconstruction.

A comparison between ultrathin films of silica and germania has been made
in Chapter 6. We have observed that on the same metal-substrates (Ru(0001)
and Pt(111)), the films of germania interact stronger with the support than
the silica films. We have identified a parallelism between metal-supported ger-
mania films and silica films supported on more inert metal substrates. Specif-
ically, the silica film structures supported on Mo(112), Ru(0001) and Pt(111)
correlates to the ones of germania on Ru(0001), Pt(111) and Au(111), respec-
tively. In order to explain this correlation, many factors must be considered:
(1) germania forms longer bonds than silica; (2) germania building blocks are
more flexible than the silica ones, thus being more versatile to form diverse
structures; (3) germania bilayer films are more corrugated than the silica ones,
which increases the interaction with the metal-support; (4) free-standing ger-
mania bilayer films are less stable than the silica ones.

The presented experimental work, supported with DFT calculations (pro-
vided by the Pacchioni group), may be of substantial interest in areas spanning
amorphous networks, 2D materials and zeolites. It also provides insights into
the role of the metal-support in the structure of ultrathin oxide films. With the
expertise obtained in this work, the opportunity to prepare a 2D germanosili-
cate film is opened, material that is relevant in optical fiber communications.



Appendix:

I/V-LEED Atomic Coordinates

Ru(0001), Ru(0001)-(2x2)-3O and germania monolayer coordinates from I/V-
LEED. The atomic coordinates are the result of the structural optimization
that gives the best R factor. The initial reference structure comes from DFT
calculations. Elements that are labelled with ∗ were subjected to the Tensor
LEED optimization process. The rest of the atoms have fixed positions and
form the bulk substrate. The error bars are calculated according to [113, 114].
The z coordinate is perpendicular to the surface, x and y correspond to the
[11̄00] and [112̄0] crystallographic orientations, respectively.

Table 7.1: Atomic coordinates of the Ru(0001) surface reconstruction derived by
I/V-LEED analysis

x[Å] y[Å] z[Å] element
-1.35±0.06 -0.78±0.06 -2.11±0.02 Ru∗

0.00 0.00 0.00 Ru
-1.352 -0.781 2.141 Ru
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Table 7.2: Atomic coordinates of the Ru(0001)-(2 × 2)-3O surface reconstruction
derived by I/V-LEED analysis

x[Å] y[Å] z[Å] element
0.00±0.09 -1.5±0.1 -5.47±0.04 O∗

1.33±0.09 0.8±0.1 -5.47±0.04 O∗

-1.33±0.09 0.77±0.09 -5.47±0.04 O∗

-2.70±0.05 1.56±0.05 -4.27±0.02 Ru 1 layer∗
0.00±0.05 1.61±0.05 -4.26±0.02 Ru 1 layer∗
1.39±0.05 -0.80±0.05 -4.26±0.02 Ru 1 layer∗
-1.39±0.05 -0.80±0.05 -4.26±0.02 Ru 1 layer∗
2.70±0.06 -1.56±0.06 -2.14±0.04 Ru 2 layer∗
1.35±0.06 0.78±0.06 -2.09±0.03 Ru 2 layer∗
-1.35±0.06 -0.78±0.06 -2.09±0.03 Ru 2 layer∗
0.00±0.06 -1.56±0.06 -2.09±0.03 Ru 2 layer∗
-2.70±0.07 1.56±0.06 0.00±0.05 Ru 3 layer∗
0.00±0.07 1.56±0.06 0.05±0.03 Ru 3 layer∗
1.35±0.07 -0.78±0.06 0.05±0.03 Ru 3 layer∗
1.35±0.07 -0.78±0.06 0.05±0.03 Ru 3 layer∗

1.352 0.780 2.141 Ru 4 layer
-1.352 0.780 2.141 Ru 4 layer
2.704 -1.561 2.141 Ru 4 layer
0.000 -1.561 2.141 Ru 4 layer
0.000 1.561 4.281 Ru 5 layer
1.352 -0.780 4.281 Ru 5 layer
-2.704 1.561 4.281 Ru 5 layer
-1.352 0.780 4.281 Ru 5 layer
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Table 7.3: Atomic coordinates of the germania monolayer film in hcp configuration,
with interfacial oxygen, derived by I/V LEED analysis

x[Å] y[Å] z[Å] element
1.1±0.1 2.0±0.1 -6.28±0.06 O∗

1.2±0.1 -2.0±0.1 -6.28±0.06 O∗

-2.3±0.1 0.0±0.1 -6.28±0.06 O∗

-2.70±0.05 1.56±0.05 -5.71±0.02 Ge∗
2.70±0.05 -1.61±0.05 -5.63±0.02 Ge∗
-2.70±0.01 1.6±0.1 -3.98±0.08 O∗

2.7±0.1 1.6±0.1 -3.79±0.08 O∗

0.0±0.1 0.0±0.1 -3.50±0.08 O∗

1.26±0.06 -0.88±0.06 -2.22±0.02 Ru 1 layer∗
-1.40±0.06 -0.65±0.06 -2.22±0.02 Ru 1 layer∗
0.13±0.06 1.53±0.06 -2.22±0.02 Ru 1 layer∗
-2.70±0.06 1.56±0.06 -2.11±0.05 Ru 1 layer∗
0.00±0.09 0.00±0.09 -0.14±0.05 Ru 2 layer∗
-1.36±0.09 -2.33±0.09 -0.10±0.03 Ru 2 layer∗
1.36±0.09 -2.34±0.09 -0.10±0.03 Ru 2 layer∗
-2.71±0.09 0.01±0.09 -0.10±0.03 Ru 2 layer∗
-2.7±0.1 1.6±0.1 2.05±0.08 Ru 3 layer∗
1.3±0.1 -0.8±0.1 2.05±0.04 Ru 3 layer∗
-1.3±0.1 -0.8±0.1 2.05±0.04 Ru 3 layer∗
-0.0±0.1 1.5±0.1 2.05±0.04 Ru 3 layer∗
-1.352 -2.342 4.166 Ru 4 layer
1.352 -2.342 4.166 Ru 4 layer
-2.704 0.000 4.166 Ru 4 layer
0.000 0.000 4.166 Ru 4 layer
1.352 -0.781 6.306 Ru 5 layer
-2.704 1.561 6.306 Ru 5 layer
-1.352 -0.781 6.306 Ru 5 layer
0.000 1.561 6.306 Ru 5 layer
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