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Abstract

Glasses are ubiquitous in nature and technology. They are generally classified
by a lack of periodicity and order. Therefore, it is a great challenge to investi-
gate the atomic arrangement in a glass. Silica is the prototype glass network
former. The corner-sharing interconnection of the tetrahedral building units
provides high flexibility in its atomic configuration. Silica glass, also known
as vitreous silica, has been studied by various techniques for more than 80
years. However, most methods fail to give a direct view on the atomic ar-
rangement in glass. Scanning probe methods possess the potential to resolve
atomic surface structures in real space. To study glasses by these methods,
a new class of two-dimensional glassy structures had to be designed.

In this work, we address a metal-supported silica bilayer at the atomic
level. A combination of low energy electron diffraction, Auger electron spec-
troscopy, low temperature scanning tunneling microscopy and noncontact
atomic force microscopy was applied in ultrahigh vacuum. The growth mode
of the thin silica films was characterized. Local measurements revealed crys-
talline and vitreous regions in the silica bilayer film. We analyzed high res-
olution images of the vitreous bilayer at different ranges of order yielding
a better understanding of vitreous structures in general. In addition, the
atomic arrangement in crystalline and vitreous bilayer areas was resolved and
thoroughly compared to each other. Ultimately, we unraveled the crystalline—
vitreous interface in the two-dimensional silica film. The presented results
show that the vitreous silica bilayer qualifies for a versatile glass model sys-
tem.

Keywords: STM, AFM, silica, glass, 2D random network
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Zusammenfassung

Gléaser sind allgegenwértig in Natur und Technik. Sie werden im Allgemeinen
durch fehlende Periodizitat und Ordnung beschrieben. Deswegen ist es eine
grofle Herausforderung, die atomare Struktur von Glas zu untersuchen. Si-
lika ist das Musterbeispiel eines Glasnetzwerkbildners. Die eckenverkniipfte
Verbindung der tetraedrischen Baueinheiten sorgt fiir eine hohe Flexibilitat
der atomaren Konfiguration. Seit iiber 80 Jahren wurde Silikaglas mittels
verschiedener Techniken untersucht. Die meisten Methoden sind nicht im
Stande einen direkten Einblick in die atomare Anordnung in Glasern zu
gewahren. Rastersondenmethoden besitzen das Potential, die atomare Ober-
flachenstruktur im Realraum aufzulosen. Um Gléser mit diesen Methoden
untersuchen zu koénnen, musste eine neue Klasse an zweidimensionalen glasar-
tigen Strukturen entwickelt werden.

Die vorliegende Arbeit behandelt eine auf einem Metallsubstrat pré-
parierte Silikadoppellage auf der atomaren Ebene. Eine Kombination aus
niederenergetischer Elektronenbeugung, Auger-Elektronenspektroskopie,
Tieftemperaturrastertunnel- und -rasterkraftmikroskopie wurde im Ultra-
hochvakuum angewandt. Das Wachstum der diinnen Silikafilme wurde
charakterisiert. Lokale Messungen zeigen, dass es kristalline und glasartige
Bereiche in der Silikadoppellage gibt. Hochaufgeloste Aufnahmen der glasar-
tigen Doppellage wurden auf unterschiedlichen Langenskalen ausgewertet
und fiihrten zu einem besseren Verstindnis von amorphen Strukturen im
Allgemeinen. Zuséatzlich wurde die atomare Anordnung des kristallinen und
glasartigen Silikafilms aufgelost und miteinander verglichen. Schlussendlich
wurde die Grenzflache zwischen der kristallinen und glasartigen Silikadop-
pellage entschliisselt. Die vorgestellten Ergebnisse zeigen, dass sich die
Silikadoppellage als vielfaltiges Modellsystem fiir Glaser eignet.

Schlagworter: STM, AFM, Silika, Glas, 2D Netzwerk
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Introduction

Over the past few decades, the technological importance of glass has been
constantly increasing. Properties like optical transparency, mechanical dura-
bility and thermal stability make it a very versatile material which has an
enormous number of applications. Although glasses have been produced for
several thousand years, it is surprising how little we know about amorphous
materials at the atomic scale. Richard Zallen, a renowned glass scientist, once
declared [1]: “The atomic structure of an amorphous solid is one of its key
mysteries, and structural information must be won with great effort.” The
presented thesis aims to tackle the puzzling nature of glasses by investigating
two-dimensional vitreous silica at the atomic level.

Exactly one century ago, Max von Laue’s discovery of X-ray diffraction
(XRD) ushered in a new era in the structural analysis of condensed mat-
ter. For the first time, information on the atomic arrangement in materials
could be gained. However, XRD measurements are not limited to crystals.
Soon, scientists started to investigate glasses using XRD (see, e.g., Ref. [2]).
The absence of sharp diffraction peaks led to the conclusion that glasses
are noncrystalline—i.e. amorphous—materials. Nevertheless, a comprehen-
sive picture of the glass structure was absent, until William H. Zachariasen
published his postulates on “The Atomic Arrangement in Glass” in 1932 [3].
These ideas were able to explain XRD experiments [4] and his hypothesis
is commonly referred to as the “random network theory” A tremendous
amount of work has been invested in measuring the exact atomic structure
of glasses by diffraction methods [5, 6]. Although these techniques are able
to yield very high resolution data, they average over a large sample area
and initially probe the reciprocal space. To study noncrystalline materials
in more detail, it is necessary to resolve their atomic structure in real space.

The invention of scanning tunneling microscopy (STM) [7, 8] and atomic
force microscopy (AFM) [9] opened up another era in materials research.
These techniques allowed atomic scale investigations and were successfully
applied to a large variety of crystalline surfaces. Many surface structures and
reconstructions had been known before the rise of scanning probe microscopy



2 Introduction

(SPM). The strength of SPM lies in its high local resolution in real space,
enabling the investigation of single adsorbates, molecules, and defects on the
surface. Is it possible to resolve the local atomic structure of an amorphous
system? The application of SPM to cleaved glass surfaces [10-15] and to
glassy metals [16] has been shown. However, a detailed and unambiguous
atomistic assignment of the observed structures was not possible because of
rough surfaces and large corrugations. Therefore, to investigate the atomic
structure of amorphous materials by SPM, an atomically flat glass is required.

Silica is the prototype network former and the basis of many glasses. It
is relevant in various branches of modern technologies, e.g., in semiconductor
devices, optical fibers and as a support in industrial catalysts.

Crystalline monolayer silica films on Mo(112) have been investigated
in the Chemical Physics department of the Fritz-Haber-Insitute for over a
decade [17]. Structural [18], electronic [19, 20], vibrational [21] and adsorp-
tion properties [22-26] of these films were studied. To mimic bulk silica
materials, scientists attempted to grow thicker silica films on Mo(112). The
atomic structure of these films could not be resolved due to three-dimensional
growth of silica clusters on the surface [27]. Therefore, we prepared silica films
on a different metal support—Ru(0001). We explored the atomic structure
of these films by applying a combination of STM and AFM at low temper-
atures in ultrahigh vacuum. We found that, depending on the preparation
parameters, a silica bilayer could be grown exhibiting crystalline and vitre-
ous regions [28-34]. For the first time, it was possible to study a vitreous
material in real space at the atomic scale. Shortly after our discovery, a
similar silica bilayer film was observed on graphene by scanning transmission
electron microscopy [35] and on Pt(111) by STM [36]. These findings prove
the existence of a new class of materials: two-dimensional glasses.

This work is outlined as follows. In chapter 1, basic concepts about the
structure of glasses are described. Chapter 2 focuses on the experimental
techniques used in this work. In chapter 3, results from a growth study of
silica on Ru(0001) are presented. Chapters 4, 5 and 6 address the atomic
structure of the silica bilayer films. The atomic arrangement in the vitreous
silica bilayer is thoroughly evaluated in chapter 4. Chapter 5 compares atom-
ically resolved crystalline and vitreous regions of the film. In chapter 6, the
crystalline—vitreous interface is examined. Finally, the work is summarized
and an outlook on future research is given.



Chapter 1

The Structure of Glass

In this chapter, basic concepts about the properties of glasses are presented.
First, the term “glass” is defined. In the second section, we introduce the
continuous random network as postulated by Zachariasen followed by the
concept of the pair correlation function. Afterwards, Wright’s classification
of order in random networks is explained. In the end, methods are listed
that have been used to investigate the structure of glasses.

1.1 Definition of “Glass”

A glass can be defined either in terms of its thermodynamic history or its
atomic structure. Figure 1.1 helps us describe the first definition. The graph
shows a typical volume (V') vs. temperature (7") diagram of a liquid’s cooling
process. In general, a liquid may take two different routes to solidify (de-
noted 1 and 2 in the V(T') plot). As soon as the temperature of the liquid
is lowered to the freezing point T}, it may take route 1 to the solid state
and crystallize. However, this process requires time. During this so-called
nucleation process, crystalline centers must form and grow. If the liquid is
cooled fast enough, it may proceed according to route 2 below 7. Between
Ty and the glass transition temperature T, the liquid is referred to as un-
dercooled or supercooled liquid. It is, however, still in the liquid state. If
the temperature is further lowered below T}, and there is no time for the
crystallization process to occur, the supercooled liquid solidifies as a glass.
The glass transition is accompanied by a characteristic change of slope in the
V(T') diagram, after which the curves for the glassy state and for the crys-
talline state run almost in parallel. The Tj value strongly depends on the
composition of the liquid and the cooling rate (for silica, 7}, is approximately
1470 K [37, 38]). For a fast cooling procedure, T, is higher than for a slow

3
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Y gas

glass
transition >

volume —

crystal

T T, T,

g
] ] ]

temperature —

Figure 1.1: Phase diagram showing two different cooling paths along which a
liquid can solidify. Route 1 shows the way to the crystalline state. Route 2
represents the rapid-quench path to the glassy state. T,, T, and T} denote the
temperatures of the glass transition, the freezing point and the boiling point,
respectively. This figure has been retraced from Ref. [1].

process [39]. Below T}, the glass is solid and has brittle-elastic mechanical
properties. In summary, thermodynamically, a glass is a material that forms
from a liquid that bypasses crystallization by a fast cooling process.

The transition from a liquid to a crystal is a first order phase transi-
tion, because the volume, which is the first derivative of the thermodynamic
Gibbs function with respect to pressure, changes discontinuously, as it can be
schematically seen in Figure 1.1. However, the volume changes continuously
from a liquid to a glass. Thus, the glass transition is not a first order phase
transition. Its behavior comes very close to a second order phase transition
[40], because the specific heat changes its slope when going from liquid to
glassy state. This change is, however, not very sharp, as required for a real
phase transition. Therefore, the true nature of the glass transition is still
debated [1, 41].

The second definition of glass involves its atomic structure. A glass is a
material that lacks periodicity and long range order in its atomic arrange-
ment. It has no sharp diffraction pattern (see also section 1.5) and its unit
cell is infinitely large. In that sense, a glass is structurally very similar to
a liquid, which has a random arrangement of atoms or molecules. It could
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even be shown that the liquid and the glassy phase of a silica droplet have
nearly the same pair correlation functions [42] (see also section 1.3).

Glasses and quasicrystals have related structural properties. Both mate-
rial classes share the absence of periodicity; it is impossible to describe these
structures with any Bravais lattice. However, a quasicrystal exhibits long
range translational and orientational order and therefore produces a sharp
diffraction pattern [43]. The first quasicrystal that was reported revealed a
sharp fivefold diffraction pattern and could be assigned to the icosahedral
point symmetry group [44].

Whereas metallic glasses are usually described in terms of random close
packing of hard spheres [45], covalent glasses, such as vitreous silica, are ex-
plained in terms of the continuous random network as proposed by Zachari-
asen (see following section).

Glasses can be formed from a large number materials. The majority of
engineering plastics is amorphous [41]. Even metals can be prepared in the
amorphous state at very high cooling speeds [46, 47]. There are, however,
certain materials that are well-suited for the glass transformation, as they
condense into the vitreous state even at slow cooling rates. These materials
are called glass formers and consist of oxide systems based on Si, B, P, Ge
and As [48]. In their crystalline forms, glass formers are typically arranged
from periodic ring or chain structures of identical molecular building blocks
(e.g. Si0, tetrahedra in the case of silicates). Therefore, by rapid cooling of
the liquid, there is not enough time for these building blocks to rearrange
into the crystalline form and they stay trapped in the structure of the liquid.

Furthermore, glasses often exhibit characteristic electronic and optical
properties. Most oxide based glasses are good insulators and exhibit a large
band-gap (ca. 9 eV in the case of silica). These glasses are transparent, be-
cause the optical transmission function is high for light in the visible range.
Only ultraviolet (electronic excitations) and infrared light (vibrational exci-
tations) fail to penetrate these glasses without absorption processes.

1.2 Continuous Random Network

In 1932, when William H. Zachariasen published his thoughts on “The
Atomic Arrangement in Glass” [3], there was a large debate about whether
glasses are built up from crystalline material [49]. Zachariasen attempted
to rule out the crystallite hypothesis. First, he assumed that the bonding
forces between the atoms in a glass and in a crystal should be essentially
identical, because both have comparable mechanical properties. According
to Zachariasen, the main feature that distinguishes a glass from a crystal
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Figure 1.2: Zachariasen’s schematics (black dots = cations (A); white circles =
oxygen). (a) The picture shows the atomic structure of a 2D A,O4 crystal (retraced
from Ref. [3] and extended). (b) An image illustrating the atomic arrangement in
a 2D glass of the same A,O4 composition (retraced from Ref. [3]).

is the lack of periodicity and symmetry. Furthermore, to sketch an atomic
picture of a glass, Zachariasen used the predictions made by Goldschmidt,
who suggested that tetrahedral atomic configurations are required to form
glasses [50]. Because it was difficult to draw a three-dimensional (3D) pic-
ture, Zachariasen made use of a two-dimensional (2D) analogy. In Figure
1.2a, we retraced Zachariasen’s scheme of a crystal and extended it for bet-
ter visibility. The black dots represent the cations (A) and the white circles
depict the O atoms. The crystal in Figure 1.2a has a composition of A,O,
and is constructed of AO; triangles. These triangular units are connected to
each other via a constant A—O—A angle of 180° forming regular sixfold rings.
Figure 1.2b shows Zachariasen’s picture of a glass with the same chemical
composition—A,0O4. Although the building blocks in this case are the same
as in the crystal, namely the AO, triangles, the glass structure lacks peri-
odicity and long range order. This is due to the large variety of A-O-A
angles which bridge two neighboring building units. The angular diversity
leads to a structure consisting of differently sized rings. Figure 1.2b became
the most widespread picture to illustrate the atomic structure of a glass,
because it nicely shows the difference between crystals and glasses. Fur-
thermore, Zachariasen’s postulates were very useful in explaining diffraction
experiments on glasses [4]. Zachariasen’s scheme of the atomic arrangement
in a glass has later been termed “continuous random network”.
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Figure 1.3: Schematic illustration of the PCF. The blue circle denotes the first
coordination shell, the purple one the second. The green atom is the atom from
where the shown PCF is defined. The red dashed curve represents the sum of all
peaks. This figure has been retraced from Ref. [51].

In his work, Zachariasen also derived some simple empirical rules for the
formation of oxide glasses. According to those rules, (1) one O atom is linked
to not more than two A atoms, (2) the number of O atoms around an A atom
must be small, (3) the O polyhedra are corner-sharing and (4) at least three
corners of the O polyhedra must be shared. Oxides of type AO,, A,O,, and
A,O; fulfill these conditions. Thus, the common glass formers SiO,, B,0O,,
and P,O5 are included.

1.3 Pair Correlation Function

A very useful concept in analyzing the atomic correlations in amorphous
materials is the pair correlation function (PCF; also called radial distribution
function). A schematic representation of the PCF is displayed in Figure 1.3.
The PCF is defined from a random atom i in the solid (green atom in Figure
1.3). The distance to any other point in space is the so-called radial distance
r. If we denote the PCF as p(r), then p(r)dr gives the probability to find a
neighbor j for atom ¢ at a distance between r and r+dr, with dr > 0. Figure
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crystal
(a) '(C)
(d) (f)
I
p(r)

| —

Figure 1.4: Correlation between atomic positions and the PCF. Panels (a)—(c)
show snap-shots of the real space atomic structure in a dilute gas, a monoatomic
glass, and a monoatomic hexagonal crystal, respectively. Panels (d)—(f) depict
schematic shapes of the corresponding PCFs. The PCF from a random distribution
of atoms (d) is shown as a black dashed curve in panels (e) and (f). These images
have been adapted from Ref. [1].

1.3 shows two different coordination shells (blue and purple) giving rise to
two consecutive peaks in p(r). In the rest of this section, we will elaborate
on the different PCFs of a monoatomic dilute gas, a glass, and a crystal.

For point particles distributed randomly in space with an average num-
ber density of py, we can easily derive the formula for p(r) by considering
the number of expected particles in a shell of volume 47r2dr: it is this vol-
ume element times py. This model corresponds physically to a dilute gas of
noninteracting atoms or molecules. For the PCF, we obtain:

Pyas(r) = 471 po. (1.1)

Figure 1.4a shows a snap-shot of the particle positions in this model. The
corresponding PCF is plotted in Figure 1.4d.

Things look different, if we consider a simple monoatomic glass (Fig-
ure 1.4b). There is a certain minimal distance r,,;, between the atoms and
therefore the corresponding PCF, pgqss, is zero for r < 7, (Figure 1.4e).
Furthermore, the atomic arrangement in a glass is not completely random
(see also section 1.4). Due to the correlation between the atoms and their
nearest neighbors (NNs), there is a series of peaks in the PCF. The first peak



1.4 Ranges of Order 9

is usually sharp, as it is defined by the bond length between two adjacent
atoms. The following peaks, however, increase in width and get more dif-
fuse. The correlation gets weaker with increasing radial distance. For large
distances, pgqss approaches the value of pgqs.

For a crystal lattice (Figure 1.4c), the PCF, if we neglect thermal effects,
is a sum of delta functions (Figure 1.4f):

pc'rystal(r) = Z Zj (7’)5(7’ - Tj) (12)
j
where z;(r) is the coordination number in the j-th shell. The first peak
of perystar coincides with pgass, as the NN interactions are very similar in
both cases. The next peaks, however, show substantial deviation. For large
distances, the peaks in perystar become very closely spaced.

1.4 Ranges of Order

In section 1.1, we learned that glasses lack long range order. Nevertheless,
the glass structure is not completely random and it is possible to characterize
order on different length scales. Traditionally, order in glasses was divided
into three ranges: short, intermediate, and long [54]. Adrian C. Wright
pointed out that in the case of network solids, such as vitreous silica, it is
more convenient to introduce the four ranges -1V [5, 52|, which are briefly
addressed hereafter.

Figure 1.5a shows a typical neutron diffraction (ND) PCF of bulk vitreous
silica. In Figure 1.5b, the first three ranges of order are indicated by arrows
and additionally illustrated by silica model structures (Si: green balls; O: red
balls).

Range I — The first range represents the structural building unit of a given
amorphous solid. This unit can be quite complex and even a combination of
several structural units is possible. In covalent networks, well-defined build-
ing blocks are present, such as the SiO, tetrahedron in vitreous silica or the
AsS, pyramid in melt-quenched stoichiometric As,S; [52]. The first range in
vitreous silica is primarily characterized by quantities within the SiO, tetra-
hedron: the Si-O and O-O distances, as well as the O-Si-O angle.

Range II — The second range reflects the interconnection of two adjacent
structural. Most commonly, the structural building blocks in covalent sys-
tems share corners, but there are also edge sharing structures, e.g. GeSe,
[52]. In bulk vitreous silica, the connection of two SiO, tetrahedral units not
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Figure 1.5: Ranges of order in network solids as proposed by Wright [5, 52].
(a) An ND PCF of bulk vitreous silica (retraced from Ref. [53]). (b) Schematic
visualization of the different ranges of order (Si: green, O: red).

only involves the Si—-O-Si bonding angle, but also the torsion angle at the
bridging O atom. Furthermore, range II in vitreous silica is characterized by
the Si-Si distance between two neighboring building blocks.

Range III — The third range describes order beyond adjacent structural
units and is thought to extend to about 1 to 2 nm [54, 55]. For simple
network materials, it can be defined in terms of the network topology. An
important concept in this context is the ring size distribution. Range III can
also be characterized by the PCF above about 0.4 nm and by the Si-Si-Si
angle in the case of vitreous silica.

Range IV — Although long range order is absent in amorphous materials,
there may be longer range density fluctuations that arise, e.g., from phase
separations.
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Figure 1.6: Schematic representation of a diffraction experiment (retraced from
Ref. [1]).

1.5 Methods for Glass Studies

In this section, experimental and theoretical methods that have been used
to study the structure of glasses are briefly summarized. Note that this is
neither an extensive nor an exhaustive overview and for more information,
consult the excellent overview articles in this field [5, 6] as well as textbooks
1, 56].

1.5.1 Experimental Methods

Diffraction methods were the first techniques applied to probe the structure
of glasses. Figure 1.6 shows a schematic geometry of a diffraction experiment.
A beam of monoenergetic electrons, X-rays, or neutrons is directed at the
sample. The resulting diffraction pattern directly reveals, whether a sample
is crystalline or amorphous. A diffraction pattern of a single crystal exhibits
a set of sharp spots according to Bragg’s law:

2dsinf = n\ (1.3)

where d is the distance between two lattice planes, n is the order of reflection,
0 is the angle between the incoming radiation and the normal of the lattice
plane, and A is the wavelength. The wavelength of the incident photons
(A = he/E), or the de Broglie wavelength of the incident particles (A =
h/v/2mEy;,) is chosen such that it is of the order of interatomic distances.
A powder sample of a crystalline material consists of small, randomly
oriented crystalline grains. Therefore, such kind of samples display sharp
rings in their diffraction patterns (see Figure 1.7a for a diffraction pattern
of a-quartz, a crystalline form of silica). In contrast, amorphous solids lack
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Figure 1.7: Two X-ray diffraction patterns. (a) Powder sample of a-quartz. (b)
Vitreous silica. Taken from Ref. [57].

crystal planes and therefore Bragg’s law is not directly applicable. How-
ever, their diffraction patterns are not completely structureless: amorphous
samples show one or several diffuse halos (see Figure 1.7b for a diffraction
pattern of vitreous silica). This indicates that amorphous materials still have
a certain degree of order.

Quantitatively, a diffraction experiment yields the scattering interference
function I(k), where the scattering vector k is defined via the observed scat-
tering angle 26 by k = (4w /A)sinf. The corresponding PCF can be calcu-
lated by Fourier transforming /(k). Although it sounds simple, this process
requires very careful acquisition and processing of the data [58-61].

Special attention was drawn to the puzzling nature of the first sharp
diffraction peak in vitreous materials, e.g. the inner halo in Figure 1.7b. It
stems from the most slowly decaying real space Fourier component with the
highest period [5]. For vitreous silica, the peak is situated at 1.53 A-! being
equivalent to a real space periodicity of 27/(1.53 A=) = 4.1 A [5]. This
value has been attributed to the periodicity of cages in the network structure
(62-64].

Note that X-ray diffraction (XRD) and ND measure different atomic prop-
erties. Whereas X-rays interact with the electrons, neutrons are sensitive to
the nuclei. In the XRD case, an electron distribution has to be assumed
leading to possible uncertainties. The position of the nuclei, however, might
differ from the center of the electron cloud. Thus, PCFs calculated from
XRD and ND might suffer from errors.

Although diffraction methods are able to yield very high resolution data,
they have several limitations: (1) the structural information is averaged over
a large sample volume, depending on the characteristics of the incident beam,
(2) they give, in the first place, only information in reciprocal space, and (3)
the maximum that can be obtained is a one-dimensional (1D) PCF, which
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makes it impossible to characterize a 3D structure in all its details. There-
fore, the only way to understand diffraction experiments is by comparing
the experimental PCF to PCFs calculated from coordinates of hand-built or
computer-generated structural models (see section 1.5.2). However, even a
perfect match between model and experiment is not a guarantee that there
are no other models that would fit equally well [52].

In addition to diffraction methods, many other experimental techniques
were applied to glasses. The vibrational properties of glasses can be studied
using infrared and Raman spectroscopy. Characteristic vibrational modes in
vitreous silica were observed by means of infrared spectroscopy [65-67]. The
application of Raman vibrational spectroscopy supplied information about
ring configurations in vitreous silica [68, 69]. Furthermore, from nuclear
magnetic resonance measurements, bond angle distributions were derived
[70-72].

Scanning probe methods possess the potential to resolve atomic surface
structures in real space (see section 2.3). The application of scanning probe
methods to cleaved glass surfaces [10-15] and to glassy metals [16] has been
shown. However, a detailed and unambiguous atomistic assignment of the
observed structures was hindered by rough surfaces and large corrugations.
These obstacles can be overcome by modern thin film preparation and mod-
eling concepts. In particular, thin oxide films on metal supports represent a
versatile material class that can be studied by well-established surface science
tools [73].

1.5.2 Theoretical Methods

As described before, a 1D PCF is the maximal structural information a
diffraction experiment of an amorphous solid can provide. Before the advent
of computers, scientists attempted to understand the 3D atomic structure
of glasses by building handmade ball and stick models [74-77|. Especially
Bell and Dean were very successful in mimicking the structure of vitreous si-
lica [77]. They built a large model from polystyrene spheres and steel wires.
The coordinates were extracted from the physical model using a photogram-
metric technique. From these atomic positions, Bell and Dean calculated
the PCF and found good agreement with PCFs obtained in XRD and ND
experiments. To learn more about the ring size distribution of 2D random
networks Shackelford and Brown extended the Zachariasen scheme [78, 79].

The manual model building was, however, very tedious and time-
consuming. In addition, the model size was limited and the structure may
be influenced by the designer’s prejudice [80]. Therefore, when the use of
computers became common practice, scientists started to simulate 3D glassy
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structures using various methods. The first simulated glass structures were
generated by molecular mechanics [81, 82]. This method is similar to man-
ual model construction: the network is built up following certain predefined
rules. However, this method neglects the interaction between the particles.
In contrast, in molecular dynamics (MD), Newton’s equations of motion are
numerically solved for all particles in the model [83]. This method was ap-
plied to silica glass in a number of studies [84-93]. A large number of atoms
can be simulated using MD [94]. However, the result of an MD simulation
strongly depends on the choice of interatomic potentials [80], which is not al-
ways straightforward. In reverse Monte Carlo (RMC), the model is adjusted
until the model’s structural factor is consistent with experiment [95].

Density functional theory (DFT) is an ab initio method that has strongly
influenced the theoretical description of atoms, molecules, liquids, and solids
[96-98]. Vitreous silica structures were simulated using DFT [99-101]. Car
and Parrinello suggested to combine MD with DFT to study larger sys-
tems than with pure DFT [102]. This ab initio method was also applied to
the study of glasses [103, 104]. However, ab initio methods generally are
very computer-time consuming and, therefore, the sample size is limited. As
amorphous systems lack periodicity, it is of great interest to perform statisti-
cal analyses of large glassy samples. Simulating large clusters of amorphous
materials is still a challenge regarding computers and methods.



Chapter 2

Methods and Experimental
Implementation

This chapter addresses the experimental methods used in this work. It
embraces basic theory about the working principles of low energy electron
diffraction, Auger electron spectroscopy, as well as low temperature scanning
tunneling microscopy and noncontact atomic force microscopy. Furthermore,
we consider practical implementation issues of the applied techniques.

2.1 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a powerful technique to determine
the surface structure of single crystals and adsorbate layers. Figure 2.1a
shows a schematic view of a LEED setup. A beam of monoenergetic elec-
trons is directed at the surface. To guarantee the highest surface sensitivity,
the kinetic energy of the incident electrons is set between 50 and 200 eV,
which is at the minimum of the electron mean free path in solids [105] (also
referred to as the “universal curve”). At these energies, electrons are only
able to penetrate the solid up to a few atomic layers. Reflected electrons are
visualized on a fluorescent screen. A grid system separates elastically from
inelastically scattered electrons.

Constructive interference of the elastically back-scattered electrons takes
place if the path difference between electron waves originating from neigh-
boring sites is equal to an integer multiple of the electron wavelength (see
Figure 2.1b for a 1D illustration). For a 2D case with normal incidence, this
rule can be expressed in the following relation (compare to equation (1.3)):

nA nh
dnx  dnxv2mEygy,

15

(2.1)

sino =
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Figure 2.1: Low energy electron diffraction (LEED). (a) Schematic view of a
LEED experiment. (b) Definition of the angle o and the lattice constant d.

where « is the angle between the scattered electrons and the surface normal,
n is the order of reflection, A the electron de Broglie wavelength, d, x the
distance between two atomic rows on the surface along the direction [hk], h
the Planck constant, m the electron mass, and Ej;, the kinetic energy of the
electron. Note that X is of the order of 1 A for a kinetic energy of 150 €V.

For a crystalline surface, the resulting LEED image shows a lattice of
sharp spots. Due to the inverse relationship between sina and dy,y, the
separation between the LEED spots is large when the interatomic distances
are small, and vice versa. More exactly, the LEED experiment yields an
image in reciprocal space, which is defined via the relationship

where @; are the base vectors of the real space lattice (i = 1,2), @; are the
base vectors of the reciprocal space lattice (j = 1,2), and §;; is the Kronecker
symbol.

Although the typical spot size of the incident electron beam is around
1 mm, the coherence length is reduced due to energy spread, the width of
the electron source and deviations from parallelity in the beam [106]. The
typical resulting coherence length is of the order of 5 to 10 nm [106, 107].
Thus, the surface area, from which information on the periodicity can be
obtained, is limited. This means that atomic correlations that are larger than
the coherence length cannot be resolved in LEED. Furthermore, recording
LEED intensities at different energies in combination with model calculations
can yield more accurate information about the surface structure (so-called
LEED-IV [108, 109]).

In summary, LEED is a versatile surface sensitive tool. It is able to
unravel the symmetry of a sample’s topmost atoms. However, LEED fails
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Figure 2.2: Auger Electron Spectroscopy (AES). (a) Schematic electron spectrum
showing the different origin of some characteristic peaks. (b) Energy diagram of
an Auger process. Adapted from Ref. [111].

to give information about the local structure of single atoms, molecules,
or defects, as well as about complex or nonperiodic atomic arrangements.
Furthermore, LEED is not element-specific.

2.2 Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) can be either performed with a four-
grid LEED optics' or a cylindrical mirror analyzer [110]. In AES, a beam
of medium-energy electrons (2-5 keV) hits the surface. By measuring the
intensity of the electrons coming from the surface, one obtains a curve with
characteristic features from different types of electronic interactions with
the sample (see schematic representation in Figure 2.2a). Auger electrons
appear as small peaks on the large background of secondary electrons, i.e.
inelastically scattered electrons. To enhance the intensity of these peaks,
it is common to measure the derivative of the electron current via lock-in
technique.

The Auger process can take place if a primary electron with sufficient
energy creates a hole in the core level of an atom [112] (see Figure 2.2b for
a schematic energy diagram). The excited atom relaxes by filling the core
hole (e.g. K) with an electron from a higher shell (e.g. L;). The energy is
either released as an X-ray photon (this process is called X-ray fluorescence)

'For this study, the combined four-grid LEED/AES unit from SPECS with a screen size
of 100 mm was used.
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or by an Auger process. In the Auger transition, a second electron (e.g. from
Log) is emitted, which is referred to as the Auger electron. Consequently, the
kinetic energy of an Auger electron, e.g. originating from a KLjLs3 Auger
transition, can be written as

Ekin ~ EK — ELl — EL23 —0F — @ (23)

where Pk, Ey,, and Ep,, are the binding energies of the respective elec-
tronic levels, §FE the energy shift caused by relaxation effects, and ® the
work function. Thus, Fy;, arises from a combination of well-defined atomic
levels being unique for a given atom. It is, therefore, evident that AES yields
element-specific information. The AES peaks can be identified using tabu-
lated Auger transition energies [113]. Furthermore, for many elements, AES
is highly surface sensitive [111]. In this work, Si, Ru, and O were investi-
gated by AES. These elements have characteristic AES peaks in an energy
window between 80 and 520 eV, where the electron mean free path is small.
In some cases AES is also able to provide information on the oxidation state
of certain species. These data are, however, difficult to interpret and X-ray
photoelectron spectroscopy is the method of choice for this purpose. Note
that the high energy of the primary electrons can inflict damage on sensitive
material on the surface (e.g. biomolecules).

2.3 Tuning Fork Microscope

Scanning Probe Methods (SPMs) have had an immense impact in science, as
they enabled the investigation of surfaces in real space with atomic resolution.
The tuning fork microscope (TFM) is a new type of an SPM combining two
techniques in one single sensor: scanning tunneling microscopy (STM) and
noncontact atomic force microscopy (nc-AFM). In this section, the TFM is
introduced and the main components are described.

2.3.1 Low Temperature Ultrahigh Vacuum Setup

To minimize the impact of atoms and molecules from the gas phase onto the
surface, an ultrahigh vacuum (UHV) system was used. The UHV setup con-
sists of three chambers: (1) a chamber for cleaning of samples and preparation
of thin oxide films, (2) another chamber for cleaning and for transferring of
samples, and (3) the microscope chamber. Figure 2.3 illustrates the cryo-
genic setup. A liquid helium dewar houses an exchange gas canister filled
with helium gas. The microscope UHV chamber is situated inside the ex-
change gas canister. The helium gas thermally couples the microscope to the
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Figure 2.3: Schematic overview of the low temperature ultrahigh vacuum setup.

liquid helium reservoir; at the same time it isolates the microscope from vi-
brational noise. The whole TFM is cooled down to approximately 5 K. Low
temperatures help reducing thermal drift effects, thermally induced noise,
and relaxation times of piezo electric materials [114]. Furthermore, at low
temperatures the energy resolution, the thermal stability, and the stiffness
of the tuning fork are enhanced leading to better scanning conditions.

Damping is also crucial to reduce vibrational influence from the envi-
ronment. In our setup, it is realized by (1) an eddy current damping stage
supporting the whole microscope chamber, (2) a passive pneumatic damping
stage, (3) active hydraulic damping feet, and (4) the sound isolation cabin
which houses the whole UHV setup.

2.3.2 Tuning Fork Sensor

As already mentioned above, the TFM yields complementary information
about the sample surface from two different methods. A tuning fork is a
quartz based electronic device which has a very sharp resonance frequency,
which is typically 32.768 kHz [115]. Furthermore, quartz itself is a piezoelec-
tric material. Therefore, the tuning fork frequency can be easily accessed by
measuring the resulting charge at the electrodes [116]. For these two rea-
sons, tuning forks are frequently used in clocks and watches. In the TFM,
the tuning fork is glued with one prong onto an insulating carrier plate which
is mounted on a piezo actuator (see Figure 2.4). The oscillation frequency of
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Figure 2.4: The scheme shows the tuning fork sensor head. The diameter of the
carrier plate is 10 mm.

the tuning fork is read out via the two electrodes T1 and T2. A sharp Ptlr
tip is attached to the end of the free prong. The fixation on one side and
the additional weight of the tip reduce the tuning fork’s resonance frequency
to about 21 kHz. The metal tip is electrically insulated from the tuning
fork electrodes. An additional, thin wire connects the metal tip carrying the
tunneling current [117, 118]. The separation of the oscillation and the tun-
neling signal is essential to get reproducible results without mutual influence
[119] (also termed “cross talk”). Moreover, using a metal tip guarantees full
control over the applied potential at the tip.

The tuning fork is driven in a stable self-exciting oscillation mode, where
the excitation signal is phase shifted with respect to the measured oscilla-
tion signal, keeping the resonance frequency constant. The oscillation mode
prevents the tip from making contact with the surface when the tip-sample
distance becomes small, as it introduces an additional restoring force [120].
When the tip is brought into short distance with a sample, the tuning fork
senses the interaction with the surface. As a result, the instantaneous tuning
fork frequency, f, shifts. The frequency shift is denoted as Af:

Af=T— o, (2.4)

where fy is the unperturbed resonance frequency of the tuning fork at a
large distance from the surface. The amplitude of the oscillation, Agsc, is of
the order of 3 A. A small amplitude increases the surface sensitivity [119].
A feedback loop keeps the amplitude constant [116].2 If, in addition, a bias

2The described mode is sometimes termed frequency modulation dynamic force microscopy
(FM-DFM); in this work we, however, will make use of the more common name “nc-AFM”
[121].
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Figure 2.5: Schematic graphs demonstrating the dependences of the two inter-
action signals. (a) Tunneling current I vs. tip-sample distance z. (b) Frequency
shift Af vs. z. (c) I vs. bias voltage V. (d) Af vs. Vs.

voltage is applied between the metal tip and the sample surface, electrons can
tunnel through the vacuum barrier. The tunneling current It is measured.
The whole tuning fork sensor plate is attached to a tripod made of piezoelec-
tric material, enabling the tip to move along all three space directions (z, v,
and z) with picometer precision. Both Af and It can be used to obtain a
topography image of the surface. Before the imaging modes are discussed,
the distance and voltage dependences of both signals are described.

The dependences of It and A f on the tip-sample separation z at constant
bias voltage Vs are schematically depicted in Figures 2.5a and b. It(z) can
be described by the following simple formula [122; 123]:

In(2) o exp (-%N%T@) , (2.5)

where ® is the work function of the sample, A the reduced Planck constant,
and m the electron mass.®> It(z) has a very strong exponential behavior

3Note that the given formula is just an approximation of more elaborate theory about the
vacuum tunneling process [124-126]. However, equation 2.5 well describes the dependence
of It on the tip-sample distance. To correctly calculate It from first principles, one needs
to assume a tip shape which is usually unknown in the experiment.
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(Figure 2.5a). Furthermore, It (z) is monotonic. These two properties render
It an excellent candidate to control the tip-sample separation.

In contrast, Af(z) exhibits a more complex, nonmonotonic behavior
(Figure 2.5b). At larger z, the tip-sample interaction is weakly attractive
(Af < 0) due to long-range forces [127]. These forces originate from the
interaction of charges (electrostatic forces) and mutually induced dipole mo-
ments (van-der-Waals forces) [107]. At smaller z, the interaction first be-
comes strongly attractive, reaches a minimum, and finally becomes highly
repulsive (Af > 0). The origin of the described behavior are the short-range
chemical forces which are of quantum mechanical nature [128]. The attrac-
tive part stems from forces generated by the total energy reduction when
atoms share electrons, i.e. when atomic orbitals overlap (covalent forces).
The strong repulsive part emerges from the Pauli exclusion principle, imply-
ing that no two electrons are allowed to be in one quantum state simultane-
ously.

The nonmonotonic shape of Af(z) complicates z-control. However, short
range chemical forces are accessible carrying a lot of information about the
surface structure and properties. The tip-sample force F'(z) can be calculated
from Af(z) using the formulas outlined in Ref. [129]. Nevertheless, it is
common to present and discuss Af data, because forces are not attainable
from individual images.

Let us now consider the dependences of It and Af on Vg at constant
z. Figure 2.5¢ and d display schematic I7(Vs) and Af(Vs) curve shapes,
respectively. |It(Vs)| increases exponentially with |Vs| (see Figure 2.5¢).

The derivative of the tunneling current, d/1/dVs, is proportional to the local
density of states (LDOS) [130]:

T ple14) (26)
where p(z, Vs) is the LDOS at a given tip-sample separation z and bias volt-
age Vs. Already in I1(Vs), small shoulders indicate changes in the LDOS. The
structure of the LDOS can be better resolved by directly measuring d/r/dVs
with a lock-in technique. In this manner, bias-dependent tunneling spec-
troscopy can unveil electronic states of the studied surface [131, 132], as well
as adsorbed single atoms [133, 134] and molecules [135, 136]. Furthermore,
the second derivative of the tunneling current, d?It/d(Vs)?, is used to shed
light on inelastic processes excited by the electrons. For example, vibrational
modes of single molecules on the surface were measured [137, 138].

Af(Vs) has a parabolic shape due to electrostatic forces, which are pro-
portional to (Vs)? (see Figure 2.5d). At the maximum of the parabola, the
electrostatic tip-sample forces are zero. At this point, Vg is not necessarily
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Figure 2.6: Overview of the different operation modes of the tuning fork micro-
scope. (a) Constant It mode. (b) Constant A f mode. (c) Constant z mode. The
dotted curves denote the corecorded signals.

zero: a local contact potential difference (LCPD) between tip and sample
can lead to a shift. The LCPD originates from an alignment of Fermi levels
when tip and sample are in close proximity; it equals the difference in work
function between tip and sample. Hence, the LCPD can be used to determine
the locally resolved work function [139-142], to measure the charge state of
single atoms [143] and defects [144], and to map the charge distribution of
surfaces [145-148] and molecules [149].

2.3.3 Imaging Modes

During imaging, the TFM-tip is scanned laterally along the surface. The
TFM can operate in three different imaging modes: (a) constant I, (b)
constant Af, and (c) constant z (see Figures 2.6a—c). The constant It mode
is the most convenient method. Here, a feedback loop adjusts z to keep It
constant. Thus, z(x,y) represents a contour of constant LDOS. If the surface
is homogeneous, z(zx,y) reproduces, in a first approximation, a topographic
map of the selected surface area. Note that single adsorbates on the surface
may produce a false topographic image in this mode. For example, a CO
molecule produces a depression in STM while a protrusion is expected [150].
This is connected with the various tunneling channels (e.g. the scattering of
electrons at the molecule) involved when measuring It through a molecule.
Tunneling through a thin oxide film prepared on a metal support is possible
if the film thickness is low [151]. High resolution can be achieved on the
oxide film, even when tunneling at low V5 in the band gap region of the
oxide. The scattering of electrons at the oxide film also plays an important
role in this case. However, one has to be careful in interpreting low Vg STM
images of oxide films, as the observed morphology might not correspond
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to the structure of the topmost atomic layer [151]. Note further that, as
the TFM-tip is in continuous oscillation, not I, but the time-averaged (It)
is measured. As the scan speed for one image line (ca. 1 Hz) is much
smaller than fy (ca. 21 kHz), the impact of the oscillation on constant It
measurements is small. If, nevertheless, an exact treatment is required, one
can employ the formula presented in Ref. [152] to calculate the instantaneous
It from (Ir).

Mode (b) uses a feedback loop to keep Af constant. This method also
records a topographic map of the surface. If the LCPD between tip and sam-
ple is balanced by adjusting Vs, it is possible to minimize electrostatic forces
leading to a higher sensitivity regarding the short-range chemical forces [127].
Scanning at constant A f can result in atomically resolved images of some ox-
ide surfaces (see e.g. Refs. [117, 153-156]). However, for other surfaces, this
mode seems to be unsuitable, as the exact shape of the A f(z,y, z) landscape
inhibits constant A f imaging [30]. Furthermore, the scan speed in mode (b)
must be low to account for the additional time needed by the two feedback
loops (Aopsc- and z-regulation).

In both modes (a) and (b), the other channel is corecorded. However,
the corecorded signals should be interpreted with caution, as z varies dur-
ing those scans and the resulting maps can suffer from artifacts. To obtain
reproducible simultaneous acquisition of It and Af, the constant z mode
(c) should be used. In mode (c), the z-regulation is switched off and the
tip is scanned at constant height. Obviously, it is crucial to make sure that
the plane is correctly adjusted and that no large objects obstruct scanning.
Iv(x,y) and Af(x,y) are corecorded, yielding independent and complemen-
tary information. Recently, we could show that it is possible to image two
different atom types simultaneously using the TFM (see Figure 1 of Ref.
[31]). Furthermore, by choosing a small tip-sample distance, one can obtain
information from the repulsive regime of the short-range chemical forces,
leading to an enhanced resolution [30, 157].
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Precharacterization of Thin
Silica Films on Ru(0001)

To achieve reproducible and highly resolved structural information on the
thin silica film, it was very important to characterize its growth in detail.
In section 3.1, we first describe how the thin silica films were prepared. Af-
terwards, section 3.2 conveys the results of a detailed coverage dependent
study.

3.1 Preparation Procedure

Thin silica films have been in the scope of research for nearly two decades
[158, 159]. In particular, a monolayer silica film was developed on Mo(112)
[17] and explored in great detail [18-21, 23, 160, 161]. The film was prepared
by evaporating Si onto an oxygen covered Mo(112) surface at 900 K in an O,
atmosphere of 5x10~® mbar and subsequent annealing to 1250 K in UHV for
5 min [21]. However, upon attempting thicker films, a well-defined structure
was not observed [27]. It was concluded that due to strong interfacial Mo—
O-Si bonds, the film does not grow layer by layer but rather forms ill-defined
3D structures [27]. In addition, because the monolayer is strongly bound to
the metal, it has a stoichiometry of SiO, 5.

To prepare a well-defined and planar bilayer silica film, which resembles
the bulk SiO, stoichiometry, it was necessary to exchange the Mo support for
a different metal substrate. Ru(0001) appears to be a promising candidate,
because (1) it has sixfold symmetry supporting the growth of hexagonal films,
(2) it has a lattice constant of 0.271 nm [162], which matches perfectly half
the lattice constant of the crystalline silica monolayer (0.54 nm), and (3) it
is a durable material with a high melting point (2000 K [162]) enabling easy

25
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Table 3.1: The preparation steps of thin silica films on Ru(0001).

Step Procedure Typical Parameters
1 Ru(0001) cleaning by
— Ar™ bombardment 1 kV, 5x107% mbar Ar
— and annealing 1500 K, UHV
2 30(2x2) adlayer 1170 K, 2x107% mbar O,
3 PVD of Si 350 K, 2x10~7 mbar O,
4 oxidation 1180 K, 2x107% mbar O,

cleaning. Ru(0001) has already been successfully employed in the preparation
of thin ceria films [163, 164].

In the present work, silica films of different thickness were prepared on
Ru(0001) via a four-step preparation procedure (see Table 3.1). In the fol-
lowing, all four steps are briefly described.

Step 1 — Prior to film preparation the Ru(0001) substrate was cleaned by
repeated cycles of Ar™ bombardment at 1 kV and annealing to 1500 K. The
cleanliness of the substrate was checked by LEED, AES and STM. LEED
showed six sharp reflexes corresponding to a hexagonal symmetry of the
atomic lattice (Figure 3.1a). AES revealed four characteristic Ru peaks at
155, 206, 236, and 278 €V (blue curve in Figure 3.2). In addition, a set of
small peaks is visible in the region between 300 and 400 eV. These small
peaks have been found to occur on very clean Ru surfaces only [165]. In
STM, we observed flat and clean terraces (Figure 3.1b). A high resolution
image demonstrates that the surface was slightly contaminated with adsor-
bates (Figure 3.1c). Due to a convolution with the tip, in STM, single defects
and adsorbates appear larger than they are [150, 166]. In our case, the real
coverage of these adsorbates was less than 0.1 monolayers (MLs), being no
obstacle for the film growth. The exact nature of those adsorbates was not
examined. From previous studies, however, it is known that the Ru(0001)
surface is typically contaminated by C and O [167]. Note that the C AES
peak overlaps with the biggest Ru peak at 278 eV and is therefore not de-
tectable in AES.
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LEED STM STM close-up

Ru(0001)

30(2x2)

Figure 3.1: The Ru substrate and its O overlayer. Panels (a)—(c) depict a clean
Ru(0001) surface. (a) LEED at an electron energy of 75 eV. (b) STM image, Vg =
500 mV, It = 500 pA, scan range = 40 nm x 40 nm. (¢) STM image, Vg = 50 mV,
It = 500 pA, scan range = 7 nm x 7 nm. Panels (d)—(f) show experiments on
30(2x2) on Ru(0001). (d) LEED at 73 eV. (¢) STM image, Vg = 400 mV, It =
1 nA, scan range = 40 nm x 40 nm. (f) STM image, Vs = 200 mV, It = 100 pA,
scan range = 7 nm X 7 nm. Red balls: O atoms.

Step 2 — A 30(2x2) adlayer was prepared on the Ru(0001) substrate. This
layer is assumed to inhibit intermixing of Si and Ru during evaporation and
high temperature annealing. The 30(2x2) structure has three O atoms in
its unit cell and is the second most dense O overlayer on Ru(0001) [168, 169].
The most dense structure, O(1x1), can be achieved via dissociative adsorp-
tion of NO, [170]. In contrast, 30(2x2) on Ru(0001) is obtained by simply
annealing the Ru(0001) sample at 1170 K in 2x107¢ mbar O, for 10 min.
The annealing temperature was measured with an alumel-chromel thermo-
couple and controlled with a pyrometer. After this step, the LEED pattern
exhibits a (2x2) superstructure resulting from the O lattice (Figure 3.1d).
In AES, a faint additional peak was detected at 517 eV corresponding to O
(red curve in Figure 3.2). The STM results are shown in Figures 3.1e and f.
The large scale STM image displays flat and clean terraces and a sharp step
edge. The close-up reveals the triangular structure of the 30(2x2) layer. O
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Figure 3.2: AES spectra of different preparations. The graph shows the AES
spectra taken on clean Ru(0001) (blue curve), 30(2x2) on Ru(0001) (red curve),
0.3 MLs silica on Ru(0001) (orange curve), 1.4 MLs silica on Ru(0001) (purple
curve), 1.7 MLs silica on Ru(0001) (black curve), 1.9 MLs silica on Ru(0001)
(green curve). The curves were normalized to the largest Ru peak at 278 eV.

atoms are indicated by red balls in the lower right corner of the image.

Step 3 — Si was evaporated onto the sample by physical vapor deposi-
tion (PVD). For this purpose, a Si rod of 4 mm thickness and high purity
(99.999 %) was heated by electron beam heating using a high voltage of
1000 V. The sample was biased at the same high voltage to prevent accel-
eration of ions and an unintended damage of the surface. The temperature
of the sample during evaporation was typically between 320 and 660 K. By
evaluating more than 20 preparations, we did not observe large differences
of the film morphology for evaporation temperatures in the given range. It



3.2 Growth Study 29

is known from elaborate studies carried out in the same department that a
sample temperature of 100 K during PVD facilitates the growth of ordered
monolayer and bilayer films [34]. However, this approach was not feasible
with our setup. For the growth study, we used evaporation times from 5 to
40 minutes at an ion flux of 15 nA. We will discuss the strongly coverage-
dependent structure of the silica film in section 3.2.

After the deposition of Si, the silica lacks a well-defined structure. In
STM we observed 2-3 nm large and ca. 1 nm high deposits. The corre-
sponding LEED image showed no defined structure.

Step 4 — Finally, the sample was annealed at 1180 K in 2x 1075 mbar O, for
typically 20 minutes, resulting in a flat silica film. In our experiments, the
general structure of the film did not depend on the oxidation time. Rather,
the film exhibited fewer defects if the sample was annealed for a longer time.
The annealing temperature (AT) was another important parameter to con-
trol the film morphology. Setting the AT too low (AT < 1070 K) resulted in
a defect-rich film which was not well suited for SPM. However, if the AT was
too high (AT > 1370 K), the film desorbed from the surface. The optimum
AT of 1180 K yielded a flat film with a low number of defects.

The cooling rate is one of the critical parameters for the preparation of
glassy structures. In general, amorphous materials are formed by fast cooling
after high-temperature annealing [1]. In this manner, the crystallization
process is bypassed (see section 1.1). In our machine, we did not observe a
strong influence of the cooling rate on the film structure. A slower cooling
rate rather supported the existence of monolayer patches at coverages from
1.5 to 1.7 MLs. Nevertheless, we could adjust the growth of crystalline and /or
vitreous structures by a fine-tuning of the coverage: 1.9 MLs produced a
vitreous film, whereas 2.0 MLs resulted in a film with coexisting vitreous and
crystalline regions (see Section 3.2 for a detailed discussion). Another group
from our department did observe influence of the cooling rate when using
lower sample temperatures during Si deposition. Ultimately, the formation
of crystalline and /or vitreous silica bilayer films depends on a delicate balance
of the critical parameters [34].

3.2 Growth Study

To find the right Si amount to produce a bilayer silica film, a thorough growth
study was conducted. We varied the initial Si load and investigated the
resulting film after oxidation using LEED, AES, and STM. Figure 3.3 shows
a plot of the Si deposition time at a flux of 15 nA vs. the resulting surface
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Figure 3.3: Growth of silica films on Ru(0001). The graph shows the coverage
measured using STM vs. the Si evaporation time for more than 20 preparations
(red circles). The black dotted line is a linear fit to the data.

coverage of the film as observed by STM. This graph clearly demonstrates the
linear growth behavior of the silica film on Ru(0001). The bilayer coverage
was accomplished after a Si deposition time of roughly 35 minutes.

The growth study will focus on characteristic intermediate coverage steps:
0.3 MLs, 1.4 MLs, 1.7 MLs, 1.9 MLs, and 2.0 MLs silica. In this notation,
2.0 MLs is the coverage needed to form the bilayer silica film. The coverage
was always identified for a certain preparation using STM by calculating the

following ratio:

1 .
Ots) = o > AR AR, (3.1)

where © denotes the coverage in MLs, tg; the Si deposition time, A%*" the
scan area of the evaluated image in nm?, A$li@ the area of the ith silica island
in nm?, and Ah; the height of the ith silica island in MLs. The coverage was
determined using STM images that were at least 50 nm x 50 nm in size.

In the following, we will discuss the intermediate coverage steps in detail.
For this purpose, we show a LEED image at an electron energy of approxi-
mately 75 eV, a large scale STM image with a scan range of 40 nm x 40 nm,
and a higher resolution STM image with a size of 7 nm X 7 nm for every
preparation. Bear in mind that every coverage step represents a completely
new preparation starting with a clean Ru(0001) substrate.

0.3 MLs Silica — The LEED pattern of this preparation (Figure 3.4a) was
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Figure 3.4: Low coverages of silica on Ru. Panels (a)—(c) depict 0.3 MLs silica on
Ru(0001). (a) LEED at an electron energy of 76 eV. (b) STM image, Vs =5V, I
= 500 pA, scan range = 40 nm x 40 nm. (c) STM image, Vs = 1V, IT = 100 pA,
scan range = 7 nm x 7 nm. Panels (d)—(f) show experiments on 1.4 MLs silica
on Ru(0001). (d) LEED at 72 eV. (e) STM image, Vs = 3 V, I = 100 pA, scan
range = 40 nm x 40 nm. (f) STM image, Vs = 2 V, It = 300 pA, scan range =
7nm x 7 nm. Panels (g)—(i) show data of 1.7 MLs silica on Ru(0001). (g) LEED
at 73 eV. (h) STM image, Vs = 1 V, It = 10 pA, scan range = 40 nm x 40 nm.
(i) STM image, Vs = 1 V, It = 10 pA, scan range = 7 nm X 7 nm.

very similar to the LEED image of the 30(2x2) adlayer (Figure 3.1d), except
that the inner (2x2) spots became less distinct. In AES, a little shoulder is
visible at a kinetic energy of 82 eV (orange curve in Figure 3.2). This peak is



32 Chapter 3: Precharacterization of Thin Silica Films on Ru(0001)

characteristic for oxidized Si (Si**). Any silica coverage below 0.3 MLs was
not detectable in our AES instrument. The large scale STM image (Figure
3.4b) shows that the surface is covered by silica clusters (ca. 1 nm in diame-
ter) and silica islands (ca. 5 nm in diameter). A high resolution image reveals
the structure on top of an island (Figure 3.4c). The atoms form a crystalline
pattern with a lattice constant of approximately 0.54 nm. By examining
the structure of the 30(2x2) adlayer underneath, which is also resolved in
the STM image, we note that this overlayer is a suitable template for the
silica island growth, as both structures exhibit similar lattice spacings and
crystal orientations. STM measured an apparent height difference between
the silica island and the substrate underneath of approximately 1.5 A. This
is the smallest apparent height that we observed for silica islands of different
thickness. We therefore conclude that an apparent height of 1.4-1.5 A at the
given tunneling conditions represents the thickness of the silica monolayer.
See the section “1.7 MLs Silica” for a discussion of apparent heights in STM
on silica thin films.

1.4 MLs Silica — By increasing the coverage to over 1.0 MLs, one would
expect a completion of the silica monolayer. However, this was not the case,
as the preparation with 1.4 MLs silica demonstrates. At this coverage step,
the LEED spots became more diffuse than at 0.3 MLs (Figure 3.4d). Fur-
thermore, the (2x2) and (1x1) spots were nearly equal in intensity. In AES,
the Si peak was clearly visible (purple curve in Figure 3.2). The O peak also
increased in intensity. Figure 3.4e displays a large scale STM image of this
preparation. Evidently, there are patches of two different thicknesses: the
monolayer and some elongated islands on top of the monolayer. The atomic
structure of these islands could not be resolved. Furthermore, these islands
made STM imaging extremely difficult, probably because they consist of ill-
defined and badly conducting silica clusters that are easily manipulated by
the tip. This undefined structure may be an explanation for the diffuse LEED
image of this preparation. An STM image with a higher resolution is shown
in Figure 3.4f. It reveals the honeycomb structure of the silica monolayer
with a lattice constant of 0.54 nm and some domain boundaries between the
crystalline patches. At the top of the image, the tip changed and imaging
was not possible anymore.

1.7 MLs Silica — This preparation sheds light on the different structures of
the silica monolayer and bilayer. The LEED image of 1.7 MLs silica (Figure
3.4g) was similar to the 1.4 MLs LEED image. The (1x1) spots of the 1.7
MLs LEED became very faint. AES showed an intensity increase of the Si
and the O peak (black curve in Figure 3.2). The large scale STM image
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Figure 3.5: Apparent height of silica patches. (a) STM image of 1.7 MLs silica
on Ru(0001); Vs = 1 V, It = 10 pA, scan range = 35 nm x 20 nm. (b) STM
constant current contour along the red dotted line in panel (a). Arrows and figures
show the apparent height differences between substrate and monolayer (black),
substrate and bilayer (green), and monolayer and bilayer (blue). (c) Schematic
model of monolayer and bilayer silica on 30(2x2)/Ru(0001) (Ru gray, Si green, O
red). The model is not to scale.

reveals a flat surface with open patches of different depth (Figure 3.4h).
These height differences are analyzed in Figure 3.5.
Figure 3.5a depicts a rotated cutout from the STM image in Figure 3.4h.
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Three different height levels are visible: dark gray, gray, and light gray image
contrasts. An STM height profile across this image is presented in Figure
3.5b. The apparent depth of the gray and dark gray open patches was 1.6 A
and 3.0 A, respectively. Figure 3.5¢ shows a schematic model of the height
distribution along the given line (Ru gray, Si green, O red; sizes are not to
scale). As the dark gray open patches are the deepest holes we observed in
a preparation with a coverage between 1.5 and 2.0 MLs, we assign those to
an exposure of the 30(2x2) covered Ru(0001) substrate (right depression in
Figure 3.5b). The open patches with the gray image contrast (left depression
in Figure 3.5b) correspond to the silica monolayer, because the apparent
height difference between the substrate and these patches is in the same
range (1.4-1.5 A) as for monolayer silica islands on the surface at a coverage
of 0.3 MLs. Thus, the upper terrace defines the silica bilayer. Infrared
reflection absorption spectroscopy of a similar preparation has shown a strong
vibrational mode of 1300 cm™! normal to the surface (see Figure 4 in Ref.
[34]) being characteristic for the Si-O-Si linkage [28] and proving the silica
bilayer structure. A phonon at 1134 cm™!, which is characteristic for the silica
monolayer, has confirmed that mono- and bilayer silica coexist at coverages
between 1 and 2 MLs [34].

The apparent heights of the silica layers are an issue to be carefully an-
alyzed. It is not straightforward to measure correct layer thicknesses with
STM. In the first place, STM is sensitive to the local density of states (LDOS)
of the surface (see section 2.3.2). Height differences of terrace A and terrace
B can only reproducibly be obtained if terraces A and B are composed of
exactly the same material with the same LDOS. If A and B are different
materials, constant current STM fails to give a correct value of the height
difference. Furthermore, this apparent height difference is bias voltage de-
pendent [132, 171].

DFT calculations of a silica bilayer on Ru(0001) have predicted a thick-
ness, i.e. the distance between the centers of the outer O atoms, of 4.3 A
[28]. In the same study, the film has been found to be weakly bound to the
metal support, i.e. via van-der-Waals forces. Additional DFT simulations
have shown that the distance between the silica and the Ru substrate de-
pends on the amount of adsorbed O on the metal surface and ranges from
2.8 A t0 3.9 A [172]. For a 30(2x2) adlayer between the silica bilayer and
the Ru support, the calculated total metal-bilayer height difference is equal
to 4.3 A + 3.8 A = 8.1 A. However, the measured apparent thickness of the
bilayer (3.0 A) at the given tunneling conditions (Vg = 1 V, Iy = 10 pA)
deviates from the DFT value. The apparent height of the monolayer with
respect to the metal support (1.4 A) is also lower than the DFT value (3.9 A
[172]). This is connected with the earlier mentioned effect: the silica film is
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less conductive than the metal. Therefore, STM produces a distorted (lower)
value for the film thickness. See Ref. [32] for a detailed comparison of the
electronic structure of monolayer and bilayer silica supported on metals.

The lateral structures of the silica monolayer and bilayer were different.
Figure 3.4i displays a close-up of the silica monolayer (left part) and the
bilayer (right part). The monolayer exhibits a honeycomb structure with a
lattice constant of 0.54 nm, exactly the same as in the case of 0.3 MLs and
1.4 MLs. An antiphase domain boundary separates two crystalline mono-
layer regions. Whereas the monolayer exhibits an ordered porous structure,
different pore sizes dominate the silica bilayer. The bilayer lacks long range
order and, therefore, has a vitreous lateral structure.

It is utmostly surprising that we were able to prepare a vitreous film on
a highly ordered substrate. The growth results on Ru(0001) are, however,
affirmed by the possibility to grow vitreous silica bilayers on other crystalline
substrates, i.e. on graphene [35] and on Pt(111) [36]. Furthermore, the en-
ergy of the crystalline phase is thought to be generally lower than for the
respective vitreous case. It is, therefore, remarkable that such a vitreous film
develops. However, DFT simulations performed by Marek Sierka, Radostaw
Wtodarczyk, and Joachim Sauer (Humboldt-Universitat zu Berlin) have un-
veiled the metastable nature of the vitreous silica film [29]. Their results
have demonstrated that the simulated vitreous structures are 5.5-9.6 kJ /mol
higher in energy than the ordered film, being much lower than for the 3D
counterpart [173]. Once formed, the transition into the crystalline phase is
energetically extremely unfavorable (338 kJ/mol per Si-O bond involved).
Furthermore, theoretical calculations have shown that isolated silica bilayer
ring structures of different size lie close in energy [29, 174, 175]. Thus, the
formation of the vitreous metastable phase, which probably proceeds from
silica clusters of different size, is a kinetically controlled process.

The main goal of this work is to investigate the atomic structure of the
silica bilayer’s vitreous phase. See chapter 4 for a detailed analysis of atom-
ically resolved images of the vitreous bilayer, chapter 5 for a comparative
study of crystalline and vitreous bilayer regions and chapter 6 for the evalu-
ation of a crystalline—vitreous interface.

1.9 MLs Silica — At this coverage the silica bilayer film was nearly closed.
The LEED image at 72 eV displays two circles: an inner circle and an outer
one (Figure 3.6a). The diameter of the outer circle roughly corresponds to
the distance between two opposing LEED spots of the clean Ru(0001) surface
(see LEED image in Figure 3.1a which was taken at 75 eV). The inset of
Figure 3.6a shows a LEED image at 134 eV clearly resolving the outer circle.
The outer LEED circle evidences that short range correlations are present
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Figure 3.6: High coverages of silica on Ru. Panels (a)—(c) depict 1.9 MLs silica
on Ru(0001). (a) LEED at an electron energy of 72 eV. The inset shows a LEED
image at 134 eV revealing a circular feature. (b) STM image, Vs = 1V, Iy =
10 pA, scan range = 40 nm x 40 nm. (c) STM image, Vs = 2 V, It = 100 pA,
scan range = 7 nm x 7 nm. Panels (d)—(f) show experiments on 2.0 MLs silica on
Ru(0001). (d) LEED at 78 eV. The inset shows a LEED image at 130 eV revealing
a superposition of a circular feature and 12 spots. (e) STM image, Vg = 2 V, Iy
= 100 pA, scan range = 40 nm x 40 nm. (f) STM image, Vs =1V, IT = 100 pA,
scan range = 7 nm X 7 nm.

in the silica film, being of the order of the Ru lattice constant (0.271 nm).
These correlations are, however, not fixed to certain space directions; they
are randomly distributed over 360°. The inner LEED circle corresponds to
a real space length of roughly double the Ru lattice constant. Similar to the
origin of the first sharp diffraction peak of bulk vitreous silica (see section
1.5.1), the inner circle is related to the periodicity of silica pores. Small
crystalline areas might generate the six spots on the inner LEED circle. For
a detailed analysis of circles in reciprocal space, see section 4.4.

The AES curve exhibits larger Si and O peaks than at lower silica cover-
ages (green curve of Figure 3.2). In STM we observed nearly full coverage of
the substrate with the silica film (Figure 3.6b). Only few open patches were
present. As the close-up in Figure 3.6¢c demonstrates, the film exhibits dif-
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ferently sized pores. This vitreous structure lacks symmetry and periodicity.

2.0 MLs Silica — We observed an interesting effect at a full coverage of
the bilayer silica film: the film was partly crystalline and partly vitreous. A
LEED image taken at 78 eV shows a (2x2) structure (Figure 3.6d), similar to
the LEED at 1.4 MLs coverage (Figure 3.4d). However, faint lines connect
the spots. This LEED circle becomes clearer at higher electron energies
(see inset of Figure 3.6d taken at 130 eV). The LEED results suggest a
coexistence of crystalline and vitreous silica bilayer patches. The large scale
STM image shows a flat surface without open patches (Figure 3.6¢). A close-
up reveals the two different morphologies of this bilayer preparation (Figure
3.6f). Whereas the upper part of the STM picture has a regular arrangement,
the lower part lacks order. The atomic structure of such a crystalline—vitreous
interface will be discussed in detail in chapter 6.

3.3 Summary

Before the film structure could be investigated, a careful growth study was
essential to this work. To precharacterize the thin film’s growth, we varied
the coverage of the film and explored the results by employing a combined
low temperature STM /nc-AFM microscope. The study was accompanied by
LEED and AES, yielding further information about the film structure and
the presence of certain chemical species. A linear coverage vs. Si-evaporation-
time dependence was observed. First, small silica clusters and islands formed.
At increasing coverage, a mixture of first and second layer growth was found.
Whereas the monolayer exhibited a crystalline structure, the bilayer lacked
long range order. At nearly full coverage, the substrate was covered with a
flat, extended silica bilayer film exhibiting differently sized pores. Finally,
when the dosage was adjusted to a complete bilayer coverage, we observed a
coexistence of crystalline and vitreous regions. The discussion of atomically
resolved images of the silica bilayer will follow in the next chapters.
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Chapter 4

The Atomic Structure of a
Thin Vitreous Silica Film

This chapter focuses on the atomic arrangement in the thin vitreous silica bi-
layer film on Ru(0001). First, we discuss atomically resolved nc-AFM images
and the procedure to construct an atomic model of the film. Afterwards, fol-
lowing Wright’s classification of the structural order in amorphous network
solids (see section 1.4) [5, 52], the order of range I-1V will be evaluated.

4.1 Assignment of Atomic Positions

Figure 4.1a shows an atomically resolved constant height nc-AFM image
of the vitreous silica bilayer (scan size = 5.0 nm x 5.0 nm). The image
reveals the complex atomic arrangement in this 2D network being very similar
to Zachariasen’s scheme [3] (see section 1.2). We observed protrusions at
atomic separations arranged in triangles. Based on this triangular symmetry,
we assigned these triangles of protrusions to one face of a tetrahedral SiO,
building block. Consequently, the triangles of protrusions are triples of O
atoms (red balls in Figure 4.1b). Sensitivity to the Si positions would result
in a different local symmetry (see section 5.1 for further discussion). Based on
the O coordinates, we determined the position of the Si atoms by calculating
a circumscribed circle around every O triangle. The geometrical construction
of the circumscribed circle is schematically explained in Figure 4.2a. By this
method, a point is found, which has the same distance to the triangle’s
corners. By placing a green ball (Figure 4.1c) corresponding to a Si atom in
the center of each resulting circle, we completed the 2D model of the topmost
O and Si atoms. Figure 4.1c illustrates one area covered with such a model.
The film showed atomic ring structures of different size and did not exhibit

39



40 Chapter 4: The Atomic Structure of a Thin Vitreous Silica Film

Figure 4.1: Assignment of atomic positions. (a) Atomically resolved constant
height nc-AFM image (Vs = 100 mV, Apsc = 2.7 A, scan range = 5.0 nm x
5.0 nm). (b) Image from panel (a), partly overlayed with the O model (red balls).
(c¢) Image from panel (b), additionally superimposed with the Si model (green
balls). (d) Image from panel (a), covered with the complete model of the topmost
Si and O atoms.

long range order.

In Figure 4.1d the nc-AFM image is completely covered by the structural
model. All atoms were arranged in SiO4 triangles. No under- or overcoordi-
nated species were observed. In 3D, this structure corresponds to a network
of corner-sharing SiO, tetrahedra. While the film is vitreous in the xy-plane
(substrate plane), it is highly ordered in the z-direction. This is visualized
in Figure 4.2b, showing an oblique view on a silica bilayer cluster consisting
of two differently sized rings (one fivefold and one ninefold ring). The SiO,
tetrahedra of the first layer are linked via bridging O atoms to the SiO, units
of the second layer with an Si-O-Si angle of 180°. The linking O atoms
represent a mirror plane. This particular structural element leads to a flat
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(@)

Figure 4.2: Structural elements of the vitreous silica bilayer. (a) Schematic
showing the geometrical construction of the circumscribed circle. (b) An oblique
view on two connected rings in the vitreous bilayer.

and 2D film. In other words, the film structure consists of four-membered
rings perpendicular to the substrate (see Figure 4.5a), which are randomly
connected, forming the 2D ring network.

The vitreous structure of the thin silica film is consistent with a weak,
i.e. van-der-Waals, coupling to the metal support. The underlying metal is
crystalline, but the film’s registry to the substrate is lost. Thus, the film can
grow in a vitreous arrangement.

The atomically resolved nc-AFM image and the derived model of the
topmost layer are the starting point for further evaluation of the thin film’s
structure. Note that we only use the topmost O and Si positions derived from
the nc-AFM image for the statistical evaluation presented in the following
sections of this chapter. To compensate for the lack of information in the
third dimension, in this chapter, we used the height difference between the
topmost Si and O atoms from the DF'T model of the crystalline silica bilayer
(52 pm) [28]. In section 5.1 we substantiate this assumption.

4.2 Range I: The Structural Unit

In this section, the internal structure of the tetrahedral unit is analyzed (for
a schematic of an SiO, tetrahedron, see inset of Figure 4.3¢). A tetrahedron
is primarily defined by the tetrahedral angle, which is the angle between the
center and two corners, as well as the side length. Another characteristic
parameter is the distance from the center to one corner. Therefore, we will
evaluate the Si-O and the O-O distance, as well as the O-Si-O angle.

In Figure 4.3a, all Si—O nearest neighbors (NNs) from the model in Figure
4.1d are connected with colored bars. The color scale represents the Si-O
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Figure 4.3: Characterization of range I order in the vitreous silica film. (a) Image
from Figure 4.1a, overlayed with colored bars representing the Si-O NN distance
(see scale bar). (b) A histogram of the Si-O NN distances. Average values from
XRD and ND experiments on bulk vitreous silica are indicated by black arrows
[53, 59]. (c) Image from Figure 4.1a, superimposed by colored bars representing
the O-O NN distance (see scale bar). (d) A histogram of the O-O NN distances.
Results from XRD and ND experiments on bulk vitreous silica are indicated by
black arrows [53, 59]. (e) Histogram of the O-Si-O angles. The black arrows
indicate reference values from XRD and ND data [53, 59], as well as the angle
inside a regular tetrahedron (109.47°).
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bond length (see scale bar). Throughout the image, a homogeneous distri-
bution of Si-O NN distances was detected. Figure 4.3b displays a histogram
of the Si-O NN distances. A Gaussian was fitted to the data and yielded
an Si—O mean distance of 0.16 nm with a standard deviation of 0.01 nm.
This is in good agreement with XRD [59] and ND [53] data which have been
obtained on bulk vitreous silica (black arrows in Figure 4.3b).

The O-O NN distances are visualized in Figure 4.3c. It becomes clear
that the O-O NN distances are equally distributed throughout the whole
image. A histogram of the O—-O NN distance is shown in Figure 4.3d. By
fitting the data with a Gaussian, we obtained a mean O—-O NN distance of
0.26 nm =+ 0.03 nm. As the black arrows indicate, our experimental value
agrees well with XRD and ND measurements on bulk vitreous silica [53, 59].

In addition, we computed NN O-Si-O angles in the atomic model' (see
histogram in Figure 4.3e). The intratetrahedral angle shows a symmetric dis-
tribution with an average of 107° and a standard deviation of 17°. This value
agrees well with the 109.47° angle in a regular tetrahedron, as well as with
the 109.8° angle and 109.7° angle deduced from XRD and ND experiments
on bulk vitreous silica, respectively [53, 59].

Hence, order of range I in the thin vitreous silica film reproduces the
structural parameters derived from diffraction measurements on bulk vitreous
silica. However, range I order is not characteristic for the vitreous nature, as
it consists of well-defined building blocks (SiO, tetrahedra). Characteristic
features of the vitreous structure can be found in the ranges of higher order.

4.3 Range II: Interconnection of Adjacent
Structural Units

Range II is characterized by the connection of neighboring tetrahedral build-
ing blocks (see Figure 4.4c for a schematic). This connection can be evalu-
ated by examining the distance between the tetrahedral centers and the angle
formed by their bonds to the bridging oxygen (see arrows in Figure 4.4c).
Therefore, in this section, the Si—Si NN distance and the Si-O-Si angle are
analyzed.

Figure 4.4a shows the real space distribution of Si—Si NN distances. Con-
necting bars are colored corresponding to the distance between two neigh-
boring Si atoms (see scale bar). A homogeneous real space distribution was
observed. The corresponding histogram is plotted in Figure 4.4b. A Gaus-

In this work, only NN angles were evaluated. The specification “NN” is henceforth
omitted.
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Figure 4.4: Characterization of range II order in the vitreous silica film. (a) Image
from Figure 4.1a, overlayed with colored bars representing the Si—-Si NN distance
(see scale bar). (b) Histogram of the Si-Si NN distances. Average values from XRD
and ND experiments on bulk vitreous silica are indicated by black arrows [53, 59].
(c) Two SiO, tetrahedral units connected via the bridging O atom. The Si-Si
NN distance and the Si-O-Si angle are indicated by black arrows. (d) Histogram
of the Si—-O-Si angles. For a comparison to bulk vitreous silica, values from ab
initio calculations [100], XRD [59] and Bell and Dean’s handmade model [77] are
indicated by black arrows.

sian fit to the data yielded a mean Si—Si NN distance of 0.30 nm + 0.02 nm.
XRD and ND results on bulk vitreous silica indicate a slightly larger mean
Si-Si NN distance than our measurements (see black arrows in Figure 4.4b).
This is connected with a larger variety of Si-O-Si angles in 3D, discussed
hereafter.

The histogram of the Si-O-Si angles is shown in Figure 4.4d. We ob-
served a characteristic asymmetric shape of the Si-O-Si angle distribution.
Therefore, it is not permissible to fit the distribution with a Gaussian. The
peak in the Si—-O-Si angle distribution is situated at 139°.

The Si-O-Si angle has been largely debated in literature [5, 176]. As
it connects two tetrahedral building blocks, it is a very important angle for
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(a) (b)

Figure 4.5: Comparison of Si—-O-Si angles in 2D and 3D vitreous networks (Si:
green, O: red). (a) A side view on the fourfold building block of the 2D vitreous
silica bilayer. Here, the Si—O—Si angle is constrained by the flat structure of the
film. (b) Four SiO, tetrahedra connected in 3D space. The Si-O-Si angles can
assume a broader spectrum of values due to more degrees of freedom.

vitreous networks. The original XRD measurements on bulk vitreous silica
from Mozzi and Warren yielded a most probable Si-O-Si value of 144° [59].
Some years later, the data were re-analyzed by Da Silva et al. [60]. They
found 152° to be the most probable value for the Si-O-Si angle. Further-
more, Bell and Dean obtained a similar value for their hand-built model of
bulk vitreous silica [77]. When these authors attempted to build a structure
with a mean Si-O-Si value of 144°, they observed poor agreement with ex-
periment. Ab initio simulations of bulk vitreous silica yielded mean Si—O-Si
angles ranging from 143.4° to 152.2° depending on the potential, basis set
and the structural optimization scheme applied [100]. A detailed analysis
of the literature on measured and simulated Si-O-Si angles can be found in
Ref. [176]. These authors estimate the most probable Si—-O-Si angle of bulk
vitreous silica to be situated near 147° with a full width at half maximum of
23 to 30° (corresponding to a standard deviation of 10 to 13°). If we com-
pare all these Si-O—-Si values to the angles calculated from distances of the
2D silica network in this study, we find a difference of approximately 4 to
13°.

The smaller Si-O-5i angles are an intrinsic feature of the vitreous silica
bilayer. Figure 4.5 illustrates the different interconnections of tetrahedral
units in 2D and 3D vitreous silica. In 2D, the connection of the building
blocks is constrained by the flat structure of the film (see Figure 4.5a for a
side view). There is a maximal Si-O-Si angle, which cannot be surpassed,
because the Si atoms of, e.g., the top layer all lie in one plane. This effect is
expressed in a characteristic sharp edge in the Si—O-Si distribution of a 2D
vitreous network (see Figure 4.4d). However, in 3D, the Si-O-Si angles can
assume a larger range of values, as there are more degrees of freedom (see
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Figure 4.6: Evaluation of pair distances in the experimental atomic model. (a)
PDHs for Si-O (blue curve), O-O (red curve), and Si-Si (green curve). Peaks
are indicated by vertical colored bars. The numbers above the bars represent the
respective peak order. (b) Small cutout of the vitreous silica model. Colored bars
indicate the respective NN distances.

Figure 4.5b). A sharp boundary in the distribution is absent [176].

4.4 Range 1II: Network Topology

Range III order is the most discussed, yet least understood topic in glass
studies. It is in this range that striking differences between crystals and
glasses are found (see also chapter 5 for a detailed comparison of crystalline
and vitreous regions in the thin silica film). To characterize range III order
in the thin vitreous silica film, we evaluated longer range distances, the ring
statistics, the Si-Si—Si angles, and a 2D Fourier transformation.

4.4.1 Pair Correlation Function

A useful way to characterize the atomic order in a material is to compute
the PCF (see section 1.3). The great advantage of this method is the direct
comparison to PCFs derived from diffraction experiments using a Fourier
transformation. We calculated longer range correlations for our model and
compared them to literature values.

Figure 4.6a shows pair distance histograms (PDHs) for Si-O (blue), O-O
(red), and Si-Si (green) derived from the nc-AFM model. The concept of the
PDH is similar to the PCF. A PDH is a histogram of the number of pairs
at various mutual separations (r) evaluated for all sites against all sites.
Additionally, in Figure 4.6a, peaks are marked by vertical colored bars. First
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Figure 4.7: Pair correlation functions (PCFs). (a) Comparison of the total PCF
from the vitreous silica bilayer, T arm(7) (orange curve), with the PCF obtained
from XRD measurements on bulk vitreous silica (black curve, retraced from Ref.
[59]). (b) Comparison of Ty, arMm(r) (orange curve) to results from ND on vitreous
silica (black curve, retraced from Ref. [53]). Colored bars reproduce the respective
PDH peak positions from Figure 4.6a.

peaks in all three distributions correspond to the respective NN distances (see
Figure 4.6b), which were already discussed in sections 4.2 and 4.3. Second
peaks represent the next nearest neighbor distances. Evidently, the second
peaks are broader, more diffuse and exhibit a larger background than the
first peaks. This is an intrinsic feature of the vitreous nature of the film:
whereas the first peaks represent order of range I and II, the following peaks
characterize range III order, and are therefore broader.

Moreover, we found good agreement between the PCF of the vitreous
silica film and the PCFs obtained in diffraction studies of bulk vitreous silica.
The total PCF of the experimentally derived structural model, Ty apm(r),
was obtained by summing up the different PDHs using X-ray and neutron
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scattering factors of Si and O according to the formulas in Refs. [77, 82].
The-arm (1) was additionally normalized by r~! to account for the 2D structure
of the thin film. Figure 4.7a compares Ty apm(r) to the PCF obtained in
an XRD experiment on bulk vitreous silica, which was carried out up to a
radial distance of 0.7 nm (black curve, retraced from Ref. [59]). In Figure
4.7b, we compare Tpheapm(r) to ND measurements (black curve, retraced
from Ref. [53]). The major peak positions, their relative magnitudes and
peak shapes of Ty apnm(r) indicate reasonable agreement with the XRD and
ND PCFs. The small deviations stem from the different dimensionalities of
the compared systems: while the silica bilayer on Ru(0001) is flat and 2D,
the silica glass studied in diffraction experiments is 3D.

One of the highly discussed questions is how far order can extend in
glasses. The maximum extension of order in the vitreous silica film is ad-
dressed in section 5.4.

4.4.2 Ring Size Distribution

Another way to characterize the network topology of the thin vitreous silica
film is to evaluate its ring size distribution. The ring size distribution is not
directly attainable from diffraction measurements and other averaging tech-
niques. Therefore, the presented model system offers the unique possibility
in studying this quantity in real space. We define the ring size s as the num-
ber of Si atoms per ring. As rings are quite large objects, a large statistical
sample is required. Therefore, for the evaluation of rings, we use a large,
atomically resolved STM image (Figure 4.8a). In contrast to the nc-AFM
image from Figure 4.1, this particular STM image shows the structure of the
Si atoms. Note that the sensitivity of the scanning probe tip to a certain
atom type is mainly dominated by the microscopic tip termination (see sec-
tion 5.1 for an overview of different tip contrasts in STM). In Figure 4.8b, the
STM image is superimposed by the atomic model of the topmost Si and O
atoms. As in Figure 4.1d, a complex ring network is revealed. The real space
visualization of the ring size distribution is presented in Figure 4.8c. Colored
disks represent the polygonal area spanned by the Si atoms of every ring.
This quantity is directly correlated to the ring size (see scale bar in Figure
4.8¢c). Strikingly, the environment of a ring depends on its size. Rings with
more than six Si atoms tend to be surrounded by smaller rings. The ring
arrangement is governed by the possible angles inside an SiO, tetrahedron
and angles connecting two tetrahedra (see sections 4.2 and 4.3, as well as the
discussion of Si-Si-Si angles hereafter).

A histogram of the ring sizes from the STM image including ring fractions
at the image boundaries is depicted in Figure 4.8d. The smallest rings in the
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Figure 4.8: The ring size distribution in 2D vitreous silica. (a) Large atomically
resolved STM image of the vitreous silica film revealing the Si positions (Vg =
2V, It = 50 pA, scan range = 12.2 nm x 6.6 nm). (b) Image from panel (a)
superimposed by the atomic model of the topmost Si and O atoms. (c) Real space
visualization of the ring size distribution. The colored disks represent the polygonal
area of the rings (see scale bar). (d) Histogram of the ring size distribution, based
on the STM image in panel (a). Colored polygons indicate the different rings. The
red dashed curve is a log-normal fit to the data. (e) A log-normal plot of the ring
size distribution (black circles). The dashed straight line serves as a guide to the
eye.

STM image consist of four Si atoms and the biggest ones of nine Si atoms.
The most common ring has six Si atoms. The distribution is asymmetric
around the maximum. Being preciser, the ring size distribution of the vit-
reous film follows a characteristic log-normal behavior. The log-normal ring
size distribution of a 2D random network was first pointed out by Shackelford
and Brown who analyzed an extended Zachariasen network [78]. The origin
lies in the connectivity requirements of 2D random networks [78]. Fitting a
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Figure 4.9: Log-normal plots of ring size distributions from different studies.
Our STM results are compared to other 2D systems [35, 78] and to 3D theoretical
models [69, 88, 100, 177, 178|.

log-normal distribution function to the silica/Ru(0001) ring size distribution
shows good agreement with the experimental distribution shape (dashed line
in Figure 4.8d). The inherent log-normal law of the ring size distribution can
also be verified by looking at a log-normal plot (Figure 4.8e). In theory, a
perfect log-normal distribution gives a straight line on log-normal probability
paper. The black circles represent the experimental ring statistic and indeed
lie on a straight line (see red dashed line in Figure 4.8e, serving as a guide
to the eye).

As pointed out by Wright [5], it is very difficult to experimentally assess
the 3D ring size distribution in vitreous silica. However, various research
groups have published the ring size distributions of theoretical models. Figure
4.9 displays a log-normal graph comparing 2D and 3D ring size distributions.
In 3D, a ring is regarded as a loop, and can be a nonplanar structure. The
corresponding size is determined by the shortest path analysis as proposed
by King [179]. The black dots in Figure 4.9 depict the ring size distribution
from our study (same as in Figure 4.8e). The other 2D ring size distributions
originate from the STEM study of a vitreous silica bilayer on graphene [35]
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and the 2D model from Shackelford and Brown [78] (solid curves). These 2D
systems are compared to studies of 3D structures obtained from molecular
dynamics (MD) [88, 100, 177], Car-Parrinello MD (CPMD) [69], high energy
XRD in combination with reverse Monte Carlo modeling (HEXRD+RMC)
[178], and DFT [100] (dotted curves). The distribution of rings obtained
from STM agrees well to Shackelford’s 2D model. The STEM results are
also in decent agreement with the other 2D models. The 2D systems have all
a similar slope in their log-normal ring size distributions. However, the slope
of the 3D models is in general smaller. This means that there is a preference
to larger loops, which can be explained by the larger degree of freedom in

3D.

4.4.3 Si—Si—Si Angle Distribution

Figure 4.10 presents the result of the Si-Si—Si angle computation, based
on the experimental model from Figure 4.8b. The Si—Si—Si angle expresses
the internal structure of a silica ring (see also inset of Figure 4.10g). Fig-
ures 4.10a—f display histograms of the Si-Si-Si angle inside four- to nine-
membered rings, respectively. In addition, for every ring size, the angle of
the corresponding regular polyhedron is marked by a black arrow. The Si—Si—
Si angles scatter around the polyhedral angles, showing that the rings in the
vitreous silica film have a distorted shape. The sum of all ring contributions
is plotted in Figure 4.10g. The Si-Si—Si angle exhibits a broad distribution,
having a maximum at 120°, corresponding to the average angle inside the
most frequent, i.e. sixfold, ring. The broadness of the distribution demon-
strates how flexible the internal ring structure of this 2D network structure
can be.

4.4.4 Fourier Transformation

A Fourier analysis can also shed light on longer range correlations within the
vitreous silica film. Figure 4.11a depicts a cutout from the STM image in
Figure 4.8a. A fast Fourier transformation (FFT) of this image is displayed
in Figure 4.11b. The FFT reveals two diffuse circles in reciprocal space.
Similar circles appeared in the LEED image of the purely vitreous film (see
Figure 3.6a). Fourier back-transforms unveil the origin of the two circles.
Figure 4.11c illustrates an inverse Fourier transform of the inner FFT
circle only. Clearly, the porous structure of the bilayer is visible, however,
lacking the atomic protrusions. The inner FFT circle corresponds to a 1/k
value of 5.3 A, k being a vector in reciprocal space and k = |/;| This
length is exactly equal to the average NN distance between two pores in
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Figure 4.10: Histograms of Si—Si—Si angles calculated from the atomic positions
in the STM image in Figure 4.8a. (a—f) Histograms of Si-Si—Si angles inside four-
to nine-membered rings. Arrows and numbers at the top indicate angles in regular
polyhedra. (g) Total Si-Si—Si angle distribution. Contribution from different ring
sizes are colored correspondingly.

the 2D silica film. From the coordinates in Figure 4.8b, an average NN
distance between the centers of two rings of 5.3 A & 0.7 A was obtained. For
a crystalline film, which consists of sixfold rings only, the calculated ring-
to-ring distance is only slightly larger (5.4 A [28]). Thus, the inner FFT
circle represents the network structure and can be explained in terms of a
rotationally invariant ring-to-ring correlation. Therefore, the inner FFT and
LEED circle are closely related to the first sharp diffraction peak of bulk
vitreous silica, which was attributed to the periodicity of the holes in the
network structure [62-64] (see also section 1.5.1).
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Figure 4.11: Fourier analysis of an STM image of vitreous silica. (a) Cutout
from the STM image in Figure 4.8a (Vs = 2 V, It = 50 pA, scan range = 7.0 nm
x 7.0 nm). (b) 2D FFT of image (a) revealing two circles. (c) Fourier back-
transform of the inner FFT circle showing the porous morphology of the silica
film. (d) Fourier back-transform of the outer FFT circle resolving the atomic
protrusions.

If we look at Figure 4.11d, depicting the Fourier back-transformation of
the outer FFT circle, the origin of this circle becomes obvious. The back-
transform of the outer FFT circle only reproduces the atomic protrusions
of the Si atoms from the STM image. Consequently, the outer circle’s 1/k
value of 3.0 A perfectly matches the Si-Si NN distance (compare with Figure
4.4D).

4.5 Range IV: Longer Range Density Fluctu-
ations
To study the order of range IV, the 2D mass density of the silica film was

evaluated (Figure 4.12). The atomic model from Figure 4.8b was used as a
basis for the density determination (green wireframe in Figure 4.12). Beneath
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Figure 4.12: Analysis of the silica film’s 2D mass density. The green wireframe
corresponds to the model from Figure 4.8b. The colored boxes are a real space
representation of the 2D mass density (see scale bar). The white dashed box
displays the bilayer slab used to calculate the 2D mass density.

the wireframe, small colored boxes depict the 2D mass density in mg/m? (box
size = 0.34 nm x 0.30 nm; see scale bar in Figure 4.12). For every small
box, the 2D mass density of a 2 nm x 2 nm slab around it was calculated
(white dashed square in Figure 4.12). The size of the slab was chosen large
with respect to the typical ring size. The slab comprises the whole bilayer
structure, i.e., not only the topmost SiO, tetrahedra, but also the lower ones.

We found that the 2D mass density varied from 1.46 to 1.83 mg/m?.
The total 2D mass density amounted to 1.65 mg/m?, which is just twice the
2D mass density of graphene [180]. Evidently, the 2D mass density locally
fluctuates. This most probably originates from the local ring environment:
an area with large rings has a lower density than an area consisting of smaller
rings. This way, the 2D mass density is lower in the lower left corner of the
model, and higher towards the center of the image, which is dominated by
smaller rings, i.e. four- to sevenfold rings.

4.6 Summary

In this chapter, the determination of the atomic surface structure of the
vitreous silica film was presented. We used atomically resolved nc-AFM
and STM images to characterize the atomic arrangement in detail. The
images revealed a ring network resembling Zachariasen’s famous continuous
random network. First, an atomic model of the topmost surface layer was
developed from the observed protrusions in the images. Afterwards, we fol-
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lowed the classification introduced by A.C. Wright who divided the order
in network solids in four ranges: (I) structural unit, (II) interconnection of
adjacent structural units, (IIT) network topology, and (IV) longer range den-
sity fluctuations. Range I revealed a well-defined structural unit, i.e., the
Si0, tetrahedron, with distances and angles corresponding to XRD and ND
measurements on bulk vitreous silica. In range II, we found the first dif-
ference between the vitreous film and 3D silica glass, namely the Si-O-Si
angle distribution, which exhibited a sharp edge in our case. This feature
was assigned to the restricted dimensionality of the flat film. The most in-
triguing properties, however, were found in range III. The evaluation of pair
distance histograms and pair correlation functions showed good agreement
with results from XRD and ND on bulk vitreous silica, even for higher radial
distances. By further evaluating the network topology, we found an asym-
metric ring size distribution with pore sizes ranging from fourfold to ninefold
rings; the six-membered ring was found to be the most frequent one. Our
measured distribution of rings exhibited a characteristic log-normal shape,
which originates from the connectivity requirement in 2D random networks
as pointed out by Shackelford. In addition, the Si—-Si—Si angle distribution
and a Fourier transformation were analyzed for further insights into range
III. An evaluation of range IV suggested that the local 2D mass density is
determined by the ring environment.
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Chapter 5

Comparison of Crystalline and
Vitreous Phases

In the previous chapter, we presented atomically resolved nc-AFM and STM
images of a bilayer of vitreous silica that was prepared on a Ru(0001) sup-
port. As outlined in section 3.2, we could grow vitreous silica films or films
with coexisting crystalline and vitreous regions. In this chapter, the atomic
structure of silica films exhibiting crystalline and vitreous phases is addressed
and compared to each other. The positions of Si and O atoms were resolved
on both phases. On the basis of these atomically resolved images, we present
a detailed structural analysis including characteristic distances, orientations,
and angles. Our measurements are compared to experimental and theoreti-
cal data from the literature. This chapter reflects the work published in Ref.
(31].

5.1 Atomic Structure

In Figure 5.1, we present the analysis of crystalline and vitreous areas by
STM including a comparison to Zachariasen’s models. Figure 5.1a and d
depict Zachariasen’s 2D schemes of the atomic arrangement in a crystal and
a glass, respectively (see also section 1.2). In both cases, the black dots
represent the cations (A) and the white circles the O atoms. These atoms
form well-defined AO, units. In the crystalline structure, these building
blocks are connected to a network with long range order consisting of sixfold
rings only and a constant A-O—A angle of 180°. In contrast, in the glass,
the AO, units are connected via a large variety of A-O-A angles forming
a so-called continuous random network. The ring size within this random
network varies from four to eight.

o7
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Figure 5.1: Atomic structure of crystalline and vitreous regions. (a,d) Zachari-
asen’s schemes of the atomic arrangement in a crystal (a) and a glass (d) (from
Ref. [3]). (b,c,e,f) Atomically resolved crystalline and vitreous regions of the thin
silica film (the scan area of all images is 3.5 nm X 3.5 nm). (b) STM image of
a crystalline area showing the positions of Si atoms (Vg = 3.0 V, IT = 100 pA).
(c) STM image of a crystalline patch showing the arrangement of O atoms (Vg =
100 mV, It = 100 pA). (e) STM image of a vitreous area revealing the positions of
Si atoms (Vg = 2.0 V, It = 50 pA). (f) STM image of a vitreous area showing the
arrangement of O atoms (Vg = 100 mV, It = 100 pA). (b,c,e,f) Arrows indicate
one crystallographic axis of the Ru(0001) substrate. Green balls represent the Si
atoms, red balls the O atoms.

Figures 5.1b, ¢, e, and f display atomically resolved STM images with a
size of 3.5 nm x 3.5 nm. Figures 5.1b and ¢ were measured above a crystalline
phase and Figures 5.1e and f on vitreous regions of the silica bilayer film.
Both phases show ring networks resembling Zachariasen’s schemes.

We were able to resolve the atomic structure of the topmost Si (Figures
5.1b and e) and O atoms (Figures 5.1c¢ and f). This can be verified by
examining the NN configurations of the imaged protrusions (see top part of
Figures 5.1b, ¢, e and f). In Figures 5.1c and f, every three protrusions (red
balls) form a three-bladed windmill shape representing one triangular face
of an SiO, tetrahedron. Therefore, these positions correspond to O atoms.
However, in Figures 5.1b and e, four protrusions (green balls) form a three-
bladed windmill with one protrusion sitting in its center. These positions
represent the centers of four different tetrahedra and therefore correspond to
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the Si atoms. Furthermore, the NN distances are characteristic for a certain
atom type and are significantly larger for Si than for O (see also Table 5.1).
Note that the observed chemical sensitivity of STM strongly depends on the
microscopic tip configuration.

All STM images in Figure 5.1 are superimposed by an atomic model in
the bottom right corner (Si: green, O: red). To find the O coordinates from
the measured Si positions in Figures 5.1b and e, we calculated the center
between each pair of Si NNs and defined this as the O position. A Si—O
height difference (Azg; o) of 0.52 A was assumed in this case. This number
has been obtained in DFT calculations of the crystalline bilayer film [28]. In
contrast to this procedure, the Si positions were computed self-consistently
from the O coordinates in Figures 5.1c and f without assuming a fixed Azg; .
For this purpose, first, a circumscribed circle was calculated for every triangle
of O NNs (see Figure 4.2a). Afterwards, the circle center was defined as the Si
position. Finally, for every SiO, tetrahedron, Azg; o was set to the radius of
its insphere 7y, = 700/ V24, with 7o o being the average O-O NN distance
in this particular SiO, unit. Via this procedure, an average Azg; o of 0.55 A
4+ 0.04 A and 0.53 A & 0.04 A was obtained for the crystalline (Figure 5.1c)
and the vitreous structure (Figure 5.1f), respectively. These heights are in
good agreement with the DFT value of Azs; o, justifying the use of the latter
in the Si case and in the previous chapter.

To visualize rings of different size, the pores were color coded in Figure
5.1. Clearly, the crystalline phase is built up from only one ring type, namely
the six-membered ring (a ring consisting of six Si and six O atoms). On
the contrary, the vitreous phase is constructed from differently sized pores
ranging from four- to nine-membered rings (see section 4.4 for a typical ring
size distribution histogram). The atomically resolved images from Figure 5.1
served as the basis for further evaluation of the silica film’s structure.

5.2 Directed Distance Orientations

By carefully looking at the crystalline phases in Figures 5.1b and c, it ap-
pears that the imaged structures are not perfectly crystalline. Exactly this
issue is addressed in the current section. In Figure 5.2, characteristic atomic
orientations are evaluated. A quantity that reflects the order of a particular
film region, is the directed distance orientation (DDO) between two atoms,
i.e. the slope of a line segment connecting two atoms with respect to a certain
fixed axis (here, we used the image ordinate as a reference).

Figure 5.2a visualizes the O-O NN DDOs of the crystalline region from
Figure 5.1c¢ using colored bars. The color scale represents the DDO value
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Figure 5.2: Analysis of the O-O directed distance orientations (DDOs). (a) The
O-O NN orientations of the STM image in Figure 5.1c (crystalline structure) are
represented by colored bars (see scale bar; image size = 3.5 nm x 3.5 nm). (b)
A histogram of the O—O NN DDOs. These orientations represent the threefold
symmetry of the crystalline phase. (c¢) A histogram of all O-O DDOs. Additionally
to the NN peaks, second NN peaks are present. (d) O—O NN orientations of the
STM image from Figure 5.1f (vitreous structure). Colored bars represent the DDO
value (see scale bar; image size = 3.5 nm x 3.5 nm). (e) A histogram of the O-O
NN DDOs. (f) The histogram of all O-O DDOs exhibiting a completely random
distribution of angles. For the evaluation of (b), (c), (e), and (f) slightly larger
surface areas were used (5 nm x 5 nm). (a,d) Arrows indicate one crystallographic
axis of the Ru(0001) substrate.

(see scale bar). Apparently, three different orientations are present in this
crystalline area. For a better visualization of the DDO distribution in this
region, a histogram of the O—O NN DDOs is plotted in Figure 5.2b. Due
to the threefold symmetry of the crystalline silica bilayer, we observe three
peaks in the orientational distribution. The peaks are centered at +55.2°,
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—4.3°, and —64.7° and have equal peak heights. Surprisingly, the peaks are
quite broad and have an average standard deviation of 8.6°. There are two
possible explanations for this experimental result: (1) the determination of
the atomic positions is not exact enough and/or (2) the crystalline region is
not perfectly ordered. As we show in Appendix A, the deviation resulting
from effect 1 was quantified by determining the atomic positions of a perfectly
crystalline structure as a benchmark. The DDO error that stems from the
manual determination of atomic coordinates should not be larger than 1.7°.
Thus, effect 1 is weak. Therefore, we conclude that some regions consisting
of hexagonal rings only are not perfectly crystalline. This residual disorder
might be induced by a closely situated vitreous area. A detailed discussion
about the influence of a vitreous region on the crystalline phase and the
crystalline—vitreous interface can be found in chapter 6. Furthermore, the
network structure might allow additional degrees of freedom and lead to
certain distorted structures, which are close in energy.

Finally, Figure 5.2¢ displays the histogram of all O-O DDOs in the crys-
talline region, i.e. not only NN DDOs, but also DDOs between higher order
neighbors. In this distribution we observe six sharp peaks on a large back-
ground. The three largest peaks can be identified as the average orientations
of O-O NN rows, centered at +55.2°, —3.8°, and —64.2° (compare with Figure
5.2b). These sharp peaks verify the long range order of the crystalline phase.
Moreover, these three main orientations are parallel to the crystallographic
axes of the Ru support. The other three peaks represent the mean O-O
second NN directions at +85.5°, +25.7°, and —33.8°. In a perfect crystalline
structure, DDO peaks originating from third and higher order NNs are vis-
ible (see Appendix A). However, these peaks are not present in Figure 5.2c,
being another indication for the residual disorder of this crystalline region.

A similar evaluation of pair orientations for the vitreous area from Figure
5.1f is presented in Figures 5.2d to f. The O-O NN DDOs are displayed in
Figure 5.2d as colored bars (see scale bar). The DDO values of the vitreous
state assume a large variety of values. This can be seen more clearly in Fig-
ure 5.2e, showing the O-O NN DDO histogram for the vitreous structure.
The orientations are distributed over the whole range of -90° to +90° and
separated peaks are absent. Several little peaks seem to be present in the dis-
tribution. However, after a careful analysis of several other images, showing
a completely random distribution of NN orientations (see Appendix A), we
ascribe the wavy structure in Figure 5.2e to the small size of the statistical
probe in that case. The evaluation of DDOs between all atoms in the model
reveals the true vitreous state of this region (see Figure 5.2f). In the his-
togram peaks are absent, demonstrating the lack of long range orientational
order. The combination of a narrow distribution of NN distances and this
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orientational disorder leads to the outer LEED and FFT circle (Figures 3.6a
and 4.11b), which were described in the previous chapters.

One important aspect in this context is the interaction with the substrate.
In the crystalline regions, the regular arrangement of silica pores follows
the crystallographic orientations of the Ru substrate (see Figure 5.1b and
c¢). However, the vitreous structures lack symmetry and periodicity and are
therefore structurally decoupled from these axes. The weak coupling to the
substrate might be one of the driving forces for the formation of vitreous
patches. Huang and coworkers have also observed crystalline and vitreous
silica bilayer patches on one and the same, crystalline substrate (graphene)
[35]. Defects at the interface might be another influence on the film structure.
It is important to note that in our nc-AFM and STM measurements, we
observe only the top part of the bilayer, i.e. information on the interface is
not attainable.

5.3 Distances and Angles

As introduced by Wright, the structural order in a network solid, like vitreous
silica, can be divided into four ranges [5, 52| (see section 1.4). In this chapter,
we will focus on the ranges I-11I1.

Table 5.1 shows an overview of distances and angles characterizing the
ranges [, IT and IIT in the topmost Si and O atoms of the crystalline and vit-
reous silica films. As a measure of range I, Table 5.1 includes the Si-O NN
distance, the O—O NN distance and the O-Si—O mean angle. Furthermore,
the Si-Si NN distance and the mean Si-O-Si angle are given, as they deter-
mine order of range II. Finally, Table 5.1 specifies one range III parameter,
namely the Si—Si—Si angle, which defines the ring structure inside a network.
We fitted our data with a Gaussian and the values in Table 5.1 represent the
mean + standard deviation. Note that only values followed by an asterisk
were directly measured in this study. In addition, in Table 5.1, the STM re-
sults are compared to distances and angles from the literature. The data of
the crystalline film is confronted with (1) XRD of a-quartz [181, 182], (2) ND
of a-quartz [183, 184], and (3) ab initio simulations of a-quartz [185, 186].
Moreover, we compare values from the 2D vitreous silica film to (1) XRD of
3D vitreous silica [59], (2) ND of 3D vitreous silica [53], (3) ab initio calcula-
tions of 3D vitreous silica [100], and (4) the Bell and Dean handmade model
of 3D vitreous silica [77].

The characteristic range I distances (Si-O and O-O) of the crystalline
silica film agree well within the standard deviation with XRD, ND and ab
initio results of a-quartz. The same is true for the intratetrahedral angle
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Table 5.1: Overview of characteristic distances determining structural order of
range I, IT and III. STM results from this study are compared to results from
XRD, ND, and ab initio simulations on a-quartz and bulk vitreous silica, as well
as the handmade model of Bell and Dean for vitreous silica.

crystalline STM® STM? XRD¢ ND? ab initio®

Si-O [A] 1.67 + 0.08 1.66 & 0.06 1.61 1.61 1.61-1.62

0-0 [A] 2.71 £ 018" 272 £0.11 2.63-2.65 2.63 2.62-2.65

0-Si-0 [°] 109.4 + 8.1 110.1 4+ 5.7  108.8-110.5  108.7-110.5  108.5-110.2

Si-Si [A] 312+ 0.08 315+ 0.11" 3.06 3.06 3.07

Si-0-Si [°] 139.9 143.5 143.7 143.6 144-148

Si-Si-Si [°] 1202 £ 6.3 1195 +6.9"

vitreous STM® STM? XRD/f ND” ab initio B&DJ
Si-O [A] 1.60 % 0.09 1.61 & 0.11 1.62 1.61 £ 0.05  1.61-1.63 1.59 4 0.03
0-0 [A] 2,59 0217 2.65 £ 0.19 2.65 2.63 £0.09  2.63-2.67 2.60 + 0.08
0-Si-0 [°] 109.2 + 10.9  109.4 + 12.6 109.8 109.7 £ 4.5 109.3-109.5  109.4 + 4.9
Si-Si [A] 3.01 £0.12  3.07 £ 0.23" 3.12 3.08 £ 0.11  3.03-3.12 3.11 £ 0.07
Si-0-Si [°] 140.5 142.6 144 (1529) 143.4-152.2  154.2 £ 9.3
Si-Si-Si [°] 120.2 4 14.7 118.8 &+ 15.3" 104.9 + 17.8

Si-Si-Si# [°]  119.9 + 10.6  119.9 + 13.2°

*directly measured values, this study

#six-membered rings only

@byalues given are the mean + standard deviation from a Gaussian fit to the data
2STM with O structure, this study (Figures 5.1c and f)
®STM with Si structure, this study (Figures 5.1b and e)
‘from Refs. [181, 182]

dfrom Refs. [183, 184]

¢from Refs. [185, 186]

Tfrom Ref. [59]

Ire-analysis of the same data; from Ref. [60]

hfrom Ref. [53]

ifrom Ref. [100].

¢ithe given ranges represent results from different basis sets
Jcalculated from the coordinates in Ref. [77]

(O-Si-0). Furthermore, we observe good agreement of the intertetrahedral
angle (Si-O-Si) and the Si-Si distance. The Si-O-Si angle obtained from
STM images with O and Si structures are slightly different (139.9° vs. 143.5°).
This is connected with the different ways of calculating the height difference
between Si and O in both cases, which was mentioned above.

The range I and II distance values for the vitreous silica film show also
good agreement with XRD and ND, as well as with the handmade model and
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ab initio simulations. The O-Si—O angle exhibits in all six vitreous cases
nearly the same magnitude and approaches the mathematical tetrahedral
angle of 109.47°.

In the vitreous case, there is a discrepancy between the Si-O-Si angle
obtained from STM and literature values on 3D silica. The Si-O-Si is an
important angle for the connectivity of the network structure. The differ-
ence in the Si-O-Si angle in 2D and 3D vitreous networks has already been
discussed in section 4.3.

By comparing the values of crystalline and vitreous silica films, we note
that range I and II distances are slightly larger in the crystalline case. How-
ever, this effect is only about 3 % and is negligible within the standard
deviation. Furthermore, in an evaluation of the distances on both sides of a
crystalline—vitreous interface in the thin silica film we did not observe any
significant difference of the atomic distances (see chapter 6). If we concen-
trate on the directly measured distances with STM (O-O and Si-Si), we see
that the standard deviation of the O-O NN distance distribution is nearly
equal in the crystalline and the vitreous case (0.18 A vs. 0.21 A). This re-
sult is in line with the identical tetrahedral shape of crystalline and vitreous
building blocks. In contrast, the standard deviation of the Si—Si NN distance
distribution is larger for the vitreous structures than for the crystalline ones
(0.23 A vs. 0.11 A). This effect stems from the larger distribution of possi-
ble intertetrahedral angles (Si-O-Si) in the vitreous film, enabling a larger
variety of Si—Si NN distances.

It is in range III, where considerable differences between crystalline and
vitreous structures are found. One range I1I parameter is the Si-Si—Si angle,
which can be directly measured from STM images resolving the Si positions
(Figures 5.1b and e). In the imaged crystalline phase, the Si-Si—Si angle has
a mean value of 119.5°. As the crystalline structure consists of sixfold rings
only, this angle agrees well with the 120° angle in a regular hexagon. In the
vitreous phase, we observed ring sizes ranging from four to nine. For regular
polyhedra with four to nine corners, angles ranging from 90° to 140° are
allowed. Correspondingly, we measured Si—Si—Si angles ranging from 80° to
170°. The most common ring type in the vitreous phase is the six-membered
ring. This fact explains that the vitreous structure yields a mean Si—Si-
Si angle of 118.8°. The difference between crystalline and vitreous regions
can be found in the width of the Si—Si-Si angle distribution. The standard
deviation of the vitreous phase is larger than for the crystalline case by a
factor of 2. Furthermore, it is interesting to note that even the sixfold rings
in the vitreous phase have a broader Si-Si—Si angle distribution than the
crystalline film. We conclude that sixfold rings exhibit a larger deformation
in vitreous regions than in crystalline ones. In 3D, rings and loops are not
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Figure 5.3: PDHs of crystalline and vitreous phases of the silica film. (a) Si-Si
PDH of a crystalline patch. The black lines represent Si—Si distances from the DFT
silica bilayer model. [28] The blue dotted curve shows the artificially broadened
DFT PDH. (b) O-O PDH of a crystalline region. As in panel (a), the black lines
and the blue dotted curve represent the DFT values. (¢) Si—Si PDH of the vitreous
phase. (d) O-O PDH of a vitreous area of the film. For panels (a)—-(d), 5 nm X
5 nm images were evaluated. Image cutouts at the right show local coordination
of atoms (green balls: Si, red balls: O; cutout size: 1.3 nm x 1.3 nm).

limited to a planar shape, and therefore a different Si—Si—Si angle distribution
has been predicted (106° + 20°) [88].

5.4 Pair Distance Histograms

To quantify the structural order of range I1I, Figure 5.3 presents the O-O and
Si—Si PDH of crystalline and vitreous areas in the silica film. The 1D PDHs
from Figures 5.3a—d were extracted from atomically resolved STM images
with equal size (scan ranges: 5 nm X 5 nm; cutouts shown in Figure 5.1b,
¢, d, and f). Radial distances () up to 1.6 nm were evaluated. At the right
side of Figure 5.3, model cutouts display the local order and coordination
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of the corresponding atom type for every PDH curve (green balls: Si, red
balls: O; image size: 1.3 nm x 1.3 nm). For a better peak interpretation
of the crystalline PDHs, we plotted the PDH of the DFT model for the
crystalline silica bilayer [28] (black bars in Figure 5.3a and b). Evidently,
the experimental curves are much broader than the DFT PDH, but they
agree well with the artificially broadened DFT peaks (blue dotted curves in
Figure 5.3a and b). Similar to the discussion of Figure 5.2, the reason for
this broadening might be twofold: (1) experimental uncertainty and/or (2)
minor disorder of the crystalline phase. As we show in Appendix A, effect
1 should be in the range of 40.08 A for the first crystalline peak in the O—
O distribution. However, the standard deviation of the first O-O peak in
Figure 5.3c is 0.18 A, which means that only half of the broadening can be
explained by reason 1. Thus, Figures ba and c give another indication for
the residual disorder of the crystalline region.

Although the experimental crystalline distance distributions exhibit
broadening, the PDHs of the crystalline (Figure 5.3a and b) and the vit-
reous regions (Figure 5.3c and d) clearly exhibit several differences: (1) the
vitreous peaks are in general broader and have a lower intensity than the
crystalline ones, (2) the vitreous peaks become broader and more diffuse
with increasing r, and (3) the background of the curves is more pronounced
in the vitreous case. It is noteworthy that in the vitreous PDHs, peaks can be
identified up to about 2 nm, which is in good agreement with the estimated
distance up to which order can extend in bulk vitreous silica [54, 55]. The
PDH of an extended 2D Zachariasen scheme [78, 79] also shows peaks up
to radial distances of at least 2 nm (see Appendix A). 2D vitreous networks
might have an even longer correlation length than bulk glasses, as the 3D
structure has more degrees of freedom and there are more possibilities to lose
order [187].

5.5 Summary

In this chapter, we investigated the atomic structure of crystalline and vitre-
ous regions in the silica bilayer film on Ru(0001). The atomic arrangement
of Si and O atoms could be resolved for both cases. Some crystalline regions
exhibit minor effects of disorder, which can be attributed to the flexible net-
work structure. The evaluation of characteristic distances and angles showed
good overall agreement with diffraction data and simulated networks. Even
the extension of order is similar for the 2D and 3D vitreous structures.



Chapter 6

Crystalline—Vitreous Interface
in Two-Dimensional Silica

In this chapter, we report on a detailed evaluation of the 1D interface between
a crystalline and a vitreous region of the thin silica film. The evolution of
characteristic atomic distances and angles is analyzed in detail. We discuss
how ring statistics change across such a border. A measure of the film’s
crystallinity is introduced and we look at its development from the crystalline
to the glassy phase. This chapter reflects the work published in Ref. [33].

6.1 Motivation

The topological transition from a crystalline to an amorphous material can
result in very complex structures. It is a demanding task to investigate the
atomic arrangement in such boundaries and it requires a well-defined struc-
tural model system. Understanding the interface between a crystal and a
glass can lead to a better description of the crystal-to-glass and the liquid-
to-glass transitions. In addition, fundamental knowledge about semicrys-
talline materials can be gained, because there the crystallites are separated
by disordered boundary regions.

A vast amount of studies have been published concerning crystalline—
amorphous (¢/a) interfaces of different, mostly tetrahedrally coordinated ma-
terials, including c-Ge/a-Ge [188], ¢-Si/a-Ge [189, 190], ¢-Si/a-Si [188, 191
194], ¢-Al,04/a-CaSiO4 [195], ¢-5-SisN, /a-SiO, [196], and ¢-Si/a-SiO,, [197-
208], the last example being an important interface in semiconductor tech-
nology. The transitional structures were investigated by a large variety of
theoretical [188, 191, 193, 195, 201, 203, 204, 206] and experimental methods
[189, 190, 192, 196-200, 202, 205, 207, 208]. However, the interface between

67
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crystalline and vitreous silica has not been addressed so far. Moreover, the
application of SPM to a ¢/a-transition has not been shown. These structures
were thought to be inaccessible by SPM, because the interfaces are buried
inside the bulk materials [190].

In chapter 3 and 5, we showed that the silica film can be grown with
coexisting crystalline and vitreous regions. The silica film on Ru(0001) pro-
vides the unique opportunity to study the interface between crystalline and
vitreous growth modes with atomic resolution in real space.

6.2 Atomic Structure

Figure 6.1a shows an atomically resolved STM image of a crystalline—vitreous
transition region in the silica film. The porous structure of the bilayer film
is clearly visible. Furthermore, every pore exhibits well-resolved protrusions.
Because every four bright spots are arranged in a three-bladed windmill
shape, we assign these features to the positions of Si atoms. The coordi-
nates of the O atoms were obtained by calculating the center between every
pair of Si—Si NNs. The final atomic model of the film’s topmost layer is
superimposed onto the STM image in Figure 6.1b (Si: green balls, O: red
balls). This atomic model served as a starting point for further analysis of
the crystalline—vitreous interface.

A closer look at the model reveals that the left part of the image consists
of a regular and periodic arrangement of atoms. However, the right third of
the image lacks periodicity and symmetry and is therefore vitreous. Later,
we will define a quantity that gives a measure of the order in a particular
film region.

It is important to note that we did not observe any electronic signature
from the crystalline-vitreous interface in the STM under the given tunneling
conditions (see e.g. Figure 6.1a). For the antiphase domain boundaries in
ultrathin alumina on NiAl(110), pronounced electronic features have been
observed, which were attributed to defect-induced states of the nonstoichio-
metric structure at the interface. [209] We therefore conclude an absence of
such defect states at the crystalline-vitreous boundary of the thin silica film.
There are also no under- or overcoordinated Si atoms, as all Si atoms have
exactly three Si NNs (four NNs if one takes into account the Si atom of the
first silica layer sitting underneath every Si atom of the second layer that is
imaged). Thus, the stoichiometry and the vertical structure are conserved
at the crystalline—vitreous transition. These considerations show that the
vitreous patch is smoothly connected to the crystalline one.

To evaluate the transition between both regions, it is interesting to look



6.2 Atomic Structure 69

crystalline = vitreous

Figure 6.1: (a) Atomically resolved STM image of the crystalline-vitreous inter-
face in the silica film (Vs = 2 V, It = 100 pA, scan area = 12.3 nm X 7.0 nm).
(b) The STM image, superimposed by the atomic model of the topmost layer (Si
green, O red). The bar below indicates the crystalline and the vitreous areas. The
black arrow shows the direction of the interface analysis.

at the change of quantities that characterize the film’s structure as we move
from the crystalline to the vitreous area. For this chapter, we investigated
the NN distances, NN orientations, the 2D mass density and the ring statis-
tics. It would be desirable, to evaluate these quantities perpendicular to the
interface. However, it is difficult to define the exact boundary line, because
it is impossible to say whether a sixfold ring belongs to the crystalline or
the vitreous region, as they appear in both phases. Therefore, we chose to
evaluate the interface structure by approaching it from a direction that is
perpendicular to one crystalline axis (see black arrow below Figure 6.1b).
The image was cut into vertical slices of constant width. Subsequently, the
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characteristic quantities were computed for every slice separately.

6.3 Atomic Distances and 2D Mass Density

First of all, we evaluated the Si-Si NN distances to tell, how the atomic
separations change at the interface between the crystalline and the vitreous
phase. The distances of all Si-Si NN pairs were computed and are displayed
in Figure 6.2a. Differently colored bars represent the magnitude of the Si—Si
NN distance (see scale bar in Figure 6.2a). Figure 6.2a shows a homogeneous
distribution of Si—Si NN distances throughout the whole image including the
crystalline, the vitreous, and the interface region. For a better quantification
of the Si—Si NN distance evolution, we divided the image into ten vertical,
1.23 nm wide slices and computed the distance distribution for every slice.
Each distribution was fitted by a Gaussian, yielding mean values and stan-
dard deviations. Figure 6.2c shows a plot of these two quantities vs. the
lateral coordinate of the respective slice (). Although the slices” mean val-
ues exhibit a slight variation of 0.003 nm around the average for the whole
image (0.303 nm =+ 0.025 nm, dashed line), the deviation is not significant.
Therefore, we conclude that the mean Si—Si NN distance stays constant as
we go from the crystalline to the vitreous state. The NN distance is also
not affected at the crystalline—vitreous transition region. This finding is con-
sistent with experimental results on bulk silica materials: the average Si-Si
NN distances in vitreous silica [53] and a-quartz [181, 184] are equal within
the root mean square variation of the glass (0.3077 nm 4+ 0.0111 nm and
0.3059 nm, respectively). However, although the NN distance stays constant
throughout the interface, the standard deviation slightly increases in the vit-
reous region (from 0.2 to 0.3 nm). This is in line with the separate evaluation
of crystalline and vitreous regions in chapter 5.

Additionally, the atomically resolved interface enables us to compare the
density of the crystalline and the vitreous phase. From the atomic model
displayed in Figure 6.1b, we calculated the local 2D mass density. We used
the same division of the image into ten slices as discussed before (Figure
6.2b). The 2D mass density vs. the respective slice center is plotted using
red circles in Figure 6.2d. The observed oscillation in the crystalline phase is
an artifact; it occurs because the vertical slices are parallel to one crystalline
direction. Therefore, these slices sometimes comprise one, sometimes two
silica rows, producing low and high density, respectively. Hence, the slice
thickness is too small for the density evaluation. It is, therefore, better to
examine the 2D mass density calculated for three slices of equal width (each
4.11 nm wide; see blue squares in 6.2d). This representation clearly shows
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Figure 6.2: Evaluation of the Si-Si distances and the 2D mass density. (a) The
Si—Si NN distances are visualized by colored bars. The color scale represents the
distances between two Si atoms (see scale bar). (b) The position of ten verti-
cal, 1.23 nm wide and 6.95 nm high slices. (c) The mean Si-Si NN distances
for every slice are plotted vs. the lateral coordinate of the respective slice center
(). Error bars represent the standard deviation of a Gauss fit to the distance
distribution. The dashed line specifies the average value for the whole image
(0.303 nm =+ 0.025 nm). (d) The 2D mass density plotted vs. = for the ten slices
as shown in panel (b) (red circles). The blue squares show the 2D mass density
vs. x calculated for three slices of equal width (4.11 nm). The black dashed curve
corresponds to the total 2D mass density of the presented area (1.67 mg/ m?).

that the surface densities of the crystalline and the vitreous phase are nearly
equal and approach the value for the total image (1.67 mg/m?; compare with
section 4.5).
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Figure 6.3: Evaluation of Si-Si NN DDOs. (a) The orientation of the directed
Si—Si NN distances is displayed using different colors. The color scale indicates
the orientation of Si—Si line segments with respect to the abscissa of the image
plot (see scale bar). Arrows show examples of rows in the crystalline phase, where
the DDOs slightly alternate. (b) The position of 50 vertical, 0.25 nm wide and
6.95 nm high slices. (c) DDO values for every slice plotted vs. the slice’s lateral
coordinate.

6.4 Directed Distance Orientations

Another way of analyzing at the crystalline—vitreous interface is by exploring
characteristic angles between the atoms of the silica film. A quantity that
reflects the order of a certain region is the Si-Si NN DDO, which has already
been introduced in section 5.2. In this chapter, the DDO is the slope of
the connection line between two Si NNs with respect to the image abscissa.
Figure 6.3a visualizes the different directions present in the film using colored
bars. Si-Si NN DDO values range from —90° to +90° (see also the scale bar
in Figure 6.3a). Clearly, the DDOs are different for the crystalline and the
vitreous phase. This difference is demonstrated in Figure 6.3c, where the
DDO values are plotted vs. x for 50 narrow slices. In the crystalline region



6.5 Ring Size Distribution and Crystallinity 73

(left part of the STM image) DDOs assume three values: —60°, 0°, and
+60°. These three directions reflect the threefold symmetry of the crystalline
structure. However, in the vitreous region (right part of the STM image)
DDO values scatter randomly from —90° to +90°. This shows that in this
area, the atoms are not collectively aligned. In addition, the representation
in Figure 6.3c indicates the location of the interface region, namely around
r = 8 nm.

Surprisingly, in the crystalline region of Figure 6.3a, the NN orientations
are not perfectly aligned to each other, but they rather seem to scatter around
mean values. This is also visible in Figure 6.3c, where the crystalline peaks
(r < 8 nm) exhibit a certain width of roughly 20 to 30°. This is another
expression of minor disorder in the crystalline region, which was already dis-
cussed in sections 5.2 and 5.4. In addition, row-like features of parallel DDOs
can be identified in Figure 6.3a (see e.g. rows marked by black arrows). We
exclude a drift-related effect, because the directions in these rows alternate
from row to row. One possible explanation might be that the vitreous area
induces stress into the crystalline phase, which is subsequently released via
these rows.

6.5 Ring Size Distribution and Crystallinity

The final stage of the crystalline-vitreous interface evaluation is to examine
larger objects than NN distances: the silica rings. By counting the number of
Si atoms involved in every ring, we obtained a 2D distribution of ring sizes.
Furthermore, to gain another quantity that characterizes the ring size, we
calculated the areas of the polygons that are defined by the atoms of every
ring.

In Figure 6.4a, all rings in the model were colored corresponding to their
size. To see even small variations in the size distribution, the color scale is
proportional to the rings’ polygonal area (see scale bar). It becomes clear
that the imaged area is not at all homogeneous. Whereas the film consists
of only six-membered rings on the left side, rings of various size dominate
the right third of the figure. Notably, even the six-membered rings of the
crystalline area exhibit a variation in their polygon area. This stems from
small deviations of NN distances and orientations leading to deformations of
the rings.

Note that the transition region does not introduce any new elements into
the film structure, e.g. large voids. The interface is solely constructed from
ring types already known from the vitreous phase (see section 4.4).

To evaluate how the ring statistics evolve from the crystalline to the
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Figure 6.4: Analysis of the rings at the crystalline-vitreous interface of the silica
film. (a) Visualization of the different ring sizes. Polygon areas range from 0.1 nm?
to 0.5 nm? and ring sizes from four to nine Si atoms per ring (see scale bar). (b)
The position of 30 vertical, 0.41 nm wide and 6.95 nm high slices. (c¢) The ring
size distribution plotted for every slice. A logarithmic gray scale is used. (d) The
number of rings per slice for every ring size plotted vs. the lateral coordinate. (e)
The crystallinity of every slice plotted vs. lateral coordinate. The dashed horizontal
line represents the overall crystallinity value of a vitreous region (C' = 0.42; see
Figure 4.8d).
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vitreous region, we divided the image into 30 vertical slices (each 0.41 nm
wide; see Figure 6.4b). Afterwards, we computed ring size distributions for
every slice, including ring fractions. Finally, we obtained the 3D data set

N(z,s), (6.1)

where N is the amount of rings per slice, x the lateral coordinate of the
respective slice, and s the amount of Si atoms per ring, i.e. the ring size.
In Figure 6.4c, this 3D data set is plotted as a 2D graph. To obtain good
contrast, the gray scale of the boxes represents the logarithm of the number
of rings per slice, log[N(z,s) + 1] (the +1 is added to avoid divergence at
zero). Figure 6.4d is a slightly different way to visualize the data. In this
graph, N(z,s) is plotted as a curve for every ring size separately (curve colors
correspond to the color scale in Figure 6.4a).

The representations of Figure 6.4c and d show an interesting feature of the
crystalline—vitreous interface: the first rings to appear close to the crystalline
area other than six-membered rings are five- and seven-membered rings. In
DFT calculations, the energy of isolated five- and sevenfold ring structures
was found to be only slightly higher than the energy of the six-membered
ring [29]. Furthermore, the formation of two fivefold and two sevenfold rings
in the 2D film represents the smallest energy structural deviation from the
crystalline phase [29]. This prominent four-rings structure is also known
as the Stone-Wales defect [210] and was observed in Buckminsterfullerenes
[211], in BN and C nanotubes [211, 212], in graphene [213-215], and in a
Cu,O thin film [216].

At increasing lateral coordinate, also four- and eightfold rings are found
in the STM image of the silica film. The last ring to occur, is the ninefold
ring, which represents the largest deviation from the presumably energetically
most favorable six-membered ring [29].

To better quantify how the film transforms from the crystalline to a vit-
reous state, we define the crystallinity of a slice

Clw) = 00 (62)

9

>, N(z,s)

s=4
This quantity is plotted in Figure 6.4e. On the left side of the image
(x <7.2nm), where the film consists of sixfold rings only, C'(x) = 1. As other
ring types start to appear (z > 7.2 nm), C'(x) drops gradually to a value be-
low 1. The dashed line in Figure 6.4e marks the reference crystallinity value

for a large vitreous area (C' = 0.42, based on the ring statistic from Figure
4.8d).
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The C(z) plot shows that the thickness of the transition region from the
crystalline (C'(z) = 1) to the vitreous area (C(z) = 0.42) is approximately
1.6 nm. For the crystal-glass transitions of other 3D tetrahedral networks,
interface widths of 0.3 to 1.4 nm were obtained theoretically [191, 193, 194,
201] and experimentally [190, 197, 207]. However, it is not straightforward to
compare these values to our measurements because of the different interface
system (silica—silica) and the different dimensionality of the boundary (2D
vs. 1D). Furthermore, the thickness of the 1D interface in the silica film might
be influenced by small crystalline patches enclosed in the vitreous structure
that enhance the crystallinity of the transition region (see e.g. bottom right
part of Figure 6.4a). As a recent paper shows, local crystallites might also
be present in bulk glasses [217].

6.6 Summary

In this chapter, we studied the atomic structure of the topological transition
from a crystalline to an amorphous phase in the thin silica film on Ru(0001).
A smooth interface without under- and overcoordinated Si atoms was ob-
served. The Si-Si distances appeared to remain constant in the crystalline,
the vitreous, and the interfacial region. Similarly, the 2D mass density was
equal in the crystalline and the vitreous phase. However, the orientation
of the Si—Si directed distances showed a substantial change at the interface.
Whereas in the crystalline area, the angular distribution exhibited three dis-
crete peaks representing the crystalline axes, in the vitreous part the orienta-
tions were randomly distributed in all directions. Finally, ring statistics were
computed for narrow image slices. It became evident that no new elements
(e.g. voids) are present in the interface. Furthermore, this evaluation revealed
that five- and sevenfold rings lie closer to the crystalline phase than four-,
eight-, and nine-membered rings. Additionally, a thickness of the transition
region of about 1.6 nm was obtained.
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The presented work addresses the atomic structure of an ultrathin vitreous
silica film on a Ru support. For the first time, it was possible to resolve the
morphology of an amorphous system at the atomic scale. Detailed analysis
and a comparison to crystalline regions of the same bilayer film unveiled the
nature of this versatile model system.

The first and most essential step in this work was to characterize the
growth of the silica film. For this purpose a combined state-of-the-art low
temperature scanning tunneling and noncontact atomic force microscope was
employed. Those results were accompanied by low energy electron diffrac-
tion and Auger electron spectroscopy to gain further information on the film
morphology and the presence of certain chemical species. We found that the
monolayer was always crystalline. Remarkably, the bilayer exhibited vitreous
areas. By fine-tuning the coverage, we grew silica bilayers with coexisting
crystalline and vitreous regions.

The next step of this work involved the determination of the atomic sur-
face structure of the vitreous silica film. High resolution images revealed
a ring morphology resembling Zachariasen’s famous continuous random net-
work. From the observed protrusions, an atomic model of the topmost surface
layer was derived, serving as the basis for further analysis. The structure was
characterized following Wright’s classification of order in network solids into
four ranges. The distances and angles in our model showed good agreement
with diffraction results on bulk vitreous silica. The most intriguing feature
of the bilayer film—the ring size distribution—was analyzed in detail. A log-
normal distribution was detected. As pointed out by Shackelford and Brown,
it originates from the connectivity requirement in two-dimensional random
networks.

In chapter 5, we explored the atomic arrangement in crystalline and vit-
reous regions of the silica film. A complete evaluation of the experimentally
resolved Si and O positions was presented. Some crystalline regions exhibited
minor deviation from perfect order, which can be attributed to the flexible
network structure. Furthermore, a detailed analysis of characteristic dis-

7



78 Conclusion and Outlook

tances and orientations yielded good agreement with diffraction data and
simulated networks. Correlation was found to extend up to 2 nm in vitreous
networks.

The last chapter addressed the crystalline—vitreous interface in 2D silica.
The Si-Si distance was found to remain constant throughout the transition
region. The evaluation of atomic ring structures shed light on the interface
structure. The first rings to appear close to the crystalline region were five-
and sevenfold rings, followed by four- and eight-membered rings. The ener-
getically least favorable ring, i.e. the ninefold ring, occurred only deep inside
the vitreous region. Surprisingly, neither new elements nor under- or over-
coordinated sites were found in the transition region. The thickness of the
interface was estimated to be about 1.6 nm.

In summary, a detailed and comprehensive picture of the silica bilayer
structure was developed. This model system provides the unique opportu-
nity to study vitreous structures with a local technique at the atomic level.
This work opens the way to further studies about the vitreous nature of this
film. For example, it is of great interest to directly study the amorphiza-
tion process. This can be achieved by high resolution electron microscopy.
Furthermore, studying the interaction of the film with single adsorbates or
molecules could clarify the properties of oxide materials used in industrial
catalysis, which are usually also amorphous.
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Supporting Information for
Chapter 5

Determination of DDO Errors

The atomic positions in Figures 5.1b, ¢, e, and f were determined manually.
Evidently, this is a possible source of errors and broadening of peaks. In this
section, we focus on the characterization of the error made by the manual
determination of atomic positions. For this purpose, we compare three dif-
ferent crystalline silica structures: (a) 5 nm x 5 nm supercell of the DFT
model of the crystalline film [28] as a benchmark for a perfectly crystalline
arrangement of atoms, (b) manually determined positions on the basis of the
DFT supercell, and (c¢) manually determined positions of a 5 nm x 5 nm
STM image of the crystalline silica film (a cutout of this image is shown in
Figure 5.1c). The result of the DDO error analysis is shown in Figure A.1.
Figures A.la-c give O-O NN DDOs for the three above mentioned structures.
Apparently, the DDO peaks of the DFT supercell are extremely sharp, prov-
ing perfect orientational order (Figure A.la). Figure A.1b shows the O-O
NN DDO analysis for the manually determined positions on the basis of
the DFT supercell. The peaks became broader than in the pure DFT case.
On average, a Gaussian fit to the peaks had a standard deviation (SD) of
1.7°. However, the manually determined STM positions yielded peaks with
an average SD of 8.6° (see Figure A.lc). Therefore, we conclude that the
breadth of the experimental peaks can not only be explained by the manual
determination of atomic coordinates. In Figures A.1d-f all O-O DDOs were
evaluated from the three above mentioned structures. It is evident that the
pure DFT supercell and the manually retraced DFT structure show more
peaks than the manually determined STM positions. In addition, the back-
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Figure A.1: Characterization of the error of manual evaluation of atomic posi-
tions and its influence on DDOs. (a—c) O-O NN DDOs. (d-f) All O-O DDOs.
(a,d) DDOs calculated on the basis of a 5 nm x 5 nm supercell of the crystalline
DFT structure from Ref. [28]. (b,e) DDOs calculated from positions that were
obtained manually from the DFT structure. (c,f) DDOs calculated from positions
that were obtained manually from a 5 nm x 5 nm STM image of a crystalline
region in the silica film (cutout shown in Figure 5.1c¢).

ground is larger in the STM case. Hence, this evaluation suggests that the
imaged crystalline region lacks perfect orientational and long range order.

Determination of PDH Errors

To characterize the error made in the evaluation of PDHs, we follow the
same route as described in the previous section. The O-O PDH of the
DFT structure [28], the manually retraced DFT structure, and the manually
determined STM positions are shown in Figures A.2a—c. The first DFT peak
is very sharp with an SD of 0.003 A. The manual determination yields a first
PDH peak that is much broader (SD = 0.08 A) than the first DFT peak.
However, the STM SD is 0.18 A, which can not originate purely from the
manual determination error.
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Figure A.2: Characterization of the error of manual evaluation of atomic posi-
tions and its influence on the PDH. (a) The PDH calculated on the basis of a 5 nm
x b nm supercell of the crystalline DFT structure from Ref. [28]. (b) PDH on the
basis of atomic positions that were manually determined from the DFT structure.
(c) PDH on the basis of atomic positions that were manually determined from a
5 nm x 5 nm STM image of a crystalline region in the silica film (cutout shown
in Figure 5.1c).

DDO Evaluation of Multiple Images

To find out, whether the wavy structure in the O-O NN DDO distribution
from Figure 5.2e is real or an artifact, we evaluated six other atomically re-
solved images of vitreous areas of the thin silica film. The total area sums up
to over 150 nm?. The summed histogram of O-O NN DDOs of these images
is shown in Figure A.3. The plot reveals a completely random distribution
of DDO values. Therefore, the little peaks in Figure 5.2e are an artifact of
the small image size evaluated.
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Figure A.4: PDH of an extended 2D Zachariasen scheme from [79]. The triangle
edges were taken as the O positions and the mean O-O NN distance was set to
0.263 nm [53].

PDH of an Extended 2D Zachariasen Scheme

To compare range III order in 2D vitreous networks, we evaluated an ex-
tended 2D Zachariasen scheme from Ref. [79]. This structure consists of
corner-sharing triangles that are arranged in a random way. By assigning
the edge positions to O atoms, we can translate this structure to the silica
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case. Furthermore, we scaled the figure by choosing a mean O-O NN dis-
tance of 0.263 nm, which was measured in an ND study of bulk vitreous
silica [53]. The O-O PDH can be seen in Figure A.4. Clearly, peaks can be
identified up to a radial distance of at least 2 nm.
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