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Abstract: The present review reports on the preparation
and atomic-scale characterization of the thinnest possible
films of the glass-forming materials silica and germania. To
this end state-of-the-art surface science techniques, in particular scanning probe microscopy, and density functional
theory calculations have been employed. The investigated
films range from monolayer to bilayer coverage where both,
the crystalline and the amorphous films, contain characteris-

Introduction
The elucidation of the atomic structure of glass is still one of
the intriguing goals for material scientists. Specifically, the network structure of silica, a glass-former material, has been a
topic of intense debate.[1] Recently, combining experiment and
theory[2, 3] a metal-supported silicon dioxide (silica) bilayer film
has been characterized at the atomic scale using scanning
probe microscopy (SPM). This silica bilayer film represents the
first two-dimensional (2D) glass and allowed us to ‘see’ for the
first time a vitreous structure[4] in real space.[3, 5] Moreover, due
to its high stability, this 2D film has been successfully transferred from one support to another without any damage.[6, 7]
The silica network structure has size selective adsorption properties that allowed for the realization of an atomic sieve[8–10] or
even for gas storage devices.[11] Depending on the electronic
structure of the atomic adsorbates, different penetration barriers have been observed. In recent experiments also chemical
reactions have been characterized in a confined space environment, guided by the atomic structure of the 2D film system.[12]
The importance of such a model system lies in the fact that
silica is one of the most abundant materials, that it is a key
component in microelectronics, and that it is a widely-used
support in catalysis.
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tic XO4 (X = Si,Ge) building blocks. A side-by-side comparison
of silica and germania monolayer, zigzag phase and bilayer
films supported on Mo(112), Ru(0001), Pt(111), and Au(111)
leads to a more general comprehension of the network
structure of glass former materials. This allows us to understand the crucial role of the metal support for the pathway
from crystalline to amorphous ultrathin film growth.

In general, oxide films present physicochemical properties
characteristic for the bulk oxide material. However, the 2D confinement in very thin films and the film-support interaction
may lead to unique new properties[13] rendering these materials novel and interesting for technological applications.[14, 15]
The discovery of the new 2D ultrathin film material silica has
initiated intense research activities to clarify under which conditions crystalline or amorphous film phases are created on
various metal supports. Early investigations on ultrathin silica
films on Mo(112), Ru(0001), and Pt(111) have shown that
metals with high oxygen affinity favour the formation of crystalline monolayer films, whereas noble metals favour primarily
vitreous silica bilayer films.[16]
To obtain a more general picture of 2D glasses, ultrathin germania films have been successfully synthesized and characterized at the atomic scale on Ru(0001),[17, 18] Pt(111),[19] and
Au(111).[20] These metal supports exhibit different lattice constants and significantly different chemical reactivities, so that
each of them promotes the formation of different germania
polymorphs. This allows us to systematize the influence of the
substrate on the atomic network structure of the film. The orientation of adjacent rings, the ring-size distribution, and the
ring-triplets analysis for each phase on each metal support, together with density functional theory (DFT) periodic slab calculations, suggest that the film structure is clearly affected by the
film–support interactions.
The present report compares the atomic network structure
of the two new 2D materials, ultrathin silica and germania
films, and highlights similarities and differences between these
two glass systems.[21, 5, 17–20] Silica and germania films with a
thickness ranging from a monolayer to a bilayer, involve the
three atomic-scale configurations shown schematically in
Figure 1. The oxygen atoms (O, red spheres in Figure 1) which
bridge the cations (Si and Ge, black spheres), link the film with
the substrate or are adsorbed at the metal surface (grey
spheres). The sketch does not imply that all three structures
(monolayer, zigzag, bilayer) have been observed on the considered metal supports. Interestingly, those polymorphs observed
in germania films, have been previously observed in silica films
with, in some cases, remarkable differences.
The monolayers of both, silica and germania, are characterized by a network which is chemically bound to the metal substrate (M) through Si(Ge)-O-M bonds, forming a crystalline
structure that follows strictly the registry of the support. In
contrast, bilayer films interact only weakly with the metal–sup-
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Table 1. Physical properties of bulk amorphous silica and germania as
determined by X-ray diffraction (XRD), neutron diffraction (ND) and
anomalous X-ray scattering (AXS). The bond lengths and angles, the glass
transition temperature (Tg) and the melting point (m.p.) are reported. The
data has been extracted with permission from refs. [35–39] and the table
has been published in ref. [18].

M@O
O@O
M@M
O-M-O
M-O-M
Tg
m.p.

Figure 1. Schematic representation of the three polymorphs observed on
metal-supported ultrathin films of silica and germania. The Figure has been
adapted with permission from ref. [22].

port to form crystalline and/or amorphous films that ‘feel’ less
the presence of the metal substrate. Finally, the zigzag phase
is a crystalline metastable phase that shows an intermediate
behavior between monolayer and bilayer, in terms of stoichiometry and binding to the substrate.[22]
In the following sections, the knowledge about bulk silica
and germania structures, of ultrathin metal-supported silica
and germania films, as well as the influence of the substrate
on the film structure is presented. Special attention is given to
the atomic-scale network structures of monolayer and bilayer
films of germania and silica on Ru(0001), Pt(111), and on
Au(111), as well as of the zigzag phase and domain boundaries.
Finally, the atomic network structures of silica versus germania
amorphous bilayer films on Ru(0001), Pt(111), and Au(111) will
be discussed. The crucial role of the metal substrate for the
atomic-scale network structure of the film will be highlighted.
A few general rules concerning the properties of the metal
substrate for the growth of amorphous network structures will
emerge from this discussion.

Bulk Germania and Silica Structures
Silica and germania share chemical and structural properties,
thus being considered analogue systems. In particular, the
building blocks in the low-pressure regime (XO4 tetrahedra,
X = Si, Ge) and in the high-pressure one (XO6 octahedra) are
the same.[23] This resemblance is expected since both Si and
Ge share the same group in the periodic table of the elements.
Nevertheless, since Ge is placed in the period below Si, it has a
larger size, thus having a germania cation–anion radius ratio
close to the limiting value for the tetrahedral-octrahedral structural transition, proposed by Linus Pauling.[24, 25] The larger dimensions of Ge with respect to Si, enable the O to occupy
more positions surrounding the cation, a fact that is reflected
by certain differences in germania with respect to silica, like
more distorted tetrahedra, more structural sensitivity towards
pressure, much lower glass transition temperature (Tg), larger
number of 3-membered rings in the glass, among others (see
Table 1).[23]
M. Micoulaut et al. have reviewed the knowledge of the crystalline and amorphous polymorphs of germania that we briefly
summarize here.[23]
Chem. Eur. J. 2021, 27, 1870 – 1885
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SiO2

GeO2

0.16 nm (ND) (XRD)
0.26 nm (ND) (XRD)
0.31 nm (ND) (XRD)
106–1148
120–1808 (XRD) mean 1448
1474 K
1996 K

0.17 nm (ND) (AXS)
0.28 nm (ND) (AXS)
0.32 nm (ND) (AXS)
104–1158 (ND)
121–1478 (XRD) mean 1308
980 K
1389 K

Germania forms two crystalline polymorphs at room temperature: a-quartz-like and rutile-like structures. The latter is considered as the most stable phase at room temperature and
shows close resemblance with the silica rutile-like structure
(stishovite) with the cations in 6-fold coordination. Conversely,
a-quartz-like germania is the stable phase at high temperature
and presents significant differences with a-quartz.[26] It consists
of GeO4 tetrahedra, which are more distorted than the SiO4
unit blocks. Whereas the O-Si-O angle remains close to the
ideal intratetrahedral bond angle (109.58), O-Ge-O presents a
wider distribution that ranges from 106.3 to 113.18. The intertetrahedral angle has a lower mean value for germania (1308)
than for silica (1448).[25] Moreover, it has been shown that by
applying pressure, the GeO4 unit block gets more distorted
than the analogue Si-based one.[27]
The structure of amorphous silica and germania has been
mostly inferred by complementary information from neutron
diffraction (ND) and X-ray diffraction (XRD), since X-ray diffraction is more sensitive to X@O, X@X bonds, and neutron diffraction to X@O and O@O bonds.[23] From these results it is concluded that the structure of both vitreous germania and silica
matches the continuous random network (CRN) theory[4] in
contrast to the crystallite theory.[28] The latter theory pictures
the glass as an aggregate of highly dispersed crystals, whereas
the CRN theory proposes the presence of corner sharing XO4
tetrahedra that are linked together randomly forming a network that lacks periodicity, extended symmetry, and long-
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range order.[29–31] However, recent analysis of the density fluctuations in vitreous silica and germania concluded that the concentration of crystobalite-like areas in such glasses is too high
to match a truly random network.[32]
The debate about a model that fits better the real structure
of glass is still open and a theory that combines the mentioned ones, known as cybotactic theory,[33] would better explain the chemistry and devitrification behavior of glasses.[34]
Table 1 summarizes a few physical properties of vitreous
silica and germania glass measured by XRD, ND and anomalous X-ray scattering (AXS).
Although the different experimental techniques agree that
the silica tetrahedron is more rigid than the germania one,[38]
there is no general consensus in the width distribution of the
X-O-X bond angle, responsible for the medium range order of
the system and hard to access. It is a widespread opinion in
the literature, that the Si-O-Si angle distribution in amorphous
silica[37] is much broader than in amorphous germania. However, more recent high energy XRD and nuclear magnetic resonance (NMR) experiments suggest that the distributions are actually very similar.[40, 41] Apart from the angle distribution, the
mean Ge-O-Ge intertetrahedral angle is smaller than the silica
one (130 versus 1448).[40, 42] One can note that the mean intertetrahedral angles match those of the a-quartz-like structures,
above described. Moreover, germania glass may present a
larger number of 3-membered rings than silica.[38] Such a ring
requests for a Ge-O-Ge bond angle of 130.58.[43, 44]

Ultrathin Silica Films
The important role of silica in technology, semiconductor industry and heterogeneous catalysis[45–50] motivated us to prepare a well-defined silica model system that allows us to study
its properties at the atomic scale. Using a metal single crystal
as a support to grow ultrathin silica films is a successful strategy, as it provides an atomically flat, ordered and almost
defect-free template on which the film can grow. Moreover,
the metal provides a nearly infinite source of electrons that
supply the conductivity that most surface science techniques
need. Since this is only valid if the film is sufficiently thin, most
of the experiments that are mentioned here are related to ultrathin silica films up to bilayer thickness.
Historical Overview
The first experiments encompassed the successful preparation
of thin, crystalline silica films supported on Mo(112).[51–53] The
preparation was successfully achieved by evaporating one-half
monolayer of Si at room temperature onto the metal surface
with subsequent annealing steps at 800 and 1200 K together
with an oxygen back pressure in the 10@5 mbar range. Slight
differences in preparation conditions were reported by the
Goodman group as compared to our group. The precise
atomic structure of the film was discussed controversially.
There were in essence two models that agreed that the SiO4
tetrahedron was the building block, the film had c(2 V 2) periodicity and the coverage did not exceed the SiO4 unit block in
Chem. Eur. J. 2021, 27, 1870 – 1885
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thickness, but differed in the orientation and connectivity of
the SiO4 tetrahedra.[52, 53] T. Schroeder et al., based on results
obtained by X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and infrared reflection
absorption spectroscopy (IRAS), proposed models inspired by
silica bulk polymorphs in which the SiO4 tehrahedra bind to
each other and to the metal substrate.[51, 52] On the other hand,
M.-S. Chen et al., analysing data from high-resolution electron
energy loss spectroscopy (HREELS), proposed a model described as Mo(112)-c(2 V 2)-SiO4 with only one tetrahedron per
unit cell with its four oxygen atoms bound directly to the
metal substrate.[53]
Finally, the exact atomic structure of silica films on Mo(112)
was revealed simultaneously by J. Weissenrieder et al., by combining scanning tunneling microscopy (STM), XPS, IRAS and
DFT calculations,[54] and by L. Giordano et al., by comparing
computed vibrational frequencies with previously reported
IRAS and HREELS spectra.[55] The first 2D network of cornersharing SiO4 tetrahedra was obtained (a so-called monolayer
silica film), in which three of the oxygen atoms of a unit block
bridge neighboring SiO4 and the fourth one bonds the substrate, in agreement with the model of T. Schroeder et al.[51, 62]
Figure 2 shows an atomically resolved STM image of the silica
monolayer on Mo(112) and the top- and side-view DFT calculated models, reproduced from Ref. [54].
These results opened a new field of research characterized
by atomically-defined silica surfaces ideal for heterogeneous
catalysis experiments at the atomic level.[12, 56–61]
Continuing with this approach, the first 2D zeolites were
synthesized by co-deposition of Si and Al on a Mo(112)-O-precovered single crystal.[62] In these aluminosilicates, Al replaces
some Si atoms hence forming an atomically flat film of cornersharing SiO4 and AlO4 unit blocks. Subsequently an atomic
sieve has been realized on a porous silica film on Mo(112), in
which Pd atoms can penetrate through the holes in the film.[8]
Due to the fact that in the monolayer films one oxygen
atom per SiO4 tetrahedron is shared between the Si and metal
atoms from the support, the stoichiometry of the monolayer
systems is SiO2.5, different from SiO2 of a fully saturated silica
structure.[53–55]
In a few experimental studies also the thicker silica films
have been approached. However, thicker silica films supported
on molybdenum surfaces only led to ill-defined surface structures.[63, 64] The growth mode of these films is conditioned by

Figure 2. Silica monolayer film supported on Mo(112). (a) STM image,
8.0 nmx8.0 nm, IT = 0.75 nA, VS = 0.65 V. (b) Top and (c) side view of the DFT
calculated model. Si and O atoms are represented with green and red
spheres, respectively. All images are adapted with permission from ref. [54].
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the strong Si-O-Mo bond, as alluded to above, hence preventing a defined layer-by-layer growth.[65] As a matter of fact, the
film–substrate interaction is the main impediment to grow
better defined stoichiometric SiO2 films. The problem was
solved with the selection of the Ru(0001) crystallographic
plane as an appropriate metal support which has a lower
oxygen affinity.
The preparation of silica films on Ru(0001) consists of the
following main steps: precover the Ru(0001) with oxygen,
evaporate silicon on top, and finally anneal in oxygen at
around 1200 K.[2, 21, 66, 67] By varying slightly these parameters,
different silica structures on Ru(0001) are observed. The adsorption of oxygen on Ru(0001) prior to silicon evaporation
may prevent Si and Ru intermixing and provides the system
with highly reactive oxygen atoms that are consumed during
the evaporation process, as determined by XPS.[2, 66]
Furthermore, the amount of evaporated silicon determines
the coverage of the film. At low coverage, a monolayer with a
similar structure to that found on Mo(112) is formed, which
also shows a (2 V 2) periodicity in the low-energy electron diffraction (LEED) pattern and where the IRAS spectrum indicates
the presence of Si-O-Ru bonds.[66, 68, 69] Interestingly, ultra-flat
and well-defined films with SiO2 stoichiometry are obtained
when the coverage is doubled, that is, two layers of SiO4 tetrahedra connected to each other through Si-O-Si bonds perpendicular to the metal surface (see model in Figure 1 c).[2] In this
case the SiO2 film is fully saturated and there are no chemical
bonds linking it to the metal support. The interaction between
the silica film and the Ru(0001) originates mostly from
dispersion forces with an adhesion energy of magnitude
3.1 kJ mol@1 a@2 calculated with DFT + D.[2] Experimentally, the
absence of chemical bonds between the film and the substrate
is evidenced in the now missing Si-O-Ru vibrational frequency
observed on monolayer films on the same substrate only exhibiting Si-O-Si vibrations. The crystalline phase presents a unit
cell twice as large as the one of Ru(0001), thus leading to a
(2 V 2) superstructure in the LEED pattern, aligned to a high
symmetry direction. The double layer now forms cages that involve twelve silicon atoms, all connected by oxygen atoms. If
we only consider the Si atoms of the structure, two layers of 6membered rings in the plane parallel to the surface are seen,
separated by 4-membered rings in the perpendicular direction
(see model in Figure 1 c).
Another decisive step towards the realization of a well-defined silica 2D model system was the successful preparation of
a bilayer film in its amorphous phase.[21] The atomic network
structure was imaged by STM and atomic force microscopy
(AFM) showing no long range ordering and periodicity.[21, 5] In
addition, the SiO4 unit blocks remain the same, however they
do not follow any preferential orientation.[5] In contrast to the
ordered honeycomb-like structure present in the crystalline
phase, the vitreous silica bilayer exhibits a range of different
ring-sizes, whereas in the perpendicular direction 4-membered
rings still bridge both layers. On both crystalline and amorphous phases of the silica bilayer film a bias- and tip-dependent contrast has been observed, providing chemical sensitivity to the imaging process, which allows one to identify the siliChem. Eur. J. 2021, 27, 1870 – 1885
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con and oxygen atomic positions.[2, 21] The imaging of this 2D
vitreous phase permitted for the first time the direct observation of a glass at the atomic scale thus verifying directly the
CRN theory proposed in 1932.[4]
The silica bilayer also allows one to computer-model amorphous systems[70–74] and compare them with experimental results in real space, since the decrease in the dimensionality
from the three-dimensional (3D) bulk material[1] to 2D networks renders the calculations feasible.[75]
The silica bilayer today is in the tool box of 2D materials,[76]
thanks to extensive characterization that includes studies of:
work function,[77] band-gap,[78] crystalline-vitreous interface,[3]
atomic[9, 11] and molecular[79, 11, 80] sieve, confined chemistry,[59, 12, 60, 61] bending rigidity,[81] 2D zeolites,[82–84] transferring
from one substrate to another[6] and imaging in water.[85] With
all this knowledge available, the silica bilayer becomes an interesting dielectric material for nanoelectronic devices.[76]
Moreover, in addition to the growth of silica bilayer films on
Ru(0001), the film has been prepared on graphene,[86]
Pt(111),[16] Pd(111),[87, 80] Pd(100),[88, 89] and NixPd1@x(111).[90] The
impact of the metal support on the silica film structure is the
topic of the next section. Understanding the mechanisms that
determine the structure of the films when prepared on different substrates is important to predict the structures of germania films on metal supports, discussed in the following sections.
Influence of the Substrate
The structure and properties of metal-supported silica films are
strongly influenced by the composition of the metal substrate.[16, 90, 77, 91, 87, 90] The films adopt different atomic arrangements when prepared on different metal substrates.
Table 2 collects properties of some crystallographic planes of
metals (and graphene) that have been used to support silica
films. The supports are listed in decreasing order of oxygen affinity, as evidenced by their calculated heat of dissociative adsorption of O2 (DHads(O2) = 2DHf0(metal@O) = DHf0(O@O)).[92] Regarding the substrate geometry, Ru(0001), Pt(111), Pd(111) and
graphene have hexagonal symmetry, whereas Mo(112) has a
2D rectangular unit cell and Pd(001) a square one. The table
also shows the kind of silica film configurations experimentally
observed (tick) or not observed (cross). There is a clear tenden-
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Table 2. Properties of some substrates used to support silica films. The
following information is provided for each support: crystallographic structure; 2D lattice vectors [a]; calculated heat of dissociative adsorption of
oxygen [kJ mol@1];[92] experimental observation of silica monolayer (ML),
crystalline and amorphous bilayer (BL) films.[54, 66, 2, 21, 88, 89, 87, 80, 16, 86]

Support

Cryst.
struct.

2D lattice vec- DHads(O2)
tors [a]
[kJ mol@1]

Mo(112)
Ru(0001)
Pd(100)
Pd(111)
Pt(111)
graphene

bcc
hcp
fcc
fcc
fcc

2.72 V 4.45
2.70 V 2.70
2.77 V 2.77
2.75 V 2.75
2.77 V 2.77
2.46 V 2.46

@544
@220
@170
@170
@133

ML Cryst. Amorph.
BL
BL
3

V

V

3

3

3

V
V
V
V

3

3

3

3

V
V

3
3
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cy to form bilayer films at less negative values of DHads(O2). In
addition, the crystalline bilayer films on Pd(111) and Pd(001)
are non-commensurate, whereas the one on Ru(0001) forms a
(2 V 2) superstructure.
The impact of the metal substrate on the atomic structure
of silica films is caused by the interplay between three main
components: (1) film–substrate interaction, (2) lattice mismatch, (3) substrate geometry.[87]
X. Yu et al. suggest that the DHads(O2) of the metal substrate
determines the structure of the silica film, whereas the lattice
mismatch is not a critical element.[16] The trend shows that
supports with high oxygen affinity, such as Mo, form chemically bonded monolayer films; metals with less oxygen affinity,
like Pd and Pt, interact more weakly with the film and permit
the formation of non-commensurate crystalline structures, as
well as decoupled amorphous bilayer films; and intermediate
metal supports, such as Ru, permit to adopt both structural
polymorphs.
On the other hand, J.-H. Jhang et al. put the emphasis on
the lattice mismatch to explain the different configurations
adopted by the bilayer films.[87] The trend observed on silica bilayer films supported on Ru(0001), Pd(111) and Pt(111) (surface
lattice constants: 2.70, 2.75, 2.77 a, respectively) supports this
argument: Bilayer films on those substrates exhibit lattice mismatches of 2.2, 3.8 and 4.6 %, respectively, and thus the first
one leads to the formation of a commensurate crystalline film,
the second to a non-commensurate crystalline film and on the
third one to only amorphous films. In support of this argument, A. Malashevich et al. have shown theoretically that tensile strain favors the formation of larger rings.[91] Experimentally, a zero-strain film has been grown on a Ni0.48Pd0.52(111) surface, resulting in a crystalline phase, in agreement with this argument.[90] One must clarify, that when the film-interaction is
too strong, this argument is no longer valid, because then
chemical interactions govern the structure, as it has been
shown by doping the silica film with Al.[87]

Monolayer Films: A Comparison
In Figure 3, the germania monolayer film supported on
Ru(0001) and the germania monolayer phase that predominates at higher oxidation temperatures on Pt(111)[93] are compared to each other and to the silica monolayer film on
Ru(0001). The analysis is carried out by means of STM images,
and side- and top-views of the DFT calculated models of the
three different monolayer films. First, the silica and the germania monolayer films on Ru(0001) (first and second columns in
the Figure, respectively) exhibit a similar network of XO4 (X = Si
or Ge) tetrahedra which are chemically bound to the substrate
through XO@Ru bonds and form a hexagonal (2 V 2) superstructure (see orange unit cells in Figures 3 a and b).[66, 17] They
differ, however, in the intertetrahedral bonding angles. Whereas the oxygen bridge in the Si-O-Si bond is straight when
looked from the top (Figure 3 d), the Ge-O-Ge bond is longer
than Si-O-Si and forms an angle of 1508 (Figure 3 e). Moreover,
they both contain an oxygen atom adsorbed in a hcp hollow
site of the Ru(0001) in the center of each 6-membered ring, as
Chem. Eur. J. 2021, 27, 1870 – 1885
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Figure 3. Comparison of different silica and germania monolayer films supported on Ru(0001) and Pt(111). All STM images have a size of
2.2 nmx2.2 nm (first row). The top-view of the DFT calculated models have a
size of 1.5 nmx1.5 nm (second row), and the side-view models are shown in
the third row. (a) IT = 0.01 nA, VS = 1.0 V. (b) IT = 0.2 nA, VS = 0.6 V.
(c) IT = 0.6 nA, VS = 1.5 V. (d) IT = 0.8 nA, VS = 0.8 V. The Figure has been reproduced with permission from ref. [93].

determined by I/V-LEED for germania[17] and by STM for
silica.[69]
Why does germania form monolayer films on Pt(111) and
silica does not? On the one hand, the larger lattice constant of
Pt(111) with respect to Ru(0001) implies a considerable stretching of the silica and, to a lesser extent, of the germania monolayer film to match a (2 V 2) superstructure. In the case of germania, the tensile stress is overcome in two different ways: At
low annealing temperatures germania forms a network of 6membered rings which are rotated by 308 with respect to a
highly symmetric direction of the Pt(111) surface.[93] Secondly,
the most stable monolayer phase of germania on Pt(111) forms
different ring-sizes (other than the prevailing 6-membered
rings) and has a rectangular unit cell (third column in
Figure 3).[19] In both cases (hexagonal and rectangular monolayer phases) the films exist due to the presence of highly distorted germania tetrahedral unit blocks. Furthermore, in the
case of the rectangular configuration some Ge atoms are coordinated with five O atoms, as pictured in the DFT calculated
model in Figures 3 f and i. These observations are in line with
the more distorted tetrahedra that bulk germania presents in
comparison to bulk silica.
Moreover, the thermodynamic competition between the formation of a monolayer and a bilayer film has to be taken into
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account. If the formation of a bilayer film implies an energetic
benefit for the system, the tetrahedra that form the monolayer
may decouple from the substrate, flip around, bind to another
layer of XO4 building blocks and form a self-saturated bilayer
film. This can only happen if the XO@M chemical bonds are
weak enough to break and to form new X-O-X bonds. At this
point, the stability of the free-standing silica and germania bilayer films and the nature of the metal substrates play a key
role. Given the weakness of the Si-O-Pt bond[16, 94] and the
larger stability of the silica free standing bilayer film in comparison to the germania one,[91, 18, 19] the behavior of silica on
Pt(111) seems understandable.

Zigzag Phase: A Comparison
Recently, a silica polymorph was discovered, which is characterized by a zigzag-line contrast observed with the STM. Experimental and theoretical work resulted in a complex atomic
model that combines features of the silica monolayer and bilayer networks, and some unique characteristics, like the presence of 3-membered rings.[22] A STM image and the top- and
side-view of the DFT calculated model are reproduced in Figures 4 a, d and f, respectively. The importance of this polymorph lies in the fact that after subsequent annealing at
higher temperature, it converts completely into a silica bilayer
film. Consequently, this silica polymorph represents a metastable phase, which may play an important role in the glass formation process.[22]
Metastable phases with such structural motives should be
present in other glass forming materials. In fact, an analogue
phase of the zigzag silica film has also been observed in germania films when being prepared at low annealing temperatures (770 K).
Figure 4 b exhibits an STM image of the zigzag phase that
silica forms on Pt(111). Its contrast looks very similar to the one
on Ru(0001). Also the size of the unit cell (orange rectangle in
the Figure) on Pt(111) corresponds to the one on Ru(0001). At
the bottom part of the image the extra features can be associated with 6-membered rings embedded in the zigzag network.
Similar motifs have been observed on films supported on
Ru(0001).[22]
A high-resolution STM image of germania supported on
Pt(111) forming a zigzag-line phase is shown in Figure 4 c, together with the top- and side-view of the DFT calculated
model (Figures 4 e and g, respectively). The DFT model for germania obeys the same connectivity rules as those for silica,
that is, non-planar 8-membered rings from the top-view, 3and 4-membered rings from the side-view and the stoichiometry is XO2.17.[22] For clarity, one non-planar 8-membered ring is
marked in the STM image and in the DFT model.
The unit cell of the germania zigzag phase is also rectangular with a size of 9.6 ax8.3 a, identical to the rectangular germania monolayer phase on Pt(111). This periodicity and commensurability with the metal substrate imply a significant difference to the silica zigzag-phases supported on Ru(0001),
which is incommensurate and its unit cell has a size of
9.4 ax7.6 a.[22] The same size of the unit cell is measured with
Chem. Eur. J. 2021, 27, 1870 – 1885

www.chemeurj.org

Figure 4. Comparison of germania and silica zigzag phases on Ru(0001) and
Pt(111). The first row compares STM images of the systems illustrated on the
top of the Figure. The STM images have a size of 3.3 nmx3.3 nm.
(a) IT = 0.02 nA, VS = 0.7 V. (b) IT = 0.8 nA, VS = 0.9 V. (c) IT = 0.6 nA, VS = 0.3 V.
DFT calculated models for the silica zigzag phase on Ru(0001) are shown in
(d) and (f), and for the germania one on Pt(111) in (e) and (g). The unit cells
are marked in orange and 8-membered rings are shaded with blue lines. Figures (a), (d) and (f) have been taken with permission from ref. [22].

the STM for the silica zigzag-phase on Pt(111). Atomic coordinates derived from the DFT calculated models are superimposed onto the corresponding STM images in Figures 4 a and
c. The zigzag contrast is nicely reproduced by a wavy chain of
Si(Ge)@O bonds. Between the zigzag-lines, less intense protrusions, corresponding to atomic positions located below the
top-most layer of atoms, are also observed and superimposed
with smaller spheres. Interestingly, a few atoms, which were
theoretically predicted but not experimentally observed in the
silica zigzag phase,[22] are now visualized in the germania one.

Line and Other Defect Structures:
A Comparison
A material with a single homogeneous crystalline phase is an
idealization. There is no material that is formed exclusively by
an unequivocal continuous repetition of its unit cell. The structure of bulk materials and their surfaces contain defects of
many types, such as voids, dislocations, interstitials, impurities,
vacancies, grain boundaries, and others, depending on the
nature and synthesis of the material. Interestingly, many properties of solids are more dependent on the presence, amount
and type of defects than on the structure itself.[95] As a matter
of fact, defect structures in materials are often desired, since
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they are responsible for controlling mechanical,[96–97] optical,[99]
electronic,[100, 101] and chemical properties,[102–107] which often
lead to devices with practical functionalities. The influence of
the defects on the material properties is enhanced by decreasing the dimensionality of materials, for instance, on surfaces. In
particular, the presence of defects on oxide surfaces plays a
pivotal role in heterogeneous catalysis, since they determine
corrosion resistance, molecular adsorption, and reactivity.[108]
The properties of 2D materials are therefore significantly affected by the presence of defects. An exemplary case is graphene.[113, 114] It has been found that the mechanical properties
of graphene are not only influenced by the density of defects,
but also by the atomic local arrangement of them.[98, 115] Thus,
it is of fundamental and of technological interest to investigate
in detail the atomic configuration of defects and grain boundaries to understand the effect on the material properties. As an
example, whereas the main phase of graphene consists of hexagons of six carbon atoms each, grain boundaries are formed
mostly by pentagon–heptagon pairs.[114] More details about
the defects of graphene layers can be found in the Review of
F. Banhart, et al.[116]
Table 3 shows a summary of the ring-size configuration of
different defects and domain boundary structures observed in
graphene and in ultrathin films of germania and silica. The
main source of defect formation in the ultrathin films lies in
the structural mismatch, e.g., different lattice constants, of the
supporting substrate and the film.[111] In the case of graphene,
note that Table 3 only shows such defects that have been experimentally identified to date, excluding the vast list of predicted ones.[117, 118]
The majority of defects in graphene are observed with transmission electron microscopy (TEM). They correspond mostly to
point defects, in contrast to the silica and germania defects
which form domain boundary structures (Table 3). An exception is the Stone–Wales defect (in which four adjacent 6-membered rings are changed into two 5-membered rings and two
7-membered rings[119]) that is present in graphene and in silica
bilayer films on Ru(0001). This may suggest that such defects
are only formed in well-decoupled systems. Furthermore, the
558 is the most common antiphase boundary structure, observed in graphene, in the silica bilayer on Ru(0001) and in the
germania monolayer on Ru(0001). The germania monolayer
film on Ru(0001) is the system with the largest amount of different defect structures, despite its chemical bond to the
metal-support. The flexible GeO4 building blocks, which lead to
a wide set of ring combinations may be the origin of these
defect structures.

Bilayer Films: A Comparison
For free-standing germania and silica bilayer films the 6-membered ring configuration is predicted to be the most stable
polymorph by means of DFT.[91, 18, 19] The hexagonal germania
bilayer film presents a more distorted structure, characterized
by:[91, 18, 19] (1) Ge-O-Ge bond angles in the direction perpendicular to the surface which are smaller than the 1808 Si-O-Si
bond angles in the silica bilayer film; (2) a reduced symmetry,
Chem. Eur. J. 2021, 27, 1870 – 1885
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Table 3. Line and other common defect structures in graphene, and ultrathin films of silica and germania.
System

Types

Method Ref.

Graphene

Stone–Wales defect
59 point defect
585 point defect
555777 point defect
555567777 point defect
558 domain boundary
5577 domain boundary
57 triangular loop defect encompassing a 6 MR
457 rectangular loop defect encompassing an 8 MR
558 antiphase domain boundary

TEM
TEM
TEM
TEM
TEM
STM
STM
STM

[109]
[110]
[110]
[110]
[110]
[111]
[69]
[68]

STM

[68]

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

[112]

STM

[18]

STM
STM

[18]
[93]

antiphase domain boundary

STM

[93]

6 MR antiphase domain boundary

STM

[19]

ML SiO2/Ru(0001)

BL SiO2/Ru(0001)

57 rotational domain
48 domain boundary
Stone–Wales defect
57 closed-loop defects
ML GeO2/Ru(0001)

ML GeO2/Pt(111)
(Hexagonal)
ML GeO2/Pt(111)
(Rectangular)
BL GeO2/Pt(111)

48 antiphase domain boundary
57756 antiphase domain boundary
5678 complex boundary
58 triangular loop defect encompassing a 6 MR
45678 loop defect encompassing
three 6 MR
558 antiphase domain boundary
elongated 8 MRs

[9]
[9]
[9]
[9]
[17]
[17]
[18]
[18]

D3, in comparison to the symmetry of the silica bilayer film,
D6h, due to the rotation of the top and bottom tetrahedra
building blocks that removes the mirror plane between the
upper and the lower layer breaking the C6 rotational axis;
(3) less stable rings other than 6-membered rings compared to
those of the silica bilayer film; (4) a considerably lower stability
than the silica bilayer film.
After adsorption of the film on a metal substrate, an important parameter to evaluate the coupling between the film and
the substrate is the adhesion energy (Ead). It refers to the relaxation of the system when covering a bare substrate with a
film, and it is defined as follows:[18] [Eq. (1)
E ad ¼ ½EðXO2 =MÞ-EðMÞ-EðXO2 ÞA=S

ð1Þ

Where E is the total electronic energy (per supercell) of the
XO2/M supported film (including the contribution of the longrange dispersion), M is the energy of the support, the last term
is the energy of the free-standing film; and S is the supercell
area. Note that negative adhesion energy indicates bonding of
the film to the substrate. The more negative the adhesion
energy is, the stronger is the film–substrate bonding, i.e., the
film–substrate interaction increases with increasing negative
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adsorption energy. In addition, there are other important parameters to probe the film–substrate interaction:[18] the film–
substrate distance (d), defined as the average distances in the
z-direction between the uppermost metal layer and the lowest
oxygen layer of the film; and Q, the charge transfer from the
substrate to the film.
Table 4 shows the DFT calculated Ead, d and Q for the hexagonal and the 558 configuration for the germania bilayer films
supported on Ru(0001), Pt(111) and Au(111); and for the silica
bilayer films on Ru(0001) and Pt(111).
Due to the difficulty to calculate the Au(111) so called herringbone reconstruction, two different domains (fcc and hcp)
have been modeled as discussed in refs. [120, 20]. All the adhesion parameters show a moderate dependence on the Au(111)
domain. Moreover, the germania bilayer film suported on
Au(111) is characterized by a weak film–substrate interaction,
manifested in a low Ead, a large d and low Q, as shown in
Table 4.
Conversely, the GeO2/Ru(0001) system has a four times increased Ead compared to the one of GeO2/Au(111), a 0.08 nm
shorter d and a significant larger Q value (see Table 4). The
latter is related to charge transfer from the Ru(0001) substrate
to the germania film that gives rise to Ge and O states right
above and below the Fermi level in the calculated density of
states.[18] These adhesion parameters point towards the formation of chemical bonds between the film and the substrate,
which are responsible for the highly stable monolayer films
and buckled bilayer structure. A similar behavior has been observed for silica films on Mo(112), as discussed in section 4.
On the other hand, the germania films supported on Pt(111)
bear a close resemblance to the silica films on Ru(0001). Firstly,
in both cases the interaction between the film and the substrate is such that it permits the presence of different polymorphs: monolayer film, zigzag phase and bilayer film. Secondly, within the bilayer phases, both systems present a crystalline and an amorphous configuration. This new 2D germani-

um dioxide film consists of interconnected germania tetrahedral units forming a bilayer structure, weakly coupled to the
supporting Pt(111) metal–substrate.[19] Figure 5 compares sideby-side the hexagonal crystalline phase of the silica bilayer film
on Ru(0001) (left-hand column) and the 558 phase of the germania bilayer film on Pt(111) (right-hand column). In agreement with the ring-sizes observed with the STM (Figures 5 a
and b), DFT calculations predict a stable structure of 6-membered rings for silica films (Figures 5 c and e) and 558-membered rings for germania films (Figures 5 d and f). Whereas the
crystalline silica bilayer film on Ru(0001) has a hexagonal symmetry, the germania film on Pt(111) forms an oblique unit cell
constituted by two 5-membered rings and one elongated 8membered ring (the unit cells are marked in black in the
Figure). By looking at the side-views of the DFT models (Figures 5 e and f), one can notice the larger degree of distorsion
of the germania film. The adhesion properties for both systems, SiO2/Ru(0001) (hex) and GeO2/Pt(111) (558), are com-

Table 4. Comparison of adhesion properties of metal-supported germania and silica bilayer films calculated at the PBE/D2’ level: strain [%], adhesion energy (Ead, eV/nm2), interfacial distance (d, nm) and charge transferred to the film normalized per surface unit (Q, j e j /nm2). The coincidence of the film and the substrate cell is indicated in the footnotes. The
table has been reproduced from ref. [20].

Oxide Support Phase

Strain
[%]

Ead
[eV/
nm2]

d
Q
[nm] [j e j /
nm2]

GeO2 Ru(0001) Hex[a]
558[b]
Pt(111) hex[a]
558[b]
Au(111) hex(fcc)[c]
hex(hcp)[d]
SiO2 Ru(0001) hex[a]
558[b]
Pt(111) hex[a]
558[b]

Ref.

+ 0.24
@6.78 0.217 0.60
[18]
+ 1.7, + 3.0
@7.46 0.219 2.10
[19]
+ 1.63
@2.20 0.288 0.34
[19]
+ 0.12, @1.23 @2.71 0.258 0.66
[19]
@1.26
@1.54 0.301 0.35
[20]
+ 0.77
@1.75 0.305 0.39
[20]
+ 2.76
@1.76 0.265 0.09
[18]
+ 5.76, 4.57 @1.13 0.263 0.79
[19]
+ 4.56
@1.34 0.319 0.04
[19]
+ 7.52, + 6.34 @0.65 0.285 0.11
[19]
pﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃ
[a] (1 V 1)/(2pVﬃﬃﬃﬃﬃ
2), p[b]
ﬃﬃﬃﬃﬃ (2 V 3)/( 67 V 147)R128, [c] (3 V 3)/( 31 V 31)R98,
[d] (3 V 3)/( 61 V 61)R268.
Chem. Eur. J. 2021, 27, 1870 – 1885
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Figure 5. Comparison of silica (left-hand column) and germania (right-hand
column) crystalline bilayer films supported on Ru(0001) and Pt(111), respectively. Figures (a) and (b) compare STM images of dimensions
3.8 nmx3.8 nm. The crystalline bilayer phase of silica consists of 6-membered
rings, whereas the germania one on Pt(111) forms an arrangement of 5- and
8-membered rings. Figures (c) and (e) exhibits the top- and side-view, respectively, of the most stable DFT calculated model for the silica bilayer supported on Ru(0001), reproduced from Ref. [2]. Figures (d) and (f) shows the
DFT model of the 558 germania bilayer film on Pt(111), reproduced from
ref. [2]. Si atoms are represented with green, Ge with blue and O with red
spheres. (a) IT = 0.1 nA, VS = 2.0 V, reproduced from ref. [19]. (b) IT = 0.4 nA,
VS = 0.3 V, reproduced with permission from ref. [19].
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pared in Table 4. The distance between film and interface is
similar, however, the Ead is around 1 eV lower for the germania
film and Q is also more significant (0.66 versus 0.09 j e j /nm2).
These parameters indicate that the germania bilayer film interacts stronger with the metal support than the silica film does,
a fact that is evidenced in the „promoted“ 558 germania crystalline structure.[19] As mentioned above, in the absence of the
substrate the hexagonal six-membered ring phase is favored.
Interestingly, the degree of order in the germania bilayer
film supported on Pt(111) may be tuned by varying the preparation conditions. Crystalline, intermediate ordered and purely
amorphous film structures are resolved by analyzing STM
images.[19] A side-by-side comparison between the amorphous
bilayer phases of germania on Pt(111) and of silica on Ru(0001)
is the topic of the next section.
When the film–substrate interaction diminishes, purely
amorphous germania bilayer films are expected to grow. A
pertinent example is the growth of an amorphous germania
bilayer film on a herringbone reconstructed Au(111) surface,[20]
and references therein. The presence of the film affects the
native configuration of the fcc and hcp stacking of the reconstructed Au(111) top layer atoms,[121] as observed with STM
(see Figure 6 d). The fcc and hcp reconstruction walls partly
avoid the film islands, and partly penetrate underneath film
patches (not shown here, see ref. [20]) This behavior indicates
a weaker film–substrate interaction than the one reported for
other oxide films on reconstructed Au(111), where the herringbone reconstruction is lifted. Moreover, this system highlights
the impact of the metal–support on the structure of ultrathin
films of germania and silica: With decreasing film–substrate interaction the propensity to form the amorphous phase of
these glass forming materials increases. DFT calculations confirm and rationalize the experimental observations.[20]
Different ring-sizes have been identified in the germania bilayer film on Au(111), as shown in Figure 6 f. Although on the
basis of the experimental data presented in this Figure it is difficult to quantify a statistically significant ring-size distribution,
a prevalence of 6-membered rings is observed. Moreover, the
6-membered rings tend to be adjacent, making the (6,6,6) triplet combination a preferred one. This result is different from
the triplet analysis performed on amorphous germania bilayer
films on Pt(111), where the (6,6,6) triplet combination is very
rare.[19] We deduce that the ring-size distribution of the germania bilayer film supported on Pt(111) is influenced by the
metal–support and, therefore, the 558 crystalline configuration,
prevails.
The germania bilayer film on Au(111) shows a small adhesion
energy, a large interfacial distance and low charge transfer, in
comparison to other germania bilayer films (see Table 4). A
similar interfacial distance (0.312 nm) has been calculated for a
NaCl bilayer film supported on Au(111), an ideal physisorbed
film.[122, 123, 120, 20] Moreover, similar adhesion properties are observed for SiO2/Pt(111), in agreement with the structural similarities. The similarity is mainly related to the weak influence of
the support on the film structure, which is manifested by the
fact that neither monolayer films, nor crystalline bilayer phases
have been observed in these systems.
Chem. Eur. J. 2021, 27, 1870 – 1885
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Figure 6. Comparison of silica (left-hand column) and germania (right-hand
column) bilayer films supported on Pt(111) and Au(111), respectively. The
first row compares 100 nmx100 nm STM images of highly covered films, the
second row shows 30 nmx20 nm STM images of low covered films, and in
the third row 5 nmx5 nm STM images of the amorphous structure are
shown. (a) IT = 0.1 nA, VS = 4.4 V. (b) IT = 0.3 nA, VS = 0.2 V. (c) IT = 0.06 nA,
VS = 0.8 V. (d) IT = 0.6 nA, VS = 2.3 V. (e) IT = 0.13 nA, VS = 1.3 V. (f) IT = 0.2 nA,
VS = 0.15 V. Figures (a), (c) and (e) are reproduced with permission from
ref. [16] and Figures (d) and (f) from ref. [20].

Furthermore, the germania bilayer on Au(111) behaves like
the calculated free-standing bilayer film, as the 6-membered
ring is the preferred ring-size. Figure 6 compares side-by-side
silica bilayer films supported on Pt(111) (left-hand column) and
germania bilayer films on Au(111) (right-hand column). The
Figure shows large-scale STM images of two bilayer films at
high coverage (first row) and at low coverage (second row). In
the high coverage regime both bilayer films grow atomically
flat and form holes that expose the metal–support (Figures 6 a
and b). Interestingly, by preparing films with less Si(Ge) the bilayer configuration persists and forms islands that are bridged
by narrow stripes (Figures 6 c and d).[16, 20] It is important to
remark that regardless of the coverage and the preparation
conditions, the silica and germania bilayer films on Pt(111) and
Au(111), respectively, are always amorphous, as shown in Figures 6 e and f.
An interesting classification of the structural behaviour of
the films emerges when the three metal-supported germania
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and silica bilayer systems are compared with respect to the
strength of the film–substrate interaction reflected in their corresponding adhesion energies (see Table 4). Figure 7 depicts
schematically the decreasing adhesion energy (from top to
bottom) for silica and for germania films on the different metal
supports. This comparison reveals that the following atomic
network structures resemble closely to each other: SiO2/
Mo(112) to GeO2/Ru(0001), SiO2/Ru(0001) to GeO2/Pt(111), and
SiO2/Pt(111) to GeO2/Au(111).
There is, of course, an important process that we have not
addressed so far, that is, the transformation and its atomistic
description, for example, by STM measurements, between the
crystalline and the vitreous phases. While we are working on
setting up instrumentation,[124] that may allow us in the future
to contribute to an atomistic understanding of the process, we
are in the position to report on a recent investigation of the
transformation using a temperature dependent low-energy
electron microscopy/diffraction (LEEM/LEED) study. Figure 8 a
schematically shows the crystalline and vitreous structures
along with their respective LEED pattern: well resolved spots
for the crystalline and typical ring structures for the vitreous
phase (the outermost spots are due to the Ru(0001) substrate).
LEEM I–V measurements (not shown, see ref. [67]) show that
both bilayer polymorphs exhibit different electron reflectivity
at specific energies. Based on these results, the crystalline to
vitreous transformation was followed in real-time in LEED at a
predefined electron energy (42 eV) whereas rapidly increasing
the sample temperature to the final desired value at which the
transformation occurred. By determining the time dependence
of the (00)-spot intensity at different temperatures it was possible to assess the energetic aspects of the phase transformation. Details of the analysis performed can be found in reference [125], as well as a detailed discussion of the proposed
mechanism.

Figure 8. Real time studies of the crystalline to vitreous conversion rate of a
SiO2 bilayer film supported on Ru(0001). (a) Atomic models of the crystalline
(top) and vitreous (bottom) phases of the silica bilayer film, with their corresponding LEED patterns. Si and O atoms are represented with green and
red spheres, respectively. (b) Arrhenius plot of the time constants extracted
from the fitting measured at different temperatures in UHV and in O2 atmosphere for the crystalline to vitreous transition of the metal-supported SiO2
film. Both figures are reproduced with permission from ref. [125].

Figure 8 b shows the Arrhenius analysis of the initial conversion rates of the central (00) LEED spot for the transformation
experiments performed in ultrahigh vacuum and in oxygen
background pressure. Linear regression of the experimental
points yields similar apparent activation energies (4.1 vs.
4.2 eV) for the different atmospheres, with clear differences
only in the pre-exponential factor (entropic term) of the Arrhenius expression. DFT calculations performed by M. Sierka and
his group[125] show that the experimentally obtained energy
barriers are consistent with the formation of a Stone–Waleslike defect, resulting in the transformation of four 6-membered
rings into two 5- and two 7-membered rings (see above). Interestingly enough, the Ru(0001) support seems to play an important role in the process by stabilizing the local charges generated during the bond rearrangement in the intermediate and
transition states of the complex mechanism. Even though the
exposed above is the result of integral and averaging measurements, it constitutes the groundwork and determines the direction of future studies with our new instrument capable of
unveiling dynamic processes in the atomic scale.[126] Finally, we
would like to point out that we have not yet observed any recrystallization of the film upon cooling, neither in UHV nor in
oxygen atmosphere with cooling rate from 1 to 10 K s@1.
Silica Versus Germania Amorphous Bilayer Films

Figure 7. Correlation between the structural behaviour of ultrathin films of
silica and germania supported on different metal substrates. The strength of
the interaction (reflected in the calculated adhesion energies presented in
Table 4) between the film and the substrate controls the resulting structure.
The interaction decreases in each column from the top to the bottom. The
weakest film–substrate interaction is found for germania on Au(111) promoting an amorphous film structure.
Chem. Eur. J. 2021, 27, 1870 – 1885
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Figure 9 shows a side-by-side comparison between two STM
images of silica and germania amorphous bilayer films supported on Ru(0001) and on Pt(111), respectively. Both STM
images are atomically resolved, however, their contrasts correspond to different chemical elements.
The protrusions in the silica bilayer film image (Figure 9, lefthand column) correspond to Si atoms, whereas those in the
germania bilayer film (Figure 9, right-hand column) indicate O
atomic positions. In Figures 9 c and d the protrusions are su-
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completed and the rings are color-coded according to their
sizes. The smallest ring is the 4-membered ring for both systems, and the largest one is for germania the 10-membered
ring and for silica the 9-membered ring. However, we have
also observed a small amount of 10-membered rings in a different silica preparation on Ru(0001).[19]
In the equally-sized STM images in Figures 9 a and b, about
the same number of rings have been quantified for silica (145)
and germania (143), although the Ge@O bonds are longer than
the Si@O ones. The similar silica and germania ring density has
also been observed in DFT calculated free-standing bilayer
films.[91] The germania bilayer film is more distorted than the
silica one. Whereas the atoms involved in the Si-O-Si bonds are
aligned (Figure 9 e), the Ge-O-Ge bonds are often bent as
viewed from the top (Figure 9 f). Additionally, the shape of the
silica and germania rings show a different degree of distortion.
While the rings of the silica bilayer film tend to form regular
polygons; the germania bilayer network presents many strongly distorted rings, typically elongated polygons.
The ring-size distributions for both systems in Figure 9 are illustrated in Figures 10 a and b. The silica ring-size distribution
shown in Figure 10 a is qualitatively equivalent to previous
studies that quantified a larger number of rings.[127] The main
differences between the ring-size statistics of the amorphous
germania bilayer film supported on Pt(111) and the amorphous
silica bilayer film supported on Ru(0001) are: (1) the most frequent ring in germania is the 5-membered ring, whereas in
silica it is the 6-membered ring; (2) the ratio between the 5and the 6-membered rings is exchanged; (3) germania has a

Figure 9. STM images of silica (left-hand column) and germania (right-hand
column) amorphous bilayer films supported on Ru(0001) and Pt(111), respectively. In Figures (c) and (d), O atoms (red spheres), Ge atoms (blue spheres)
and Si atoms (green spheres) are superimposed on the STM images. In Figures (e) and (f), the rings are color-coded according to the code shown at
the bottom of the Figure. (a,c,e) 6.6 nmx6.6 nm, IT = 0.05 nA, VS = 2.0 V,
adapted from the supplemental material of ref. [3]. (b,d,f) 6.6 nm V 6.6 nm,
IT = 0.1 nA, VS = 0.2 V, adapted with permission from ref. [19].

perimposed with green and red spheres, respectively. In addition, in the bottom right-hand half of the images the top-most
atomic layer is completed by adding the missing anions or cations accordingly. This is achieved, for the silica bilayer film, by
adding the O atoms in the intermediate position between two
adjacent Si atoms. This procedure is supported by previous
studies on silica bilayer films, where Si and O atomic contrast
has been simultaneously observed by using a dual mode AFM/
STM setup.[5] For the germania system, Ge atoms (blue spheres)
are placed in the center of the triangles which are formed by
the oxygen atoms. Here it is assumed that cations are located
in the center of the XO4 tetrahedra building blocks, whose projection in 2D leads to triangles of three O atoms surrounding
the cation. Finally, in Figures 9 e and f the top-most layers are
Chem. Eur. J. 2021, 27, 1870 – 1885
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Figure 10. Ring-size distribution (upper row) and triplet combination analysis (bottom row) for silica (left-hand column) and germania (right-hand
column) amorphous bilayer films supported on Ru(0001) and Pt(111), respectively. The analysis is performed for both networks shown in the STM
images in Figure 9. The most frequent triplet combinations are drawn above
the corresponding peaks, bottom row. (b) and (d) are taken with permission
from ref. [19].
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larger number of 8-membered rings and less 7-membered
rings. In both cases the amount of 4-, 9- and 10-membered
rings remains low. The Euler theorem applied to 2D systems
establishes the balance that must exist between the number
of rings smaller and larger than 6-membered rings, to maintain
a flat system:[128] [Eq. (2)]
X

nx ðx@6Þ ¼ 0

ð2Þ

Where nx is the number of x-membered rings. The summation in the left-hand side of Eq. (2) taken over the ring statistics
(Figures 10 a and b) of the silica and the germania bilayer films
give a result of 3 and 13, respectively. Since both systems are
atomically flat, as judged with the STM, and they are formed
exclusively of polygons of 4 to 10 sides, we would expect that
the summation results „zero“ for both systems. However, there
are two additional aspects to consider. The first one, the
sample space is finite and the edge effect may result in not exactly zero after summation. Second, the equation assumes
only the presence of regular polygons. Since the germania bilayer film exhibits mostly irregular-shaped rings, the Euler
equation is no longer valid and gives a result far from zero,
even though the film is atomically flat. Conversely, in the silica
bilayer film, which is constituted by mostly regular rings, the
summation in Eq. (2) gives as a result 3, which is close to fulfilling the equation.[129] This subtle discrepancy is explained partially by the edge effect and by the non-perfectly regular polygons that constitute the film.
In Figures 10 c and d, the triplet combination occurrence in
the silica bilayer phase with respect to the germania one, are
compared. For clarity, triplets that include 4-, 9- and 10-membered rings are scarce and are not included in the Figure. A
more complete triplet combination analysis for the silica bilayer film supported on Ru(0001) can be found in the literature [130], however, both investigations provide qualitatively
similar results. When comparing both histograms, one evidences a correlation between the most frequent triplet combinations and the rings involved in the most stable crystalline
structures in silica and germania bilayer films. In the case of
germania, the 558 unit cell of the germania crystalline bilayer
film is manifested in the high occurrence of the (5,5,8) triplet
combination (Figure 10 d). Additionally, the most frequent triplet combination, the (5,6,8), is present in the linear chains of 6membered rings that are introduced as defect structures in
germania crystalline bilayer films.[19] This defect also introduces
(6,6,8) and (5,6,6) triplets, which are also frequent in the amorphous phase.
On the other hand, all triplet combinations in the amorphous silica bilayer film (Figure 10 c) contain 6-membered
rings, including the (6,6,6) triplet, in line with the preferred
crystalline hexagonal phase in silica bilayer films on Ru(0001).
Silica films also show a correlation between the most frequent
triplets and the ring-combinations which form defect structures in the crystalline phase. For instance, the most common
defect in crystalline silica bilayer films supported on Ru(0001)
is the 558 antiphase boundary structure.[112] One unit cell of
this defect contains ten triplet combinations, four of them are
Chem. Eur. J. 2021, 27, 1870 – 1885

www.chemeurj.org

(5,6,8) triplets, and the (5,6,6), (5,5,8) and (6,6,8) are repeated
twice each. One can see in Figure 10 c that all these four different triplet combinations are preferred ones. In Table 3 we see
that the silica crystalline bilayer film supported on Ru(0001)
forms also other defect structures that involve 5- and 7-membered rings, and a 48 domain boundary. The former ones introduce triplets such as (5,6,7) and (6,6,7), both of them preferred
triplet combinations in the amorphous phase. The 48 domain
boundary is not evidenced in any preferred ring combination
in the amorphous phase due to the small number of 4-membered rings in the film. K. Burson et al. investigated in detail
the correlation between the different rings that form defects in
the silica crystalline bilayer film grown on Ru(0001) and in its
amorphous phase.[112] Similarities in the ring combinations and
statistics were found, however a clear difference lies in their
order and periodicity. In bulk materials, crystalline regions of
cristobalite are observed in vitreous silica and germania which
increase in size upon devitrification.[32]
There is a significantly small number of the (6,6,6) triplets in
the germania amorphous bilayer film supported on Pt(111), despite the fact that the 6-membered rings are the second most
frequent ring-size (Figure 10, right column). This observation is
in agreement with the impact of the crystalline unit cell of the
support on the amorphous ring-size distribution, discussed
above. Moreover, DFT calculations of free-standing germania
and silica bilayer films predict the hexagonal phase to be the
most stable one in both systems.[91, 19] Consequently, the 558
crystalline phase observed in germania bilayer films and the
lack of (6,6,6) triplet combinations is attributed to the influence
of the metal–support on the film structure.[19]

Conclusions and Outlook
Ultrathin films of silica and germania have been prepared on
different substrates and characterized at the atomic scale
using a combination of surface science techniques, specifically
high-resolution scanning probe microscopy, LEED, and I/VLEED, as well as theoretical modeling with DFT calculations.
Monolayer films of silica grown on Mo(112) consist of a twodimensional network of corner sharing SiO4 tetrahedra, with
one oxygen of each tetrahedron binding to the protruding Mo
atoms of the Mo(112) surface.[54, 55] On Ru(0001) a monolayer
with a similar structure to that found on Mo(112) is formed,
which also shows a (2 V 2) periodicity in the LEED pattern and
where the IRAS spectrum indicates the presence of Si-O-Ru
bonds.[66, 68, 69]
At low coverages, the STM images of ultrathin films of germania on Ru(0001) revealed a hexagonal structure of O and Ge
atoms, whereas the LEED pattern exhibited a (2 V 2) periodicity
with respect to the metal-support. Subsequently, an I/V-LEED
study determined that the film consists of a network of GeO4
building blocks forming a strongly coupled monolayer film of
6-membered rings. Furthermore, different ring-sizes were observed in diverse boundary structures. At higher coverage, an
amorphous bilayer film is observed. However, its strong interaction with the metal-support, as determined by DFT calculations, causes an ill-defined and corrugated film. In short, on
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Ru(0001), stable hexagonal monolayer films are formed, characterised by strong Ge-O-Ru-bonds which avoid the formation
of atomically flat decoupled bilayer films.
For ultrathin films of germania supported on Pt(111), the
largest number of polymorphs have been observed: two types
of monolayer films, a zigzag phase, and bilayer films with different degree of order. The monolayer films undergo a significant distortion in order to adapt to the support. In one case,
three different sized 6-membered rings arranged in a (3 V 3) superstructure and, in another case a combination of 8-, 6- and
4-membered rings forming a rectangular unit cell. In the latter
film, the distortion is such that the DFT model predicts the
presence of 5-coordinated Ge atoms.[19, 93]
Well-defined bilayer films were prepared and characterized
in detail. By varying the temperature, the structural changes
from crystalline to mixed crystalline and amorphous to purely
amorphous phases can be tuned in a controlled manner.
Whereas the crystalline phase presents an oblique unit cell
formed by 8- and 5-membered rings, the amorphous phase exhibits a ring-size distribution that ranges from 4- to 10-membered rings. The latter film constitutes a new well-defined 2D
amorphous model system with similarities and differences to
the corresponding Si-based material. The germania bilayer film,
like the silica one, is formed by a double layer of GeO4 building
blocks which are chemically decoupled from the metal support. However, in comparison to the silica bilayer film, the germania film shows a larger corrugation. Moreover, the ring-size
distributions of its crystalline and amorphous phase are influenced by the interaction with the Pt(111) metal-support.
The investigation of germania films supported on an oxygen
inert Au(111) surface leads to a clear picture of the role of the
substrate on the resulting film structure. The Au(111) surface
shows a herringbone reconstruction which acts as a sensor for
the strength of the film–substrate interaction. The decoupling
of the film from the Au(111) support has been evidenced by
the behavior of the native configuration of the fcc and hcp
stacking of the reconstructed Au(111) top layer atoms:[121] The
reconstruction persists underneath the germania bilayer patches. This observation differs from the general behavior of oxide
films which lift the Au(111) reconstruction. Consequently, these
films form only amorphous bilayers, as expected from the
trend observed in silica films supported on different metal supports. DFT calculations also predicted a very weak film–substrate interaction for the germania on Au(111) system (see
Table 4). Moreover, the presence of the (6,6,6) triplet combination, as a preferred one, suggested that the film is little influenced by the metal–support and its structure may resemble
more the calculated one for free-standing germania bilayer
films.
On identical metal–substrates (Ru(0001) and Pt(111)), the
films of germania interact stronger with the support than the
silica films (see Table 4). This finding points to an interesting
parallelism between metal-supported germania and silica films.
Specifically, the silica network structures supported on
Mo(112), Ru(0001) and Pt(111) correspond closely to those of
germania on Ru(0001), Pt(111), and Au(111), respectively. This
behaviour underscores the important role of the film–substrate
Chem. Eur. J. 2021, 27, 1870 – 1885

www.chemeurj.org

interaction, reflected in the calculated adhesion energies. In
systems where the adhesion energies are very weak, e.g., for
germania on Au(111) an amorphous film growth is promoted.
Another obvious interesting future development is to prepare mixed silica-germania films trying to achieve a complete
mixing at the atomic level. A. B. Fuhrich,[131] in his dissertation,
has undertaken the first attempts to prepare such films, controlling the preparation conditions using LEEM, XPS and I/VLEED information. The ensemble averaging studies indicate,
that it is possible to achieve intimately mixed crystalline silicagermania layers. Future studies need to show how those are
structured at the atomic level with respect to Si and Ge distributions.
To conclude, the orientation of adjacent rings, the ring-size
distribution, and the ring-triplets analysis for each silica and
germania film phase formed on the metal supports Mo(112),
Ru(0001), Pt(111), and Au(111), together with DFT calculations,
clearly suggest that the atomic network structure of silica and
germania ultrathin films is strongly influenced by the film–support interaction. Our experiments and the theoretical modeling
highlight quantitatively the impact of the metal–support on
the oxide film structure concerning strain, adhesion energy,
charge transfer, work function, and, most importantly in the
present context of glass-forming materials, the pathway of
crystalline towards amorphous film growth. This work provides
a useful generalization of the relationship between adhesion
energy and film structure. Possible applications abound: Amorphous networks, 2D-materials, zeolites and more.

Experimental and Computational Methods
The metal-supported films are prepared and characterized in ultrahigh vacuum conditions (UHV) (base pressure 10@10 mbar range).
The Ru(0001), Pt(111) and Au(111) single-crystals are cleaned following the procedures reviewed by R. G. Musket et al.[132] Si(Ge) is
evaporated by physical vapor deposition (PVD) and subsequently
annealed in O2 to produce well-defined silica(germania) films. The
specific preparation conditions for each silica and germania film
system are reported in refs. [54, 2, 21, 66, 22, 67] and refs. [17, 19, 20],
respectively. The LEEM/LEED experiments were carried out in the
SMART microscope operating at the UE49-PGM beam line of the
synchrotron light source BESSY II of the Helmholtz Centre Berlin
(HZB).
DFT calculations are performed on periodic slab models with the
code VASP, relying on the PBE functional corrected for long-range
dispersion according to the D2’ Scheme. A full description of the
methodology is enclosed in refs. [18–20].
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