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Continuous network structure of two-dimensional silica across a supporting metal
step edge: An atomic scale study
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The network structure of a silica bilayer film at a monolayer-bilayer transition and across a supporting metal
step edge was studied at the atomic scale by scanning tunneling microscopy. The ring size distribution, ring-ring
distances, and height profiles are analyzed across the step edge region. Density functional theory proposes two
models to explain the observed network structure: a pinning of the lower layer to the substrate and a carpetlike
mode. The results indicate a continuous coverage of the silica bilayer film across the step edge.
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Thin oxide films are of high technological importance for
electronics and catalysis [1,2]. So far the only known large
area two-dimensional (2D) oxide that is liftable from its sub-
strate is 2D silica [3–5]. Due to its chemical inertness, its
insulating properties, and its structural diversity the film sys-
tem is promising for various applications, amongst them 2D
heterostructures [6–8]. These applications are often limited
by anisotropic properties and the lattice mismatch. The glass-
forming capability of the silica network can help to overcome
these constraints. For application, the integrity of the vitreous
film against reactive conditions, such as reactive metal step
edges at elevated temperatures, must be verified. Therefore,
we need to investigate its atomic structure at the mesoscopic
scale.

Various 2D silica polymorphs have been reported [9]. The
silica monolayer (ML) is chemically coupled to the metal
substrate, while the silica bilayer (BL) exhibits a weak cou-
pling to the metal substrate due to van der Waals bonding.
2D silica bilayer films can be crystalline or vitreous de-
pending on the preparation conditions. The different phases,
namely, the monolayer, zigzag, and bilayer phase can co-
exist. Such a coexistence, as reported in Ref. [10], causes
a stepped topography at the ML-BL transition. A stepped
topography can also be observed for underlying substrate step
edges. The open question is, whether the films are connected
across this stepped topography. To answer this question is
important because for most technological applications like 2D
heterostructures the ability to form continuous coverages is
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crucial. In this study, we elucidate the atomic structure of a
vitreous silica bilayer in the vicinity of a ML-BL transition
and of a BL with an underlying substrate step edge.

In literature, several other film systems have been inves-
tigated across substrate steps. For some of the film systems
with a weak coupling to the substrate, a carpet mode was
reported [11–18]. Also crystalline oxides with strong covalent
and ionic bonds can cover substrate step edges continuously
[19,20]. For the graphene synthesis, metal step edges play an
important role [21–23]. The continuous growth of graphene
over substrate step edges was already observed by scanning
tunneling microscopy (STM) [24–26]. Graphene can show a
continuous growth mode with a pinning to the substrate [27].
To our knowledge, so far only crystalline thin-film systems
have been studied on substrate step edges. We present the con-
tinuous coverage of a vitreous silica bilayer system across a
Ru(0001) step edge. The experimental findings are supported
by density functional theory (DFT) calculations. To account
for computational limits, an optimized system of a crystalline
silica bilayer film on a stepped Ru surface has been modeled.
We elaborate on models of a pinned film and a carpetlike
mode.

In previous publications, the structural properties of the
metal supported silica bilayer were described thoroughly
[28,29]. The internal structure of the bilayer film system has
been verified. The upper and lower layers are connected over
straight Si-O-Si bonds [5]. Exfoliation experiments, which
revealed the flexibility and mechanical stability of the silica
bilayer, proved that the film is freely transferable [3,4]. Reac-
tion fronts were observed in the confined space between film
and substrate with low-energy electron microscopy [30]. The
film transfer and the propagation of the reaction fronts affirm
a continuous and smooth coverage—also across substrate step
edges.

In the present investigation, we use a nonaveraging tech-
nique to investigate the structural and mesoscopic features
of a vitreous bilayer film at a ML-BL transition and a BL
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across a metal step edge. Due to the lack of periodicity and
order, vitreous films do not have a registry with the underlying
substrate. Therefore, the film on the upper and lower substrate
terraces cannot be related to prove the continuity of the film.
A detailed analysis of STM data has been performed. We
resolved the ring structure of the vitreous silica bilayer at
the ML-BL transition and across the Ru(0001) step edge.
Based on the detected network, we evaluate the ring size
distribution, characteristic ring, and atomic distances. DFT
calculations were performed to study possible scenarios for a
continuous coverage of the silica BL across the Ru(0001) step
edge. The topographies and characteristic distances from the
theoretical models are compared to those deduced from STM
measurements.

We applied room-temperature and low-temperature STMs
with PtIr tips, described in Refs. [31,32]. The microscopes
operate in ultrahigh vacuum (UHV) at a base pressure range
of 10−10 mbar. Prior to film growth, the Ru(0001) single
crystal was repeatedly cleaned by Ar+ bombardment, an-
nealing in UHV at 1450–1500 K for 1 min, and annealing
in oxygen atmosphere of 2 × 10−6 mbar at 1250 K for
20 min. The surface quality was checked by STM and low-
energy electron diffraction measurements. The silica film
preparation starts with a 3O-(2 × 2)-precoverage, followed
by an annealing in 2 × 10−6 mbar oxygen atmosphere at
1150–1200 K. Subsequently, silicon is deposited by phys-
ical vapor deposition at an oxygen pressure of 2 × 10−7

mbar. Finally, the film is annealed in 2 × 10−6 mbar oxy-
gen pressure at 1150–1200 K. The result is an atomically
flat silica film with vitreous domains. DFT calculations were
performed with the GPU-accelerated version of the code VASP

6 [33–36]. The projector-augmented-wave pseudopotentials
[37,38] were adopted and the basis set was expanded within a
kinetic cutoff of 400 eV. We adopted the Perdew, Burke and
Ernzerhof [39] functional corrected for the long-range disper-
sion with the semiempirical DFT + D2′ approach [40,41].

Our STM measurements reveal the coexisting silica ML
and BL film on Ru(0001). Figure 1 shows the transition of the
two phases, which were analyzed individually in Ref. [10].
The here presented network is based on a semiautomated
network detection program, which is outlined in Sec. 1 of the
Supplemental Material [42]. Figure 1(b) reveals that the pro-
gram detects the crystalline network with a domain boundary
in the ML and the vitreous network in the BL phase. This is
in agreement with Ref. [10]. However, the detected network
differs at the ML-BL transition. The ring-ring distances are
increased compared to the uniform ring-ring distance distri-
bution in the ML and BL, respectively. Furthermore, the ring
connectivity is not reliable at the transition region. This affects
also the ring sizes of nearest neighbor rings in the ML and BL
films. As shown in Fig. 1(a), the image intensity is increased
at the rim of the ML-BL transition. This characteristic image
contrast at the rim can be caused by dangling bonds or chem-
ically bound molecules. This indicates that the upper layer of
the vitreous bilayer is not connected to the ML phase. Hence,
for the ML-BL transition a fully connected film could not be
detected.

While the ML-BL transition in Fig. 1 resembles a stepped
topography inside the film system, an underlying substrate
step imposes a stepped topography upon the film system.
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FIG. 1. (a) Ring resolved STM image of a ML-BL silica film
transition region (VS = 1 V, IT = 10 pA, T = 4.2 K, scan area =
15.3 nm × 8.1 nm; applied filters: align rows, equalize). The STM
image is superimposed by the color-coded ring-ring (b) and Si-Si
ring network model (c). The color codes for distances and ring sizes
are provided at the right.

Here, we could resolve the vitreous silica bilayer film across
such a single Ru(0001) step edge. In Fig. 2(a), the char-
acteristic ring structure of the film is clearly resolved on
both terraces. To resolve a step edge region is challenging,
because of tip convolution effects and changes in the tip
sample distance. To compensate for the height difference, we
locally enhanced the image contrast for the network detection
process. The filtered STM image is shown in Sec. 1 of the Sup-
plemental Material. In Fig. 2(b), the STM image is overlaid
with the ring-ring network model. In this case the ring-ring
distances are uniformly distributed across the step edge re-
gion. Figure 2(c) shows the continuous nonperiodic network
with four- to nine-membered rings. The network agrees very
well with the proposed random network by Zachariasen and
previous STM measurements on a single terrace [29,43]. The
assigned rings form a continuous random network structure
across the step edge. These observations confirm that within
the scanned region, the film is intact across the Ru(0001) step
edge.
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FIG. 2. (a) Ring resolved STM image of the silica film across a
single Ru(0001) step edge (VS = 2 V, IT = 400 pA, T = 295 K, scan
area = 15.3 nm × 8.1 nm). (b), (c) The STM image, superimposed
by the ring networks in analogy to Fig. 1.

We use the detected network as a starting point for quan-
titative measurements of the structural features across the
step. A detailed discussion is provided in Secs. 2–5 of the
Supplemental Material. Both the average ring-ring distances
and the average Si-Si distances are in good agreement with
literature values [28,44–46]. In the vicinity of the step, on the
upper terrace slightly larger distances and on the lower terrace
slightly shorter distances are detected. Yet, the quantitative
analysis of the STM morphology reveals that the structural
values of the silica bilayer across the step are in good agree-
ment with literature values for flat vitreous silica films. This
finding affirms a lateral smooth transition of the silica film
from the upper to the lower terrace of the Ru substrate.

To study the nature of the silica network across the step,
we performed DFT calculations of a crystalline bilayer sys-
tem. Vitreous and crystalline network structures exhibit the
same tetrahedral building block. To reduce the complexity
of simulating an amorphous structure, the crystalline silica
bilayer has been considered. This is justified by considering
that vitreous and crystalline silica films have similar bending
rigidity [47] and phonon spectra [48], both interact with the

FIG. 3. DFT models of the crystalline silica bilayer across a
Ru step edge. The topmost oxygen atom positions are plotted in
comparison with STM line profiles. (a) Case I and (b) case II:
DFT model on a Ru(101̄20) surface. (c) Case III: DFT model on a
Ru(101̄31) surface. (d) STM line profiles of a Ru step edge covered
with SiO2 (VS = 2 V, IT = 400 pA, T = 295 K). For comparison, the
STM line profile of a bare Ru(0001) is plotted (VS = 2 V, IT = 300
pA, T = 295 K). The vertical dotted lines mark the position of the
substrate step edges. The inclined dotted lines mark the unit cell used
for DFT calculations.

flat Ru surface via van der Waals forces, and the nature of
the chemical bonds between a broken silica film and the Ru
stepped surface is the same. DFT reveals the structure of
both the upper and the lower layer of the bilayer system.
In this study, we present three cases, which are shown in
Fig. 3. The computational model for cases I and II consists
of a seven-layer (2x1) supercell Ru(101̄20) surface, exposing
1.9-nm-wide (0001) terraces separated by steps. In this model,
a tensile strain of 2.7% in the direction parallel to the step and
a compressive strain of −1.3% perpendicular to the step is
released on the SiO2 film. In reality, patched holes in the silica
bilayer and various kinds of substrate step edges can cause
strain in the film system. Case I and case II resulted from
unconstrained relaxations, starting from different guesses: a
broken structure in case I and a tilted undistorted bilayer in
case II.

On top of the theoretical models in Fig. 3, we emphasized
the topography of the silica bilayer by plotting the apical
oxygen atom positions with an offset of 0.2 nm. For compar-
ison, line profiles from STM measurements are plotted for a
bare Ru(0001) surface and the silica bilayer on Ru(0001) in
Fig. 3(d). Details on the data extraction and zoomed sections
of the line profiles are provided in Sec. 12 of the Supplemental
Material. The apparent step height of the experimental profiles
reflects the Ru(0001) interlayer spacing of 0.2 nm.

In case I, Si-O bonds break at the step edge and bind to the
substrate, as shown in Fig. 3(a). This pinning of the film to the
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substrate causes an almost steplike decrease of the line profile.
The line profile exhibits a similar slope on the left of step 1 as
the experimental derived curve in Fig. 3(d). The hump on the
lower terrace, however, could not be observed experimentally.
Due to the broken SiO2 bond in the lower layer of the silica
bilayer we refer to the structure of case I as broken.

In case II, the bilayer covers the step edge in a carpetlike
mode. The topography is smoother and less abrupt than for
case I. In this aspect, the emphasized topography follows the
step better than for case I. While at step 1, the topography of
case II is in agreement with the STM line profile in Fig. 3(d),
the trends of the theoretical and the experimental curve differ
at step 2. Step 1 in case II could resemble the experimentally
observed step edge. We refer to this structure of case II as bent.
The bent structure is metastable with respect to the broken one
by 7.9 meV/SiO2 unit.

We carefully checked the effect of the strain by applying
both tensile and compressive strain (in the range 1%–2%) to
the whole model. The tensile strain induces the Si-O bond
breaking and pinning to the Ru substrate, while compressive
strain stabilizes the bent isomer. Alternative structural models
of silica films with broken bonds at the step edge are intrin-
sically unstable or considerably higher in energy compared to
the above presented models. Details on the structural features
of cases I and II and broken films are provided in Secs. 7–9 of
the Supplemental Material.

As mentioned above, for both cases I and II, the silica film
does not mimic the underlying Ru step edges. The narrow Ru
terraces can be the reason for this discrepancy. We therefore
used the computational model of case III that consists of a
four-layer Ru(101̄31) surface with 3.5-nm-wide terraces. On
this surface, the lattice mismatch between silica and substrate
in the direction perpendicular to the step is very small with
−0.2% and the interface is virtually strain-free.

The bent silica film geometry of case III is shown in
Fig. 3(c). Interestingly, only the bent isomer is stable on the
surface of case III, and any attempt to relax a pinned struc-
ture led to the spontaneous recombination of the broken Si-O
bonds. Since wider terraces better resemble the experimental
conditions, this observation strongly supports the presence of
the bent structure in experiment. While the bilayer seems quite
rigid at step 1, it bends more at step 2 and its qualitative
trend agrees with the experimental curve. In addition to the
agreement of the emphasized topographies, the evolution of
characteristic distances shows qualitatively a similar trend
in the vicinity of step 2. The ring-ring and Si-Si distances
increase on the upper and decrease on the lower terrace. A
detailed analysis is provided in Sec. 15 of the Supplemental
Material.

For all cases, the upper layer of the bilayer is intact, which
supports the results from the lateral characterization by STM.
While a continuous transition from the ML to the BL phase
could not be detected, we gave evidence for the continuous

coverage of a silica bilayer across a Ru step. The experimen-
tal findings are qualitatively in agreement with the modeled
bilayer across step 2 in case III.

In comparison to graphene, the silica bilayer mimics the
Ru step less accurately, as shown in Sec. 12 of the Supple-
mental Material. The observation is in line with the higher
bending rigidity of silica compared to graphene [47,49]. This
relation is an example of how the atomistic model is con-
nected to macroscopic properties [11]. In analogy to studies
of the macroscopic bending of thin plates more than 100
years ago [50,51], we provide an atomistic model for a free-
standing silica bilayer that is exposed to bending stress in
Sec. 6 of the Supplemental Material. For the supported silica
bilayer, the substrate condition (e.g., the terrace width) and
the mesoscopic structure might additionally affect the bilayer
topography. As mentioned above, patched holes and substrate
steps are possible influences. A brief excursus on this topic
is provided in Sec. 14 of the Supplemental Material. Interest-
ing future experiments include the observation of the silica
bilayer on vicinal Ru surfaces [52,53] and parameter studies
of different film preparation conditions.

The continuous coverage of the silica bilayer across Ru
step edges can in principle have two origins. On the one hand,
the film can cover the substrate continuously during depo-
sition. For graphene such a unidirectional carpetlike mode
is reported from upper to lower terraces [54]. On the other
hand, the Ru step edges can diffuse underneath the silica
bilayer due to oxygen coverage and annealing [55]. During
graphene growth on Ru(0001) the Ru substrate and the Ru step
geometry changes at the elevated temperature of 665°C [26].
The silica film in this study was annealed at more elevated
temperatures in an oxygen atmosphere. Thus, the diffusion of
Ru underneath the silica bilayer is a possible scenario, which
can then result in continuous silica films across substrate step
edges. To answer the question of the origin of the observed
continuous silica film is an interesting scope for future exper-
iments.

To summarize, atomic level STM investigations and DFT
modeling of carpetlike and pinning modes have shown a con-
tinuous coverage of a vitreous bilayer silica film across a Ru
substrate step edge. While a pinning of the lower layer to
the substrate, not accessible to STM, cannot be excluded, the
continuous random network ring structure when crossing the
step edge proves the intact network structure of the upper layer
of the vitreous silica bilayer.
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