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ABSTRACT: We present a new polymorph of the two-
dimensional (2D) silica film with a characteristic ‘zigzag’ line
structure and a rectangular unit cell which forms on a
Ru(0001) metal substrate. This new silica polymorph may
allow for important insights into growth modes and trans-
formations of 2D silica films as a model system for the study of
glass transitions. Based on scanning tunneling microscopy, low
energy electron diffraction, infrared reflection absorption
spectroscopy, and X-ray photoelectron spectroscopy measure-
ments on the one hand, and density functional theory
calculations on the other, a structural model for the ‘zigzag’

polymorph is proposed. In comparison to established monolayer and bilayer silica, this ‘zigzag’ structure system has intermediate
characteristics in terms of coupling to the substrate and stoichiometry. The silica ‘zigzag’ phase is transformed upon reoxidation
at higher annealing temperature into a SiO, silica bilayer film which is chemically decoupled from the substrate.

B INTRODUCTION

Ultrathin silica films have been grown on a number of metal
single crystals and have become a research topic of their
own.'”® Depending on the oxygen affinity of the metal
substrate, either single layers directly bound to the metal
substrate or bilayer films only van der Waals bound to the
substrate, or both on the same substrate, have been prepared.
Especially bilayer films were thoroughly studied with a
particular emphasis on the analysis of crystalline and
amorphous structures. It is of fundamental interest to
understand how different silica structures are formed in terms
of the structural elements and transformed into each other.
This knowledge will allow us the possibility to identify general
principles of dynamic processes and structural transformations
in silica. As it is the most abundant material in our earth’s crust,
it is relevant in various branches of modern technologies.
Ru(0001) is the metal substrate where both monolayer and
bilayer films have been prepared.” We have therefore
concentrated on this metal substrate to investigate the above-
mentioned transformational aspects. Here we present a new 2D
crystalline silica polymorph which forms on Ru(0001). It is
experimentally studied and characterized with scanning
tunneling microscopy (STM), low energy electron diffraction
(LEED), infrared reflection absorption spectroscopy (IRAS),
and X-ray photoelectron spectroscopy (XPS) measurements. A
structural model is proposed on the basis of density functional
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theory (DFT) calculations suggesting a silica structure
comprising three- and four-membered Si rings within a
rectangular unit cell with glide mirror plane symmetry.

B RESULTS AND DISCUSSION

Preparation and experiments on ultrathin silica films grown on
Ru(0001) were performed under ultrahigh vacuum (UHV)
conditions. 2D silica mono- and bilayers on Ru(0001) have
been prepared according to the procedures described in ref 5.
Here we define a monolayer (ML) of silica as half the amount
of silicon which is needed to form a homogeneous SiO, silica
bilayer covering the entire Ru(0001) metal surface.

In Figure la, a LEED pattern from a new silica phase formed
after deposition of 2.0 ML Si onto an oxygen precovered
Ru(0001) surface in ambient oxygen (typically 2 X 10~ mbar)
and subsequent oxidation at 1130 K in 2 X 107° mbar O, is
shown.'" This pattern is clearly distinguishable from the typical
LEED patterns of the silica monolayer (Figure 1b), the
crystalline bilayer with its sharp hexagonal 2 X 2 spots (Figure
lc), and the typical ring pattern from amorphous bilayer phase
(Figure 1d). In the LEED pattern of the new silica phase, the
reciprocal unit cells of three unique domains of the overlayer
structure, each rotated by 120° toward each other, are indicated
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Figure 1. Comparison of LEED patterns and STM images of the
‘zigzag’ phase (3, e), the monolayer (b, f), the crystalline bilayer (¢, g),
and the amorphous bilayer of 2D silica (d, h), respectively. All LEED
measurements taken at 42 eV and at room temperature. The reciprocal
unit cell of the Ru(0001) substrate is indicated with a black line, the
unit cells of the overlayers are indicated in blue, green, and yellow (a)
and in orange (b, c). All STM images have been obtained at 4 K with a
size of 3.8 nm X 3.8 nm. The following tunneling parameters have
been used: (e) I = 20 pA, Vg = 0.7 V. (f) Iy = 100 pA, V5 = 50 mV.
(g) It = 100 pA, Vs = 2.0 V (image reproduced from ref 10). (h) I =
60 pA, Vs = 2.0 V.

in blue, green, and yellow. From the LEED measurements a
rectangular real space unit cell can be deduced with its unit cell
vector lengths being a, = 9.4 A and b, = 7.6 A, where the shorter
vector b, follows the high symmetry directions of the hexagonal
atomic structure of the underlying Ru(0001) surface. An
incommensurate overlayer matrix can be defined as Mg

(gg %g) The spots belonging to the overlayer structure are

slightly elongated along the shorter reciprocal unit cell vector
direction, their length being independent of the order of
diffraction of the spots. This points to a limited size of the
domains with the new structure. According to the length of the
LEED spots, the domain sizes are found to be in the range of §
nm X 15 nm, where the smaller value limits the size of the
domains in the direction of the longer real space unit cell vector
a,. Interestingly, independent of the energy of the incoming
electrons, one spot at the corner of the reciprocal unit cells is
missing. The position of the missing spot for one of the
reciprocal unit cells is indicated with a white circle in Figure la.
This phenomenon points to the presence of a glide mirror
plane symmetry within the structure.'”
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In Figure le, a high-resolution STM image of the new phase
is shown with a rectangular unit cell marked in blue. This
contrast is clearly distinguishable from monolayer (Figure 1f),
crystalline (Figure 1g), and amorphous (Figure 1h) bilayer
STM images. Typical parallel zigzag lines can be distinguished
which are oriented perpendicular to the three high symmetry
orientations of the Ru(0001) substrate surface. At low bias the
STM contrast reveals that the parallel zigzag lines seem to be
interconnected by regularly appearing bridges, highlighted with
white ellipses in Figure le. Large scale STM measurements can
be found in the Supporting Information for further information.
Over the sample, domains with three orientations have been
found, consistent with results obtained from the LEED pattern.
The rotational domains are typically divided by translation
domain boundaries into smaller domain sizes with dimensions
between 10 and 20 nm in width. Due to its characteristic
structure the phase is further on called silica ‘zigzag’ phase in
this manuscript.

Based on these experimental findings several structural
models have been constructed by performing DFT geometry
optimizations. These optimizations were carried out by using
both, the atomic orbital and plane wave based codes CRYSTAL
and VASP, respectively.>'* A unit cell size of 9.4 A X 7.6 A has
been assumed. Starting from crystalline silica bilayer config-
urations with rectangular unit cells according to Malashevich et
al. also other configurations with bonds to the metal substrate
have been considered.”” The most stable resulting model is
shown in Figure 2. This model consists of a complex

Figure 2. Ball and stick model of the silica ‘zigzag’ phase: (a) Top and
(b) side view (side view along the Ru[11 20] direction). The topmost
Si atoms are dark green, all other Si atoms are light green, O atoms are
orange, and Ru atoms are gray. (c) The structure of the topmost Si
atoms superimposed on an STM image of the ‘zigzag’ phase. The
overlayer unit cell is marked in blue. Eight-membered Si rings are
marked with light blue hatched areas. STM image: 3.8 nm X 3.8 nm, I
=20 pA, Vg =07 V.

arrangement of interconnected tetrahedral SiO, building units
comprising parallel wavy bilayer rows which are responsible for
the zigzag line appearance of the structure. These parallel zigzag
lines form chains of slightly distorted vertically arranged four-
membered rings of Si atoms, interconnected via shared O
atoms. The zigzag lines comprising vertical four-membered Si
rings are bound together with bridging SiO, units in the top
layer of the system, thereby forming distorted nonplanar eight-
membered Si rings in the top view and vertically arranged
three-membered Si rings in the side view (see top and side
views of the model with marked Si rings in Figures 2 and 3). In
the silica monolayer all Si atoms bind with a single O atom to
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Figure 3. Binding of the 2D silica phases to the Ru(0001) substrate surface. XPS measurements of (a) the O 1s and (b) Ru 3d;, core level region
for the ‘zigzag’ silica (black line), bilayer silica (red dashed line), Ru(0001)-(2 X 2)-30 (blue dashed line), and the Ru(0001)-(2 X 2)-10 (green
dashed line). (c—e) Model side views of the 2D silica phases on Ru(0001): for (c) the monolayer, (d) the ‘zigzag’ (side view along the Ru[1100]
direction), and (e) the bilayer phase. Topmost Si atoms are dark green, all other Si atoms are light green, O atoms are orange, and Ru atoms are gray.
Three- and four-membered rings are marked with orange and green hatched areas, respectively.

the metal substrate, while in the ‘zigzag’ phase only two Si
atoms are connected over two separate O atoms each to the Ru
substrate per unit cell. The stoichiometry for the silica
monolayer is SiO,s and for the silica bilayer it is SiO,y,
whereas, for the silica ‘zigzag’ phase, according to the model, it
is found to be SiO, ;.

For demonstration of the match between the DFT-model
and the experimentally found STM contrast of the “zigzag’
structure, a superposition of the topmost Si atoms, together
with its coordinated O atoms, onto a STM image is shown in
Figure 2c. The whole structure fulfills the requirement posed by
the LEED measurements for a glide mirror plane symmetry.
Additional visualizations of the two most stable calculated DFT
structures and a STM simulation for the most stable model are
shown in the Supporting Information.

To probe the chemical nature of the oxide phases,
corresponding XPS measurements have been taken in the O
1s, Ru 3d;),, and Si 2p core level region.'" O 1s and Ru 3d;,,
spectra are shown in Figure 3a and b, the Si 2p spectrum is
shown in the Supporting Information. The shape of the O 1s
spectrum of the silica ‘zigzag’ phase can be fitted with a main
peak at 531.7 eV and a smaller peak at 529.9 eV binding energy,
indicating that two different O species at least must be present
in the structure. Comparison of this spectrum with the O 1s
peak positions of the strongly bound silica monolayer system
on Ru(0001) reveals that O species assigned to the peak
position around 529.8 eV are likely to be part of Ru—O—Si
bonding.” This observation hints toward a bonding of the 2D
silica ‘zigzag’ layer to the underlying Ru(0001) substrate
surface. The Ru 3ds,, spectrum has a significantly lower
intensity at the higher binding energy side compared to the
spectra belonging to the silica bilayer, where a Ru(0001)-(2 X
2)-30 coverage is supposed to be still present at the metal—
oxide interface.” This may indicate that the Ru(0001)-(2 X 2)-
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30 coverage is missing for the silica ‘zigzag’ phase. The Si 2p
spectrum can be fitted with one peak at 102.8 eV binding
energy which is found to be shifted to higher binding energy by
0.3 eV as compared to the peak position corresponding to the
silica bilayer phase. This fact points to a higher oxidation state
of the Si atoms within the silica ‘zigzag’ phase compared to the
ones in the 2D SiO, bilayer system. The findings of the XPS
measurements, namely the fingerprints for the bonding of the
2D silica layer to the underlying Ru substrate and its higher
oxidized stoichiometry, in comparison to the one of the 2D
silica bilayer, are fully in line with the suggested structural
model for the silica ‘zigzag’ phase presented above.

In Figure 3c—e model side views of the three observed 2D
silica phases on Ru(0001), the monolayer, the ‘zigzag’, and the
bilayer phase, are shown, respectively. The comparison allows
for insights into the differences in thickness and oxide—
substrate coupling via oxygen bonds of the three different 2D
silica phases on Ru(0001). Compared to the silica ‘zigzag’
phase, the distance between the Ru metal surface and the
topmost Si atoms appears to be larger for the chemically
decoupled silica bilayer phase, although both phases comprise a
bilayer system.

Additionally, IRAS measurements have been performed to
investigate the absorption properties of the silica ‘zigzag’ phase.
A typical IRAS measurement over the range 600 to 1400
wavenumbers is shown in Figure 4. The most prominent
absorption frequency is at 1230 cm™". The smaller absorption
peaks marked with red and blue background bars are at similar
positions as the most prominent IR absorption frequencies for
the silica mono- and bilayer phase, respectively, which may to
some extent coexist at the surface (see Supporting Information
for IRAS spectra of the silica mono- and bilayer phase and ref
5). In Figure 4 also the calculated infrared reflection (IR)
intensities for the model are presented. Virtually all of the
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Figure 4. Comparison of IRAS measurements for the silica ‘zigzag’
phase (black curve) and IR calculations (red curve). The absorption
peaks marked with a red and blue background bar are associated with
the silica mono- and bilayer phase, respectively.’

observed absorption peaks are nicely reproduced, within the
expected accuracy of the calculations. Only the intensity of the
867 cm™' peak of the calculation appears as too weak in
comparison with the corresponding experimental peak, yet the
positions deviate by only 17 cm™". In general the complex silica
‘zigzag’ phase structure, comprising three- and four-membered
vertically arranged rings, may essentially generate modes of
mixed character. Still, some trends can be identified. The most
prominent peak at 1230 cm™" can be assigned to antisymmetric
stretching of the vertical Si—O—Si linkage that goes in-phase
along the ‘zigzag’ bilayer rows. The mode at 1060 cm™' is
similar apart from going antiphase along the ‘zigzag’ lines.
Besides, for this mode the vertical Si—O—Si vibrations in the
three-membered rings are more pronounced than those in the
four-membered rings. The mode at 1000 cm™ can be assigned
to vertical antisymmetric Si—O-—Si stretches of three-
membered rings, horizontal antisymmetric Si—O—Si of four-
membered rings, and also the antisymmetric stretch of the
bridging Si—O—Si, that goes further in the direction of O—Ru.
Other modes correspond to symmetric Si—O=Si stretching,
which, in addition of the inter-ring coupling, are also coupled to
the O—Ru stretches.

Additionally, a comparison of calculated IR intensities for the
here presented model and another DFT-optimized structural
model, consistent with the glide-plane symmetry, can be found
in the Supporting Information. The agreement between
experimental and calculated IRAS spectra support strongly
the here presented model.

The silica “zigzag’ phase is always formed following the
above-mentioned preparation conditions and has been
reproduced several times on different Ru(0001) single crystal
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substrates. The silica polymorph can easily be transformed into
a single phase silica bilayer upon annealing in 2 X 107 mbar O,
at 1260 K for 10 min. The silica bilayer system has not been
observed to transform back to the silica ‘zigzag’ phase at varying
preparation conditions so far. Therefore, the here presented
silica phase with zigzag structure can be understood as a
metastable silica phase, intermediate between mono- and
bilayer in terms of substrate coupling which demonstrates the
richness of the ultrathin silica phases. Insight into growth
modes and transformations of 2D silica films may thereby
support understanding of glass transitions.

In this manuscript we address the successful preparation of a
new ultrathin 2D silica polymorph on Ru(0001) and its
structural and chemical characterization using the surface
science techniques LEED, STM, IRAS, and XPS. Furthermore,
a DFT based structural model is presented which is consistent
with the experimental findings.

B EXPERIMENTAL SECTION

The results of experiments presented here have been conducted in
three different UHV chambers, all with base pressures below 2 X 107
mbar, and equipped with low energy electron diffraction (LEED)
optics, electron beam evaporators, and the typical facilities for sample
manipulation and cleaning. Scanning tunneling microscopy (STM)
experiments have been performed in a custom-designed UHV system,
equipped with a low temperature STM which was operated in constant
current mode using a Ptlr tip. X-ray photoelectron spectroscopy
(XPS) and LEED were carried out at the Low Energy and
Photoemission Electron microscope (LEEM/PEEM) SMART operat-
ing at the synchrotron radiation source BESSY II of the Helmholtz-
Zentrum Berlin (HZB).'¢

Ru(0001) single crystals were cleaned by several cycles of Ar'
sputtering and annealing in UHV at 1370 K. A Ru(0001)(2 X 2)30
reconstruction was established prior to deposition of Si by heating the
sample to 1200 K in 2 X 107° mbar O,. 1.8 to 2.2 MLs of Si were
evaporated at room temperature from a pure Si rod via an e-beam
evaporator in 2 X 1077 mbar O,. The sample was subsequently
annealed in 2 X 107 mbar O, at 1130 to 1180 K for 15 min.

B ASSOCIATED CONTENT
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