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S ilica (SiO,) is one of the key materials in many modern
technological apphcatlons including microelectronics,
catalysis, and photomcs * As an ultrathin film grown on
metal surfaces,””” silica becomes an attracting material for a
new generation of the metal oxide—semiconductor tran51stors
and further miniaturization of electronic devices.” The
structural motif of such films is a hexagonal layer of corner
sharlng SiO, tetrahedra, ie, a single silicate layer or the so-
called “silicatene”,’ which n1cely fits a growing family of truly
two-dimensional (2D) materials such as graphene, silicene, etc.
Although technologically relevant properties of ultrathin silicate
films, so far addressed by theory (see, for instance, ref 10),
remain to be thoroughly explored in experiments, the
controllable preparation of the well-defined, crystalline films
is crucial for establishing and understanding of their structure—
property relationships, which can, in turn, provide a basis for
their potential application.

In the great majority of cases, single-layer silicate films are
obtained in the crystalline form, most likely due to the strong
interaction with the metal single crystal surface via Si—O—metal
linkages, whereas a silicate bilayer terminated by oxygen on
either side is weakly bound to the metal surface and primarily
exists in the laterally amorphous state. The latter is now
recognized as a 2D analogue of silica glass, 114 Wthh allows
glass transitions to be studied at the atomic level."> Figure la

Figure 1. (a) STM image of a bilayer silicate film prepared at 1250 K
which exposes both the crystalline and the amorphous domains. The
corresponding LEED pattern (in the inset) shows the Ru(0001)—(2 X
2) diffraction spots, arising from the crystalline honeycomb-like
structure schematically shown in panel (b), as well as the diffraction
ring reflecting the disordered phase. A small depression in the central
portion of the STM image exposes a single layer silicate. Tunneling
parameters are bias 1.2 V, current 0.22 nA.

displays a high-resolution scanning tunneling (STM) image of a
well-ordered bilayer silicate film grown on Ru(0001), with both
crystalline and amorphous phases coexisting, as judged by the
low energy electron diffraction (LEED) pattern showing both
the diffraction spots and the diffraction ring, which is
characteristic for randomly oriented domains. The atomic
structure of a crystalline bilayer silicate film is schematically
shown in Figure 1b.
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Further studies on silicate films modified by other metals (Al
Fe, Ti) revealed certain structural effects of the metal used. Al
substitutes Si in the framework such that the bilayer structure is
maintained, although the replacement starts within the bottom
silicate layer and apparently follows the so- called Lowenstein
rule (the principle of Al-O—Al avoidance).'®'” In contrast, Fe-
and Ti- containing films showed Fe(Ti) segregation within the
bottom layer thus forming the FeO,(111)- (respectively,
TiO,(111)-like) layer underneath the silicate layer (Figure
2d)."*"” Such a two-layer structure, hereafter referred to as

Figure 2. (a) Large-scale STM image of an Fe-containing film
prepared at 1100 K showing phase separation into Fe—silicate (visible
via strong Moiré structure) and surrounded pure bilayer silicate. The
corresponding LEED pattern (at 70 €V) is shown in panel (b). The
unit cell of the “30°-rotated” structure is indicated. (c) High-resolution
STM image of the interface between two phases superimposed with
the polygonal silicate network. (Tunneling parameters are 1.3 V and
0.12 nA (a); 1.5 V and 0.16 nA (b)). (d) Structural model of the Fe—
silicate in top and cross views.

Fe(Ti)—silicate, bears close similarities to the principal
structure of clay minerals. In addition, the films at low
Fe(Ti):Si ratios showed phase separation, i.e., Fe(Ti)—silicate
and pure bilayer silicate form individual phases (Figure 2a).
Importantly, all previously studied (Al, Fe, Ti) substituted films
as well as recently studied Fe-modified aluminosilicate films™’

Received: December 9, 2016
Revised: ~ January 19, 2017
Published: January 27, 2017

DOI: 10.1021/acs.chemmater.6b05213
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm
http://dx.doi.org/10.1021/acs.chemmater.6b05213

Chemistry of Materials

Communication

showed almost 100% crystallinity, even though being prepared
at considerably lower annealing temperatures than those used
for pure silicate films.

LEED and STM studies showed that the Al—silicate films
exhibit a (2 X 2) periodicity with respect to the Ru(0001)
surface, thus resulting in the surface lattice constant of 5.42 A,
i.e,, the same as for crystalline pure silicate films. In the case of
the Fe-substituted films, however, the entire film (i.e., both Fe—
silicate and pure silicate domains) is rotated by 30° and exhibits
a 5.22 A lattice constant, i.e., considerably shorter than in pure
silicate. On the basis of the density functional theory (DFT)
calculations performed so far for a (2 X 2) periodic slab,'® Fe—
silicate is more strongly bound to the Ru(0001) surface. In
principle, this may explain the enhanced long-range ordering
(“crystallization”) due to the formation of the Fe—O—Ru
linkages at the interface leading to a stronger adhesion to the
Ru(0001) surface (see model in Figure 2d). However, this
finding standing alone can hardly explain the 30° rotation
resulting in a Moiré-like coincidence structure incommensurate
with respect to the Ru(0001) surface. Apparently, DFT
calculations on the large Moiré supercell must be performed
to shed more light on this issue. Note that a pure monolayer
FeO(111) film is not rotated with respect to Ru(0001) (and
Pt(111)),”" even though it forms a Moiré pattern.

Another factor that often affects thin film epitaxial growth is
the lattice mismatch between the film and the substrate. On the
basis of the DFT calculations, an unsupported free-standing
silicate bilayer would show a lattice constant of about 5.30
A7?** This implies a certain in-plane distortion (stretch or
stress) either to fit 542 A, observed on Al-silicate films
showing a (2 X 2)-Ru(0001) LEED pattern, or 5.22 A,
observed on the Fe—silicate films rotated by 30° with respect to
Ru(0001) (which are, for brevity, henceforth referred to as “(2
X 2)” and “30°-rotated” structures, respectively). In principle,
interaction with a metal surface and how well the silicate lattice
matches the metal surface both may affect crystallinity and
orientation of the resulted films. However, the question
remains: why is the bilayer silicate in the Fe-free surface
regions also rotated, whereas it forms a nonrotated (2 X 2)
structure in the pure silicate films? Indeed, Figure 2b nicely
shows that the silicate layer follows the same registry upon
crossing the border from the Fe—silicate to the pure silicate
region. (The Fe—silicate domain appears higher, most likely
due to electronic effects in STM.) Another intriguing question
is the following: why in all metal-modified films is the pure
silicate phase crystalline even at low metal concentrations?

In attempts to answer these questions, we recall that growth
of 3D-crystals typically follows an initial stage of nucleation, i.e.,
the formation of a small nucleus containing the newly forming
crystallites. After the nucleation, the crystal homoepitaxially
grows outward from the nucleating site. As the nucleation
process is relatively slow in a homogeneous systems, a “seed”
crystallite is commonly added to accelerate this. In principle,
one could envision that similar processes occur in 2D-systems,
such as ultrathin films considered here. To investigate the role
of Fe in the nucleation-and-growth process, in this work we
monitored the Fe—silicate film formation by LEED, STM, and
infrared reflection—absorption spectroscopy (IRAS).

Figure 3a displays a LEED pattern of the sample prepared by
brief annealing at 1050 K. It clearly exhibits the “30°-rotated”
structure as for the well-annealed Fe—silicate films (Figure 2b).
However, there are additional relatively strong (2 X 2) spots
and, more interestingly, a faint diffraction ring, which are
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Figure 3. (a) LEED pattern (at 70 eV) of the Fe-containing silicate
film prepared at 1050 K. The unit cells of the “30°-rotated” and “(2 X
2)” structures are indicated by solid and dashed rhombuses,
respectively. In addition, a faint diffraction ring, which is virtually
identical to that shown in Figure la, is observed. (b) STM image of
this sample presented in the differentiated contrast. An Fe—silicate
domain is surrounded by a “30°-rotated” crystalline silicate layer as
zoomed in panel (c). The dashed curves guide the eye to separate
crystalline and amorphous portions. Image (d) shows also small (2 X
2) domains observed within the amorphous regions. Tunneling bias
and currents are 1.2 V and 0.25 nA for all images.

characteristic for the amorphous pure silicate film (inset in
Figure 1a). In full agreement with the LEED results, the STM
images showed islands of Fe—silicate exposing a Moiré
structure. However, a close STM inspection revealed the
“30°-rotated” pure silicate structure only in regions surrounding
and/or in direct contact to the Fe—silicate domains (Figure
3b). Farther away, the film is amorphous and shows the atomic
structure of pure silicate films usually formed in the absence of
Fe, where small (2 X 2) domains are “dissolved” in amorphous
regions (Figures 3c,d).

Figure 4 collects the IRA spectra recorded on the Fe—silicate
sample after stepwise oxidation treatment at increasing
temperature as indicated. To recall, the IRAS bands at 1300
and 692 cm™' belong to the pure silicate bilayer structure
regardless of the film crystallinity.”* The band at 1002 cm™ is a
fingerprint of the Fe—silicate structure reflecting the formation
of Si—O—Fe bonds.'® Finally, the asymmetric broad band
centered at 1252 cm™" is commonly associated with amorphous
silica films, e.g., thermally grown on Si surfaces.>>° Following
this assignment, it is clear that the Fe—silicate phase forms at
relatively low temperatures (1000 K), at which pure silica phase
primarily exists as amorphous, 3D silica structures, most likely
in a nanoparticulate form.”>*” At increasing temperature to
1050 K, a bilayer silicate film starts to form, as the two bands at
1300 and 692 cm™' show up simultaneously with the 1252
cm™! band disappearing. In line with the LEED results, the film
becomes better ordered upon further oxidation treatment as
both the pure silicate and the Fe—silicate related bands gain
intensity. However, further increasing temperatures up to 1200
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Figure 4. IRA spectra of the Fe—silicate film as a function of oxidation
temperature as indicated. For the band assignment, please refer to the
text.

K leads to the film decomposition (sublimation and/or
dewetting), although the Fe—silicate phase remains, ie., in
line with its stronger interaction with the metal surface via Fe—
O—Ru bonds at the interface. It is important to note that, in the
absence of Fe, the formation of bilayer silicate film starts at a
considerably higher temperature (~1200 K), as judged by
IRAS. However, the pure silicate film remains stable even at
1275 K.

Therefore, on the basis of above-presented LEED, STM, and
IRAS results, we propose that the Fe—silicate phase upon
formation at relatively low temperatures triggers the formation
of the crystalline bilayer silicate structure which propagates as a
“crystallization wave” outward the Fe—silicate. It is the 30°-
rotated Fe—silicate domain, formed at the early stage due to the
strong interaction with the metal surface, that drives the silicate
bilayer film to grow in the same orientation. This scenario is
schematically illustrated in Figure S. Therefore, one may refer
to Fe (and possibly other transition metals) as a “crystal
former” in analogy to the “glass formers” used for the glassy
systems.
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Figure S. Proposed scenario for the growth of the crystalline Fe-
modified films.

As previously shown by DFT," the formation of the Fe—
silicate structure with a silicate layer on top of an FeO(111)-like
layer is energetically much more favorable as compared to the
Fe substitution of the Si atoms in the bilayer silicate framework.
This may explain the early formation of the Fe—silicate
domains at relatively low temperatures. Once formed, these
domains behave as a “seed” to crystallize the remaining silica in
the form of bilayer silicate through a good epitaxial relationship
at the interface to the Fe—silicate (Figure 2c). The
crystallization process likely propagates until a crystalline
silicate bilayer covers the entire substrate not occupied by
Fe—silicate. The formation temperature of a crystalline silicate
layer in the Fe-containing films is considerably lower than in
the pristine silicate films, which are mostly dominated by the
amorphous phase even at considerably higher temperatures.
Therefore, using transition metal as “a seed” one may
substantially improve film crystallinity and lower the prepara-
tion temperature, which may be important for technological
applications based on the ultrathin silica films yet remain to be
explored.

The experiments were carried out in an UHV chamber
equipped with STM (Omicron), LEED (Omicron), XPS with
Scienta SES 200 analyzer, and IRAS (Bruker IFS 66v). The
Ru(0001) crystal (MaTeck GmbH) was mounted on an
Omicron sample holder, and the temperature was measured by
a Type K thermocouple spot-welded to the edge of the crystal.
The Ru(0001) crystal was cleaned by several cycles of Ar* ion
sputtering and annealing at 1400 K and checked by XPS,
LEED, and STM prior to the film growth. The clean Ru(0001)
surface was precovered with a 30-(2 X 2) adlayer by exposing
to 3 X 107% mbar O, at 1200 K for 5 min and cooling to 500 K
before oxygen was pumped out. Then Si was evaporated from
the e-beam assisted evaporator (EMT3, Omicron) at 100 K in
2 X 1077 mbar O,. The samples were oxidized at 1200—1250 K
in 3 X 107 mbar O, for 10 min and slowly cooled down to 500
K before oxygen was pumped out. Fe-containing silicate films
were prepared by sequential Si and Fe deposition at 100 K in 2
X 1077 mbar O, at total amounts equivalent to form a silicate
bilayer framework as measured by XPS. The films were oxidized
in 3 X 107® mbar O,. The IRA-spectra were recorded using p-
polarized light at 84° grazing angle of incidence (resolution 4
cm™'). The STM images were obtained at room temperature
using W tips.
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