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ABSTRACT: The metal−oxide interface has a crucial role in
determining the growth of silica thin films. However, only a few
metallic substrates have been explored so far. In previous studies,
metal substrates exhibiting unreconstructed surfaces under oxygen
exposure have been analyzed. In this work, we study the structure
of a silica thin film grown on Cu(111) and propose that a copper
oxide film formed at the interface inhibits the appearance of defects
and domain boundaries. Our results suggest that the silica film
structure has flexible connections with the copper oxide interlayer
leading to a lattice solely composed of six-membered rings. This
honeycomb configuration is certainly of importance in the design
of well-defined two-dimensional oxide thin films on metallic
substrates and for catalysis applications involving metal−oxide interfaces.

■ INTRODUCTION

Insights into the interface between thin film oxides and metal
substrates are of fundamental interest in a variety of
applications ranging from integrated circuits, coatings against
corrosion, or supports for nanoparticles in sensors and
catalysts.1 In particular, silica thin films are usually known in
heterogeneous catalysis for their suitability as an inert support.
This picture is progressively changing, as an increasing number
of studies indicate that the interface between silica and the
catalyst can actively participate in the reaction.2−4 For example,
Xu et al. recently reported that Cu−O−SiOx interfaces boost
the catalytic hydrogenation of esters.4 These kinds of studies
reveal the necessity of a deeper understanding of the
interaction between silica and a metal catalyst. In this work,
we present the structure of a silica thin film grown on
Cu(111), studied by means of surface science techniques and
density functional theory (DFT).
Although silica bilayers (BLs) can be prepared in the

vitreous phase, silica monolayers (MLs) are only found in the
crystalline phase. Previous work has reported the growth of
silica MLs on Mo(112),5 Ru(0001),6,7 and SiC(0001),8 where
[SiO4] tetrahedrons are directly bound to the support.
Depending on the strength of these bonds, the film forms
various topological defects and domain boundaries.6,9 On
Ru(0001), the interlayer is composed of oxygen adatoms
attached to the metallic substrate that can be removed through
annealing. In contrast, the Cu(111) surface is highly
reconstructed upon oxygen exposure, forming an oxide film
that resembles the Cu2O(111) structure.

10,11 Here, we observe

that the nature of the formed copper oxide could induce a new
kind of interaction at the interface, in which the copper oxide is
directly bound to the silica. This configuration avoids the
presence of topological defects or domain boundaries in the
film, leading to a silica layer solely composed of six-membered
rings. To unravel the structure of this complex system, clean
Cu(111), thermally grown copper oxide on Cu(111), and silica
films on thermally oxidized Cu(111) were prepared and
analyzed separately.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The experiments were carried out in an ultrahigh vacuum
(UHV) system with a base pressure below 2 × 10−10 mbar,
equipped with standard facilities for sample manipulation and
cleaning, electron beam evaporators, a low-temperature
scanning tunneling microscope, a low-energy electron
diffractometer, and an Auger electron spectrometer. All
scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) measurements were acquired at 5 K using
a PtIr tip. STM images were taken at constant current.
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All calculations are done with the code VASP.12,13 The core
electrons are modelled implicitly with the projector augmented
wave method,14,15 while valence electrons were treated as
plane waves with 400 eV kinetic energy cutoff. The Perdew−
Burke−Ernzerhof exchange−correlation functional16 is adop-
ted, and the long-range dispersion is included according to the
DFT + D2′ scheme.17,18 Structure relaxations are performed
with thresholds of 10−4 eV and 10−2 eV/Å for electronic and
ionic loops, respectively. A kinetic energy cutoff of 400 eV is
adopted. The sampling in the reciprocal space is reduced to the
Γ point because of the large dimension of the supercells. The
dipole correction is applied along the nonperiodic direction
and an empty layer of at least 15 Å thickness is included in the
supercell. The Cu lattice parameter has been relaxed with the
methodology described above, yielding a lattice constant of
3.57 Å. The Cu(111) surface is simulated using a five-layer
slab, where the ionic coordinates of the three topmost layers
are relaxed, while the ions from the two bottom layers are
frozen in their bulk positions. CuxO and silica overlayers are
fully relaxed when put in contact with the Cu surface. The
adsorption of CuxO and silica films is simulated on a 7 × 7
superlattice (17.67 Å × 17.67 Å).

■ RESULTS AND DISCUSSION

The Cu(111) substrate was prepared through several cycles of
Ar+ bombardment at 1 kV for 30 min and annealing at 993 K
for 5 min, resulting in large terraces and well-defined steps. A
large-scale STM image of the clean surface is presented in
Figure 1a. Atomically resolved images, such as the one shown
in Figure 1b, reveal the closed-packed directions of the
Cu(111) surface, which are represented in Figure 1c. Prior to
the growth of the silica film, the substrate was passivated,
growing a CuxO overlayer. This step is necessary in order to (i)
prevent the intermix between Si and Cu atoms and (ii) provide
reactive sites that facilitate the formation of Cu−O−Si bonds.
To grow the oxide overlayer, an O2 partial pressure of 5 × 10−7

mbar was leaked in the UHV chamber while keeping the
substrate at 673 K for 30 min. Finally, it was annealed in UHV
at 723 K for 5 min. Figure 1d is a large-scale STM image
revealing the resulting copper oxide film. A large domain of the
so-called “29” structure can be observed. Figure 1e shows the
corresponding unit cell superimposed on an atomically
resolved image. This structure and the “44” structure appear
when exposing Cu(111) to oxygen at elevated temper-
atures.10,11 An additional phase can be observed in Figure
1d, which alternates with the rows of the “29” structure. An

Figure 1. STM images for the different prepared surfaces acquired at 5 K. Clean Cu(111): (a) 100 nm × 100 nm, Vs = 500 mV, It = 300 pA and
(b) 7.6 nm × 2.9 nm, Vs = 13 mV, It = 7 nA and (c) representation of the closed-packed directions obtained from (b). The copper oxide thin film
on Cu(111): (d) 100 nm × 100 nm, Vs = −1.25 V, It = 50 pA, (e) “29” copper oxide structure, 7.6 nm × 2.9 nm, Vs = 800 mV, It = 50 pA, and (f)
new copper oxide structure, 7.6 nm × 2.9 nm, Vs = 800 mV, It = 50 pA. The silica thin film on Cu(111)/CuxO: (g) 100 nm × 100 nm, Vs = −200
mV, It = 30 pA and (h) 7.6 nm × 6.0 nm, Vs = 800 mV, It = 20 pA. Marked unit cells: Cu(111) (gray), “29” copper oxide (dark red), new copper
oxide (light red), silica lattice (green), and silica superstructure (light green).

Figure 2. LEED patterns for the prepared surfaces at room temperature. (a) Clean Cu(111), (b) copper oxide thin film, and (c) silica thin film.
Data acquired at a primary energy of (a,c) 78 and (b) 48 eV. Marked unit cells: Cu(111) (gray), silica lattice (green), and silica superstructure
(light green).
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atomically resolved image of this additional structure is shown
in Figure 1e. The resulting unit cell has an area that lies in
between the “29” and “44” structures and was not identified so
far in the literature.
To obtain a silica film, two MLs of silicon were deposited on

the oxide overlayer through physical vapor deposition,
followed by further oxidation in 2 × 10−6 mbar of O2, keeping
the sample at 973 K for 15 min. A flat surface is obtained after
this procedure, as observed in Figure 1g, where a well-defined
atomic step parallel to one of the close-packed directions of the
substrate can be distinguished. Atomically resolved images of
the terrace, such as the one in Figure 1h, reveal a lattice of six-
membered rings with a periodicity of 0.5 nm. This lattice
constant matches with the expected periodicity for a silica film,
as reported in the literature.19−21 In general, the lattice
presents different distortions at the atomic scale, which
indicates certain flexibility of the bonds. A larger unit cell is
also distinguished, which corresponds to a 3.0 nm super-
structure.
Figure 2 summarizes the low-energy electron diffraction

(LEED) patterns for the studied surfaces. In Figure 2a,b, the
six outer hexagonal bright spots are the integral order spots of
Cu(111), with the unit cell marked in grey. The LEED pattern
for the Cu(111)/CuxO surface, shown in Figure 2b, was taken
at a primary energy of 48 eV and presents an additional
relatively complex structure. This additional structure can be
assigned to the oxidized Cu(111) surface after annealing, as
reported by Matsumoto et al.11 Nevertheless, the authors
related this pattern to the 44 structure. Following the oxide
preparation described above, we have not observed the “44”
structure in STM images.
The LEED pattern of Figure 2c was taken at a primary

energy of 78 eV after the growth of the silica layer on the
oxidized Cu(111). The six inner hexagonal spots are assigned
to the first order of the silica film. Further analysis, shown in
Figure S2, reveals that this lattice can be described as a
standard (2 × 2) structure with respect to Cu(111), which has
been rotated 30°. Because the structure is incommensurate
with respect to the substrate, it cannot be described in the
Wood notation. The resulting lattice vectors are

( )( )2/ 3 1 1
1 2− . Satellite spots can also be observed in

Figure 2c around higher orders of the silica reflections. They
present the same orientation as the silica reciprocal lattice. The
fact that these satellites appear only around some spots on the
LEED pattern gives some insights about their origin. In
particular, the appearance of satellites indicates multiple
scattering of electrons at the interface between the layers on
the surface.22 Therefore, these spots are not related to a
reconstruction but possibly to a moire ́ pattern. The periodicity
in real space associated with these spots is 3.0 nm, which
matches with the light green unit cell marked in Figure 1h. The
silica film was also characterized by Auger electron spectros-
copy (AES). The spectrum shown in Figure S3 exhibits the
corresponding peaks for Cu, Si, and O.
LEED patterns and atomically resolved STM images can be

combined to determine the structure of the film. Taking these
data into account, a simple scaled model of the surface lattices
was elaborated. In particular, we explored the emergence of
moire ́ patterns related to the superposition of the different
periodicities. Figure 3 summarizes the obtained results. Figure
3a shows the Cu(111) atomic model oriented as in Figure 1.
Oxidation at high temperatures of the Cu(111) surface leads to

the formation of CuxO structures that resemble a Cu2O(111)-
like layer. In general, the hexagonal lattice is reconstructed,
increasing the size of the unit cell and leading to additional
superstructures.10,11 However, a nondistorted hexagonal
Cu2O(111) layer with the expected 0.6 nm periodicity has
also been observed.23−25 Figure 3b represents this hexagonal
layer with nondistorted rings. The lattice was rotated 30° with
respect to the substrate and 9% stretched. As a result, a
noncommensurate structure is obtained. Figure 3c represents
the configuration of the silica layer on Cu(111). According to
the experimental data, the silica film is arranged to form a
hexagonal lattice rotated 30° with respect to the substrate. As
can be seen in Figure 3c, two unit cells are distinguished: the
ring periodicity of the silica layer and a moire ́ pattern, marked
in green and light green, respectively. The resulting moire ́
pattern can be denoted as a Cu(111)-(7 × 7) superstructure.
The emergence of a moire ́ pattern also occurs when the

silica and Cu2O(111) lattices are superimposed. Figure 3d
shows this additional superstructure, which is six times larger
than the silica lattice unit cell and has the same orientation. It
matches with the light green unit cell marked in Figure 1h.
Figure 3e is the superposition of the three lattices, Cu(111),
Cu2O(111), and silica, which results in the combination of the
moire ́ patterns described in Figure 3c,d. The resulting pattern
resembles to a certain degree the STM images obtained for the
silica thin film on Cu(111). However, the actual atomic
structure of the resulting Cu(111)/CuxO/silica interface
remains still undetermined. Moire ́ patterns represent a gradual
change in the interaction between the film and the substrate
across its unit cell, giving rise to a spatial modulation of the
reactivity at the atomic level. This effect was demonstrated for
graphene26 and opens new possibilities for catalysis on 2D
materials.27 In thin film silica systems, a moire ́ pattern was
reported for a silica ML on Ru(0001). In this case, a 30°

Figure 3. Representation of the studied lattices and moire ́ patterns.
(a) Cu(111) lattice and closed-packed directions. (b) Simple model
of the Cu2O(111)-like layer on Cu(111), 9% stretched and rotated
−30° with respect to the substrate. (c) Silica lattice on Cu(111), with
a periodicity of 0.5 nm and a rotation of +30° as deduced from LEED
and STM data. (d) Silica and Cu2O(111)-like layer superimposed. (e)
Superposition of the silica lattice, Cu2O(111)-like lattice, and
Cu(111). Marked unit cells: Cu(111) (gray), silica lattice (green),
moire ́ from the superposition of silica on Cu(111) (yellow), and
moire ́ from the superposition of silica on the Cu2O(111)-like layer
(light green).
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rotation after annealing triggered the emergence of the long-
range spatial modulation.6 Indeed, the silica layer grown on
Cu(111) is also rotated 30° with respect to the metallic
substrate and includes, in addition, an extra periodicity coming
from the copper oxide layer at the interface. The resulting
moire ́ pattern emerges, thus, from the superposition of the
silica layer with two lattices: the Cu(111) substrate and the
copper oxide interlayer.
In addition to the moire ́ pattern, the superposition of the

two thin oxide films, silica and copper oxide, leads to charge
transfer processes, which determine the resulting dipole
moments. Such effects influence the electronic properties of
the layers and, in particular, their work functions. STS is used
to evaluate the change in the work function among the three
surfaces: Cu(111), Cu(111)/CuxO, and Cu(111)/CuxO/
silica. At large bias voltages, a series of states, called field
emission resonances (FERs), appear in dZ/dV (V) and dI/dV
(V) curves.28 They have been studied in metal surfaces,29 thin
oxide films,30,31 and even in insulators.32 These states are
located at the tunneling junction and in the vacuum gap
between the triangular electric potential and the surface of the
sample. They originate as a consequence of the confinement of
electrons, in such a way that when the electron energy matches
one of the eigenstates of the vacuum gap, incident and
reflected electrons interfere constructively, resulting in quasi-
bound electronic states. The energies at which FERs appear are
given by the following equation:33 En = Φ + C(E)n2/3, where n
is the number of the nth resonance, En is the energy at which
the resonance n appears, Φ is the work function of the surface,
and C is a constant which depends on the electric field at the
tunneling junction. Therefore, the work function can be
deduced from the bias voltages at which the FERs appear.
Figure 4a shows dI/dV curves taken on bare Cu(111)

(gray), on the oxidized surface (red), and on the silica film
(green). Not all the peaks appearing in the spectra have been
assigned to FERs. Particularly, the features appearing at
energies below the surface work function are normally related
to states of different nature, such as interface states.34 Figure
4b only includes the peaks at higher energies that are
compatible with FERs. For Cu(111), the first peak appears
at 4.4 V, lying below the work function of copper. The peak
appearing at 6.2 V is labeled as the first FER. A work function

of 5.1 eV was deduced from the linear fit, agreeing with values
in the literature.35 On the CuxO surface, the peak appearing at
3.0 V is probably related to an interface state and the next one,
at 5.1 V, deviates largely from the linear fit. The peak appearing
at 6.3 V is, therefore, considered as the first FER. The resulting
work function is 5.2 eV, which is very similar to that of
Cu(111) as expected.36,37 A completely different spectrum is
obtained on the silica film. It exhibits a broad feature, which
can be decomposed in three peaks. They do not follow the
linear trend and have a completely different shape, so they are
not taken into account in the analysis. The first indexed peak
included in Figure 4b is the one appearing at 8.2 V. This high
bias voltage associated to the first FER leads to a dramatic
difference in the work function, reaching a value of 6.7 eV.
DFT calculations were performed to gain insight into the

charge transfer that takes place in the silica film, generating a
substantial change in the work function. Two possible models
of the oxidized Cu(111) surface were simulated: an ordered
model consisting of a cuprite (111) ML covering the Cu(111)
surface with 17.7 Å periodicity and a disordered model
accounting for a partial O incorporation in the metal substrate.
The ordered model, shown in Figure S9, consists of a regular
hexagonal arrangement of Cu adatoms (rotated by 11° with
respect to the substrate), each bound to two oxygen atoms. It
displays a work function decrease of 0.3 eV with respect to the
clean Cu(111) surface. The transition from an ordered to
disordered phase (Figure S10) promotes the segregation of
some oxygen atoms in the spacing between the Cu support and
the CuxO overlayer. This process has some effect on the work
function, which is now 4.9 eV (+0.1 eV with respect to clean
Cu, 4.8 eV in DFT, Table 1). It must be stated that the
ordered structure is thermodynamically more stable. However,
no systematic search of a global minimum for the oxidized
Cu(111) surface has been performed, and therefore, the
existence of other, more stable, structures cannot be excluded.
Upon deposition of a hexagonal silica ML on an oxidized Cu

support, a rearrangement takes place in the CuxO interlayer, as
discussed below, leading to a strong increase in the work
function with respect to clean Cu. The obtained value is 6.6
eV, which means an increase of +1.8 eV, in reasonable
quantitative agreement with the experiment. One should
consider, however, that in the case of the Cu(111)/silica ML,

Figure 4. (a) STS dI/dV curves revealing FERs taken on Cu(111) (gray), copper oxide thin film on Cu(111) (red), and silica on Cu(111)/CuxO
(green). The measurements were acquired in the constant-current mode, at 100 pA, with enabled feedback loop, using a lock-in amplifier with a
modulation voltage of 80 mV. The indexes associated with each peak are indicated. (b) Plot of the sample voltage at which each indexed FER
appears vs n2/3, for Cu(111) (gray), copper oxide thin film on Cu(111) (red), and silica on Cu(111)/CuxO (green). The sample work function is
deduced from the intersection of the linear fit (dashed lines) with the energy axis.
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an increase in the work function is expected, even though the
agreement with the experiment in this case is worse. In
contrast, a decrease in the work function takes place for a
hypothetical silica BL, resulting in 4.6 eV. Table 1 summarizes
the experimental and theoretical values of the work function
obtained for various silica films. Further details about the DFT
calculations are given in section F of the Supporting
Information.
The presented silica film on oxidized Cu(111) differs from

analogous structures supported on Mo(112) or Ru(0001), in
which the film is directly bound to the metallic substrate.
Figure 5 compares the STM images of these three systems.
Figure 5a is an STM image reported by Yang et al.,38 showing
domain boundaries in a silica ML grown on Ru(0001). A
myriad of ring combinations can be found in this system: 5-5-
7-7 domain boundaries, 5-7 triangular loops encompassing six-
membered rings, and 4-7-5 rectangular loops encompassing
eight-membered rings.6,39 In contrast, Figure 5b shows one
reported STM image for silica on Mo(112), where the amount
of domain boundaries is remarkably lower. Only one type of
domain boundary, 4−8 antiphase, was reported.5,40 It was
proposed that the amount of domain boundaries is related to
the strength of the bonds between the silica layer and the
substrate, Si−O−Mo linkages being stronger than the ones for

Si−O−Ru.6,41 Hence, the oxygen affinity of the metal substrate
was suggested to be a key parameter. Because the oxygen
affinity of copper is lower than that of molybdenum,42 domain
boundaries would be expected to appear on the silica film
grown on Cu(111). However, as can be seen in Figure 5c, the
film presented in this work consists of a lattice composed of
solely six-membered rings and does not present domain
boundaries. Larger areas of the film are shown in Figures S5
and S6, demonstrating that the honeycomb symmetry of the
silica film is preserved across the surface. Although no domain
boundaries are observed, the six-membered rings exhibit a
variety of sizes and distortions, as indicated in the inset of
Figure 5c.
DFT calculations suggest that the copper oxide interface

plays a vital role in preserving the honeycomb symmetry of the
silica film. Figure 6a,b represent a silica layer on Cu(111),

without including an oxygen interlayer. The results indicate a
rather strong chemical interaction between the film and the
substrate, as evidenced by the rather short interfacial distance
(1.45 Å). Notably, the shape of the hexagons in the
honeycomb motif seems to be influenced by their registry
and some differences appear between top-centered, fcc-
centered, and hcp-centered rings. In general, the oxygen
atoms pointing toward the copper surface are coordinated in
hollow sites, and this also infers some distortion to the film.
After including a copper oxide interlayer, the distortion of

the rings at the film appears more pronounced, as can be seen
in Figure 6c,d. Complete segregation of the oxygen atoms

Table 1. Comparison of the Work Function Values
Extracted from the Analysis of Experimental FER Data and
from DFT Calculationsa

experiment (FER) theory (DFT)

surface Φ (eV) ΔΦ (eV) Φ (eV) ΔΦ (eV)

Cu(111) 5.1 − 4.8 −
Cu(111)/CuxO 5.2 +0.1 ordered: 4.5 −0.3

disordered: 4.9 +0.1
Cu(111)/silica ML − − 5.9 +1.2
Cu(111)/silica BL − − 4.4 −0.4
Cu(111)/CuxO/silica
ML

6.7 +1.6 6.6 +1.8

Cu(111)/CuxO/silica
BL

− − 4.6 −0.2

aThe systems depicted are copper oxide thin films and silica thin
films, including monolayers (MLs) and bilayers (BLs), supported on
Cu(111). Some systems were not experimentally measured.

Figure 5. Comparison of STM images for silica thin films on different metallic substrates. (a) Silica ML on Ru(0001), 7 nm × 14 nm, adapted from
Yang et al.38 (b) Silica ML on Mo(112), 7 nm × 14 nm, adapted from Todorova et al.43 (c) Silica thin film on Cu(111), 14 nm × 14 nm, Vs = 800
mV, It = 20 pA. Inset: Rings are marked in green, presenting solely six members and a variety of sizes and distortions.

Figure 6. Silica ML supported on Cu(111): (a) top and (b) side
views. Silica ML supported on Cu(111)/CuxO: (c) top and (d) side
views.
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down toward the Cu(111) support occurs, while the copper
atoms from the oxide are vertically displaced toward the silica
film and horizontally displaced so off to saturate the dangling
bonds of the silica layer. In some cases, the Cu atoms from the
interlayer are remarkably uplifted. Because of the flexibility of
these bonds, the copper oxide film interacts actively with the
silica film, generating distorted six-membered rings and
preventing the formation of topological defects, in agreement
with the experimental results. The strong drive toward the
reorganization of the copper oxide interlayer to adapt to the
hexagonal silica morphology is also evidenced by the fact that
it was not possible to find a structure where the silica ML
adheres to a well-ordered Cu2O cuprite-like structure such as
the one represented in Figure S9 of the Supporting
Information: the reorganization of the interlayer toward a
disordered structure characterized by the segregation of the
oxygen in the Cu support and the coordination of the Cu atom
to the dangling oxygen atoms from the silica ML takes place
spontaneously.
Previously studied silica thin film systems do not present

large ring distortions in the lattice, probably because of the
surface energy relaxation provided by the presence of
topological defects and domain boundaries. Interestingly, the
six-membered rings found in this work resemble those
predicted for reconstructed α-quartz (0001) surfaces.44,45

The relaxation of the silica surface through the distortion of
the hexagonal rings, while keeping the lattice symmetry, could
be thus a common mechanism in crystalline silica systems.
Although other silica thin film systems on metal substrates

exhibit a variety of n-membered rings, domain boundaries, or
different film phases, the silica film grown on Cu(111) presents
only six-membered rings and grows continuously across the
surface. These are properties found in other 2D materials such
as graphene46,47 and, because of the well-defined structure, can
be advantageous in studies relating catalytic activity and
morphology.

■ CONCLUSIONS

The growth of silica films on Cu(111) differs from similar
systems because the metallic support experiences a significant
reconstruction under exposure to oxygen. The observed silica
layer is solely composed of distorted six-membered rings,
something unique in the family of silica thin film systems. We
propose that upon deposition of a silica layer, the copper oxide
interlayer remains and rearranges in such a way that the Cu
atoms saturate the SiO dangling bonds. This mechanism would
increase the number of degrees of freedom at the interface,
allowing the silica film to grow without domain boundaries or
topological defects, thus preserving the lattice symmetry. It is
important to remark that an actual crystallographic structure
determination could not be achieved and further efforts are
necessary to unravel the complexity of the presented thin film
system. However, the picture provided here is also supported
by many factors concerning morphological and physical
properties of the silica film and chemical properties of the
Cu(111) support, such as its tendency toward oxidation. This
mechanism could be of importance in the design of oxide thin
films on reconstructed metallic substrates and could help the
interpretation of catalytic reactions involving metal−oxide
interfaces.
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