
Commensurability of Monolayer Silica on Cu(111)
Tim Kratky, Paul Leidinger, Francesca Genuzio, Tevfik Onur Mentes,̧ Andrea Locatelli,
and Sebastian Günther*

Cite This: J. Phys. Chem. C 2024, 128, 7235−7241 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: We report a combined low-energy electron and X-ray
photoemission electron microscopy (LEEM/XPEEM) study on the formation
of monolayer silica by oxygen-induced segregation of bulk dissolved silicon on
a (111)-textured Cu foil. The structure forms on Cu foils, on which graphene
was previously grown by chemical vapor deposition (CVD) in a quartz tube
reactor. The CVD reactor treatment transforms the initial polycrystalline into a
(111)-textured Cu foil but also initiates the bulk dissolution of released silicon.
After prolonged oxygen dosing, XPEEM proves the formation of micrometer-
sized silica islands, which remain the exclusive surface layer after burning the
covering graphene layer. LEEM data acquired from the silica islands delivers a
diffraction pattern identical to the one reported for monolayer silica prepared by Si evaporation in the presence of oxygen on
preoxidized Cu(111). The diffraction pattern analysis identifies the appearing k-space frequencies as the ones of a moire ́ pattern and
proves the commensurability of the silica layer on the Cu(111) support. The commensurate structure appears for a 30° rotated silica
lattice with the lattice constant of a[SiOx] = 5.15 Å leading to a (7 × 7) unit cell of the Cu(111) support hosting a (2√3 × 2√3)
R30° cell of the silica lattice. In our analysis, all possible moireś at a rotation angle of 30° are deduced for the case of SiOx on Cu(111)
and it is explained why the observed moire ́ structure appears. The performed moire ́ analysis may be applied for many 2-dimensional
materials and especially for silica on other hexagonally packed transition metals. The fact that the commensurate surface silica phase
can be locally prepared without preoxidation of Cu(111) is discussed.

■ INTRODUCTION
Thin oxide films can serve as support surface for model
catalysts and have thus been investigated for decades.1 Well-
ordered thin oxides may also be synthesized heteroepitaxially
and provide the oxide support in a variety of catalytic platforms
with examples including alumina, titania, ceria, vanadia, etc.
and silica thin films.2−5 Monolayer silica has been already
successfully synthesized on a variety of metal surfaces where it
arranges as distorted and more-or-less defective honeycomb
lattice leading either to an amorphous6,7 or to a crystalline
overlayer.8−12 In the latter case, the matching condition with
the substrate lattice determines whether the overlayer is
commensurate or incommensurate. Recently, the preparation
of monolayer silica on Cu(111) was reported.13 The
preparation relied on the preoxidation of Cu(111) and the
subsequent evaporation of silicon in the presence of O2. A
well-ordered single-layer silica film was achieved with the silica
lattice rotated by 30° with respect to the Cu(111) support
lattice. The overlayer was considered as incommensurate
which was also stated by Xu et al. in a later study.14

Using an alternative path for silica growth, here, we show
that monolayer silica forms a commensurate structure on
Cu(111). In particular, we use the silicon contamination from
the quartz tube reactor during the CVD synthesis of graphene
on copper as the silicon source. Silica formation on Cu plays a

role during chemical vapor deposition (CVD) of graphene on
Cu foils in quartz tube reactors where silicon is a known
contaminant.15−19 Special pretreatments performed in a quartz
glass reactor prior to the actual CVD synthesis convert the
polycrystalline Cu foils into a (111)-textured support.20−22 As
will be shown elsewhere, such preparation procedures are
capable of introducing Si originating from the quartz tube walls
to the Cu foil bulk. Subsequent exposure of the Cu foil to
oxygen induces the segregation of Si to the foil surface and the
local formation of SiOx islands.23

In this work, we use X-ray photoemission electron
microscopy (XPEEM), low energy electron microscopy
(LEEM), and microspot low energy electron diffraction (μ-
LEED) to show that these islands are structurally identical to
the monolayer silica reported in the literature proving an
alternative path to the surface silica phase by Si segrega-
tion.13,14 A detailed k-space frequency analysis of the moire ́
pattern in comparison to the diffraction spots observed in
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LEED proves the commensurability of the silica layer with the
underlying Cu(111) support. The moire ́ analysis identifies all
possible commensurate phases of a 30° rotated silica lattice on
Cu(111). It is argued why the commensurate phase leads to a
(7 × 7) unit cell of the Cu(111) support hosting a (2√3 ×
2√3)R30° cell of the silica layer. The outlined moire ́ analysis is
readily applied for any 2-dimensional material on a hexagonally
packed support. Moreover, the gained insight into the
formation of ultrathin silica on Cu(111) will influence the
understanding of CVD syntheses carried out in quartz tube
reactors. It may also be of importance in the field of
heterogeneous catalysis whenever transition metals come into
contact with silicon-containing species.

■ METHODS
The experiments were performed at the Nanospectroscopy
beamline of the Elettra synchrotron facility making use of the
spectroscopic photoemission and low energy electron micro-
scope (SPELEEM) described elsewhere.24,25 The monolayer
silica film was formed on a Cu foil, on which graphene flakes
were synthesized by CVD in a quartz tube reactor. Details of
the silica formation process will be outlined in a separate
publication.23

The sample preparation procedure is summarized as follows:
prior to the actual CVD graphene growth, the polycrystalline
Cu foil was annealed at 945 °C (heating ramp = 20 K/min) in
an O2/Ar atmosphere [p(total) = 12 mbar, O2/Ar = 1:15,000]
for 45 min and then at 1045 °C for 1 h. The subsequent
reduction in pure hydrogen at p(H2) = 300 mbar for 160 min
induced the formation of a Cu(111) textured foil in
accordance with preparation recipes reported in the
literature.20−22 As outlined in ref 26 and described in ref 23,
the Cu foil pretreatment induced Si dissolution in the Cu foil
bulk before graphene flakes were synthesized by CVD at T =
1045 °C [p(H2) = 20 mbar, p(CH4) = 2 × 10−2 mbar] for
20 min. Subsequent to graphene growth, the sample was
rapidly cooled to room temperature in less than a minute,
removed from the quartz tube reactor, and exposed to air for 2
weeks prior to analysis at the Nanospectroscopy beamline at
Elettra. After insertion in the ultrahigh vacuum chamber of the
SPELEEM instrument, the sample was gently degassed in steps
of 50 °C up to 250 °C (total degassing time 10 h) and imaged
in situ during annealing and oxygen exposure. Upon dosing
600 L O2 at a temperature between 600 and 650 °C, the
graphene film inhibited any O2 adsorption apart from defects,
such as wrinkles in the graphene layer. As a result, oxygen
adsorption took place exclusively along these defects, where it
segregated the dissolved Si and locally formed a surface silica
phase. Due to the restricted oxygen adsorption along wrinkles
in the covering graphene layer, the sample develops a surface
structure at the mesoscopic length scale. Additional dosing of
900 L O2 at 700 °C finally removed the graphene layer by
oxidation leading to a clean Cu(111) surface partially covered
by the formed silica islands.

■ RESULTS AND DISCUSSION
Figure 1 provides the chemical and structural characterization
of silica islands hosted on a (111)-textured Cu foil surface by
LEEM, XPEEM, and μ-LEED, along with a comparison to
LEED data published in ref 13.
Figure 1a reproduces electron diffraction patterns at 78 and

110 eV from the work of Navarro et al.13 The silica films were

synthesized by silicon evaporation on preoxidized Cu(111) in
the presence of gas phase oxygen. The data indicate the
reciprocal vectors of the silica lattice which are visible at 78 and
110 eV (green circles), whereas the first-order Cu(111)
reciprocal lattice spots appear at 110 eV only (black circles).
Figure 1b displays the LEEM image of a (111)-textured
polycrystalline Cu foil which contained Si in the bulk that was
segregated to the surface by oxygen dosing at temperatures up
to 700 °C (total dosing of 1500 L�see Methods Section).23

The image, acquired at a field of view (FOV) of 15 μm,
displays micrometer-sized bright islands nucleated along lines
on the polycrystalline Cu surface, which appears dark in the
LEEM image when not covered by islands. The orange dashed
circle indicates the region where imaging X-ray photoelectron
spectroscopy data were recorded by XPEEM. Figure 1c shows
the XPEEM data together with the local core level spectra from
the bright islands and surrounding Cu foil. Insets display
images that reflect the yield of emitted photoelectrons released
from the O 1s, Si 2p, and Cu 3p core levels at X-ray energies of
650, 200, and 400 eV, respectively. The identified O 1s and Si
2p peak positions at about 532 and 103 eV, respectively, and
the O 1s peak shape are in fair agreement with XPS data
reported by Xu et al. for thin silica films on Cu(111) which
were synthesized by Si evaporation in the presence of oxygen
on preoxidized Cu(111).14 Thus, the O 1s, Si 2p, and Cu 3p
data identify the bright islands of Figure 1b as surface silica on
copper. In contrast, silicon and oxygen are absent on dark Cu
foil areas uncovered by the islands. The Cu 3p photoelectron
emission signal is attenuated by about 20% due to the silica
islands on top. This level of attenuation for 325 eV
photoelectron kinetic energy is consistent with a silica
thickness of a single monolayer.27,28

Figure 1d compiles local electron diffraction patterns
acquired at the indicated positions in Figure 1b (blue, red,
and green circles). The hexagonal pattern taken from the
uncovered part identifies the bare Cu foil surface as Cu(111)
with the first-order Cu lattice spots at the edge of the imaged
k-space (see blue circle). The electron diffraction pattern
obtained from the silica islands (red circle) contains moire ́
spots similar to those reported in the literature (see Figure
1a).13,14 The presence of the well-resolved diffraction pattern
indicates the formation of a single crystalline phase on the
entire area covered by the micrometer-sized islands without
symmetry-breaking rotational domains in the surface layer.
The sharp spot sizes also evidence that other defects such as
translational domain boundaries do not occur at a density that
limits the coherent domain sizes to a value lower than the
transfer width of the instrument. Comparison with the blue-
framed diffraction pattern confirms that the (1,0)Cu(111)* and
symmetrically equivalent spots appear as weak satellites in the
red-framed diffraction pattern of the silica islands. This fact
becomes obvious when irradiating an area hosting both phases
in coexistence, as shown in the green-framed LEED pattern.

Having identified the first-order lattice vectors of both
lattices, we can index the LEED diffraction spots in Figure 2.
The magnified k-space region shows that the rotation of the
silica layer by 30° with respect to the Cu(111) lattice induces a
moire ́ vector Kmoire ́* along the [1,0]Cu(111)* direction. As sketched
in Figure 2, the indicated k-space vectors lead to eq 1

K R(1, 0) (2, 1 )moire Cu(111) 30 SiOx
* = * *° (1)
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According to the nomenclature introduced in ref 29, the
acquired diffraction pattern of silica on Cu(111) relates to a
second-order moire.́ Conversion from reciprocal to real space
leads to the length of the moire ́ vector given by eq 2

L m a n aCu(111) / 3 SiOxmoire = × [ ] = × [ ] (2)

In the case of m and n being integer numbers, the structure
is commensurate. The possible solutions of eq 2 are visualized
in the commensurability plot shown in Figure 2 (bottom). The
vertical axis represents the silica lattice constant, and the
horizontal one represents the values of the integer number n
that refers to the silica lattice (vertical blue lines). Red curves
display the respective solution of eq 2 for given m-values
between 1 and 24 as a function of the silica lattice constant.
Where vertical blue lines and red curves cross, commensur-
ability is met at the given silica lattice constant. Such cases are
indicated by green circles. It is evident that the number of
commensurate phases increases with increasing n-value, i.e.,
with increasing moire ́ length. The redundant commensurate

moireś are indicated by dashed green circles and relate to
multiples of identified smaller unit cells.

The displayed range of silica lattice constants between 5.0
and 5.5 Å spans the region where thin SiOx films were
observed on other supports. Table 1 compiles several reported
cases with silica lattice constants of a[SiOx] > 5.1 Å.

Note that a[SiOx] < 5.10 Å is unlikely for silica films on
Cu(111) as it would require an unphysical compression of
silica at a turning angle of 30° to fit the underlying Cu(111)
substrate (a[Cu(111)] = 2.55 Å), while it would have matched
already the substrate lattice at a[SiOx] = 5.10 Å in aligned
registry with a (2 × 2) unit cell. Three cases for the smallest
possible moireś appear in the commensurability plot, with the
third one referring to a moire ́ with a[SiOx] < 5.10 Å. The first
two small n-value moireś are indicated by a dashed and a solid
arrow in Figure 2 (bottom). The respective moireś deliver a
commensurate cell with a (6 × 6) or (7 × 7) unit cell when
indexing with respect to the Cu(111) substrate. The magnified
k-space region of the LEED pattern and the commensurability
plot of Figure 2 are repeated in Figure 3a together with the

Figure 1. (a) LEED patterns acquired at 78 eV and 110 V from monolayer silica synthesized on preoxidized Cu(111). (Reproduced from ref 13.
Copyright [2020] American Chemical Society.) (b) LEEM image (electron energy 40 eV, FOV = 15 μm) showing silica islands (bright)
surrounded by an uncovered Cu foil surface (dark) obtained by the preparation described in the Methods section. An orange dotted circle indicates
the region where XPEEM data were acquired and small colored circles where μ-LEED data were taken. (c) XPEEM data identifying the islands as
silica on bare Cu (O 1s taken at 650 eV, Si 2p at 200 eV, and Cu 3p at 400 eV photon energy, imaged FOV = 7.5 μm). (d) μ-LEED data acquired
at 40 eV at the positions indicated in (b). Blue: dark area = bare Cu(111) surface. Red: bright patches = silica islands. Green: Cu foil area including
both phases. An ellipse indicates the k-space position where the first-order diffraction spots of the Cu(111) lattice and the silica overlayer appear.
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moire ́ frequency analysis of these two cases as sketched in
Figure 3b,c, respectively. It will be shown below that the silica
film on Cu(111) delivers the moire ́ frequencies displayed in
Figure 2c.
The center panel of Figure 3b displays all moire ́ frequencies

(small green spots) occurring for the case of a silica lattice
(blue spots) with a[SiOx] = 5.30 Å at a rotation angle of 30°
with respect to the Cu(111) substrate (red spots), which
originate from spatial beating frequencies up to the second
order. As indicated in the commensurability plot in real space
and as seen also in k-space in Figure 3b, the commensurate cell
appears at integer numbers m = 6 and n = 5, i.e., where 5 moire ́
units match the (2,1)* vector of the silica lattice and 6 moire ́
units the (1,0)* vector of the Cu lattice. However, when using
the Kmoire ́* vectors close to the origin at (0,0)* (black spot) to
span a grid in k-space, one sees that not all second-order moire ́
spots hit the crossing points of this grid. This becomes even
more evident when plotting all appearing eighth order spatial
frequencies (see right panel of Figure 3b) which fill a complete

lattice in k-space; i.e., each spot resides on a grid. However, this
grid is three times smaller in k-space than the one spanned by
the calculated vectors Kmoire ́* . It was shown that in such a case,
the commensurate moire ́ relates to a three times augmented
cell in real space hosting three moire ́ frequencies per unit cell
with a cell length that is √3 times larger than the number
calculated by eq 2.31

Diffraction peaks of a LEED pattern can be directly related
to spatial moire ́ frequencies in k-space based on the close
relationship between multiple scattering in electron diffraction
and moire ́ frequencies.31,32 For illustration purposes, we plot
the eighth order moire ́ spots in a separate sketch in the left
panel of Figure 3b which corresponds to the k-space region of
Figure 3a. Here, four additional moire ́ spots are predicted
along the radial direction between the (0,0)* and (1,0)* spots
of the silica layer. Halfway between (0,0)* and (1,0)*, no
moire ́ spot should appear which also holds for symmetrically
equivalent spots in contrast with the experimental observation
of LEED spots precisely at these positions as marked by the

Table 1. Reported Structures and Lattice Constants of Supported Thin Silica Films

support structure silica lattice constant a[SiOx] references

Ru(0001) (2 × 2) at room temperature 5.42 Å Yang et al.7

(10 × 10) after annealing to 1070 K 5.23 Å
Ru(0001) (2 × 2) 5.4 Å Kremer et al.12

Mo(112) c(2 × 2) 5.2 Å along [3̅11] Weissenrieder et al.9

5.5 Å along [1̅1̅1]
Mo(112) c(2 × 2) 5.2 Å Schroeder et al.8

Chen and Goodman5

SiC(0001̅) (√3 × √3)R30° 5.3 Å Tochihara et al.30

Pt(111) (2 × 2) 5.54 Å Yu et al.10

Pd(100)
i
k
jjjjj

y
{
zzzzz

2 0

1 3
5.50 Å Altman et al.11

Figure 2. Top row: μ-LEED pattern and magnified region around the (0,0)* spot acquired from the silica island on Cu(111) at 40 eV (see Figure
1d, red frame). The indexed k-space vectors lead to the derivation of the reciprocal moire ́ vector Kmoire ́* (see eq 2). Conversion to real space gives
the length of the moire ́ vector Lmoire.́ Bottom: commensurability plot indicating the possible commensurate moire ́ patterns at a rotation angle of the
silica layer with respect to the Cu(111) substrate lattice by 30°. Solid and dashed black arrows indicate the solution of eq 2 with the smallest
possible moire ́ length (see text).
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red arrows in Figure 3a,b. Thus, we rule out the a[SiOx] = 5.30
Å moire,́ as it is incompatible with the experimental data. Note
that the commensurate moire ́ relating to m = 8 and n = 7 for
the improbable case of a[SiOx] < 5.1 Å also refers to such a
case with a tripled cell showing no spot at the indicated
position. In the corresponding panels of Figure 3c, we repeat
the same analysis for the commensurate case with integer
numbers m = 7 and n = 6 and a silica lattice constant of
a[SiOx] = 5.15 Å. The appearing second and eighth order
moire ́ spots plotted in the center and right panel look similar
to the moire ́ frequencies shown in Figure 3b. However, in
contrast to the case of Figure 3b, the Kmoire ́* vectors now span a
grid in k-space that hosts every appearing moire ́ spot. As a
result, Figure 3c displays a moire ́ where Lmoire ́ calculated from
eq 2 represents the length of a unit cell that hosts a single
moire ́ beat per cell. For the lattice constant of a[SiOx] = 5.15
Å, this equals a (7 × 7) unit cell when referring to the Cu
substrate which coincides with a (2√3 × 2√3)R30° cell of the
30° rotated silica lattice.
Summing up the above-stated arguments, the (7 × 7)/(2√3

× 2√3)R30° moire ́ is the smallest possible simple cell for the
silica layer on top of the Cu(111) substrate. The moire ́ spots
plotted in the zoomed area of the left panel also match the
diffraction spots of the observed LEED pattern with a
pronounced diffraction peak at halfway between the (0,0)*
and the (1,0)SiOdx

* spot (see red arrow). Thus, the case shown in

Figure 3c with a silica lattice constant of a[SiOx] = 5.15 Å is
identified as being realized by nature.

Since the satellite spots appearing in the diffraction pattern
of Figure 1a (acquired by Navarro et al.) are compatible with
the spot positions observed by us (see Figure 1d), both silica
phases have the same structural properties. Following the
moire ́ analysis outlined in Figures 2 and 3, we conclude that
the monolayer silica phase synthesized by Si evaporation on
preoxidized Cu(111) reflects a commensurate surface structure
in contrast to the claimed incommensurability. Indeed, the
calculated length of the (7 × 7)/(2√3 × 2√3)R30° moire ́ with
Lmoire ́ = 17.85 Å matches their DFT model and is also
connected to the contrast of the silica phase as imaged by
scanning tunneling microscopy (STM).13 The authors
identified a superstructure with a cell length of 3 nm along
the main axis of the topmost silica lattice. This number
amounts to √3 × 7 × a[Cu(111)] and corresponds to a
tripled cell, 30° rotated with respect to the smaller, 17.85 Å
moire ́ cell. In fact, close inspection of the STM data reveals
contrast caused by the smaller moire ́ cell with a wavelength of
Lmoire ́ = 17.85 Å. Thus, all observed contrast features resolved
by STM in addition to the acquired diffraction data can be
understood as beating frequencies of a commensurate silica
honeycomb lattice on top of Cu(111). It may be that the
intercalated oxygen layer of the preoxidized Cu(111) surface
adds to the contrast observed in STM but the much simpler
beating of a commensurate silica lattice on Cu(111) already

Figure 3. (a) Magnified k-space region of the diffraction pattern of silica/Cu(111) and the commensurability plot for a 30° rotated silica lattice on
top of Cu(111) leading to the low n-value moireś (b,c). The spatial frequency analysis of the respective moireś with silica lattice constants of 5.30
and 5.15 Å is sketched for second (center panels) and eighth order moire ́ frequencies (right panels) in (b,c), respectively (see text). The panels on
the left side display the respective eighth order moire ́ in a magnified k-space region corresponding to the diffraction pattern shown in (a). They
highlight moire ́ frequencies, appearing along the [1,0]SiOdx

* direction. Red arrows point to positions symmetrically equivalent to halfway between the
(0,0)* and the (1,0)SiOdx

* spot where a peak is absent in the case of (b) and present in the case of (c). Considering the clear observation of diffraction
spots in the marked positions, it can be concluded that the moire ́ (c) with a silica lattice constant of 5.15 Å is realized by nature (see text).
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suffices to explain the obtained data. However, DFT
calculations supported an energetically stabilizing effect of an
oxygen layer below the synthesized monolayer silica. I.e., the
preoxidation of Cu(111) energetically stabilizes the formation
of the silica layer by the intermediate surface oxide layer
between the silica and the Cu(111) lattice. These findings are
in line with the preparation sequence through Si evaporation
on top of a preprepared Cu-oxide interface layer.
In our study, silica formation proceeded through the

segregation of Si dissolved in the Cu bulk. In the case of an
already formed surface Cu-oxide layer, Si atoms from the Cu
bulk would have to penetrate the oxide layer without using the
surface oxygen atoms for the formation of Si−O bonds.
Alternatively, the Si−O bonds might form immediately when
Si atoms approach the Cu surface, but then, the Cu-oxide layer
at the interface needs to grow afterward upon further oxygen
dosing. In the latter case, the adsorbing oxygen atoms would
have to penetrate the topmost silica layer or intercalate by
lateral diffusion underneath. Such scenarios seem less likely.
Although our findings do not prove or contradict that the

Cu-oxide interface is required for the formation of the surface
silica phase, we can state, based on our XPEEM/LEEM data,
that both the Si evaporation and the Si segregation route lead
to silica with a commensurate honeycomb lattice of same
lattice constant and orientation with respect to the underlying
Cu(111) support. As stated by Navarro et al., the Cu-oxide
layer on top of Cu(111) is prepared in the Si evaporation
synthesis route to inhibit Si and Cu intermixing and provide
the oxygen atoms for silica formation.13 Thus, this interface
might also act as a Si diffusion barrier during synthesis, which
is required for clean Cu(111) but not on already Si-loaded
supports.

■ CONCLUSIONS
In summary, surface segregation of bulk Si upon oxygen
exposure at 700 °C was shown to lead to the formation of silica
on a (111)-textured Cu foil. Electron diffraction and XPEEM
data proved that this segregated silica layer seems to be
identical to the synthesized silica film on oxygen precovered
Cu(111) reported in the literature.13,33 A detailed moire ́
frequency analysis of electron diffraction data identified a
commensurate phase with a (7 × 7) unit cell of the Cu(111)
support hosting the (2√3 × 2√3)R30° cell of the rotated silica
lattice. Thus, preparation of the silica film introducing Si from
above the Cu surface (evaporation) or from below
(segregation) leads to silica with the same honeycomb lattice
constant and orientation on the Cu(111) support. The
outlined general LEED data analysis can be applied to any
structural characterization of supported ultrathin materials.
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