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Formation of copper oxide surface structures via pulse injection of air onto Cu(111) surfaces
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We have investigated the Cu(111) surface after controlled injection of air by Auger electron spectroscopy
(AES) and scanning tunneling microscopy (STM). During deposition, the temperature of the copper substrate
was kept at room or elevated temperature. AES spectra show that mainly oxygen is adsorbed on the copper
surface. STM images display the initial stages of oxidation of Cu(111), which are governed by the restructuring
of the surface where Cu atoms from the step edges and terraces are incorporated into the growing surface oxide.
The nucleation and growth of the oxide are strongly influenced by the substrate temperature during air injection
as well as by the oxygen coverage. Depending on the coverage, different kinds of oxide or oxide-precursor islands
are observed. The surface oxides produced at higher temperature exhibit ordered structures, which are ascribed
to a strained Cu2O(111) lattice that coincides with the Cu(111) substrate.
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I. INTRODUCTION

The deposition of organic molecules on metal substrates
has been extensively studied in recent years because of the
increasing interest in functional materials and molecular elec-
tronics. Scanning tunneling microscopy (STM), in particular
when operated under ultrahigh vacuum (UHV) conditions,
has become the most widely used technique to investigate
such systems since it provides high spatial resolution of
the topographic and electronic structure of the molecules.
Obtaining high-quality STM images of individual molecules
requires a reliable sample preparation method. The most
common method for depositing organic molecules under UHV
conditions is thermal evaporation or sublimation. This method,
however, can not be applied to reactive molecules nor to
large molecules because in many cases they decompose before
sublimation. Thus, other methods have to be used to deposit
large molecules such as DNA, carbon nanotubes, polymers,
or macrocycles in UHV. A very promising deposition method
is pulse injection,1 where a solution of the molecules under
investigation is injected into the UHV chamber using a
high-speed pulse valve. When the solvent enters the chamber,
it vaporizes quickly, ideally leaving only the molecules under
investigation on the substrate’s surface. Compared with other
solution-based deposition methods, this approach has the
advantage that the sample is prepared in situ. However, prior
to deposition, when the solution is introduced into the inlet
of the pulse valve, it is for a short time exposed to ambient
atmosphere. It is thus difficult to avoid that a small amount
of air is dissolved into the solution, or that a thin cushion
of air remains between the solution and the valve, entering
the chamber before the solution does, thus contaminating
the substrate. Therefore, a study of the potential effects of
such impurities on the substrate surface is of considerable
interest. Furthermore, the chemical reaction with air and, in
particular, with gaseous oxygen, plays a key role in a broad
range of applications, especially in catalysis and corrosion
processes. Therefore, many groups have studied the oxidation
of copper surfaces.2–18 In the bulk, cubic Cu2O and mono-
clinic CuO are the only binary copper-oxygen compounds.19

Under vacuum conditions, mainly Cu2O grows on the copper
surface.20,21

In this paper, we present the results of our investigations by
Auger electron spectroscopy (AES) and STM of clean Cu(111)
surfaces after injection of air for different coverages when the
substrate is kept at room and at elevated temperatures. Our
observations will be discussed in comparison with previous
works.

II. EXPERIMENT

In order to carry out the pulse-injection deposition, a
specially designed molecular deposition chamber was used
(details can be found in Ref. 22). The Cu(111) substrate
(MaTecK GmbH) was prepared by several cycles of 1–3 keV
Ar+ sputtering and subsequent heating up to 550 ◦C. The
surface has been imaged by STM (STM1, Omicron NanoTech-
nology GmbH). The cleanliness of the surface was confirmed
by AES using a cylindrical-mirror analyzer and an excitation
energy Ee = 3 keV.

The base pressure in the deposition chamber was lower
than 2 × 10−9 mbar. For the injection of air, the sample was
placed in a horizontal position 10 cm below the nozzle of
the pulse valve. The valve was opened for a short time of
≈10 ms, once or several times, in intervals of several minutes,
which is the time needed for recovering the base pressure. In
general, one pulse was sufficient for air deposition, although
the procedure was repeated when the pressure did not reach
the desired coverage. During the opening of the valve, the
pressure increased to 1 × 10−7–5 × 10−6 mbar and recovered
within a few minutes, resulting in an brief exposure to air
of few seconds at the higher pressure. After completion of the
deposition, the sample was transferred to the analysis chamber
where the base pressure was lower than 1 × 10−10 mbar. The
sample was subsequently imaged by STM using W tips, which
were prepared by electrochemical etching and further cleaned
in UHV by heating and Ar+ ion sputtering. All STM images
were obtained at room temperature (RT) in the constant-current
mode. The majority of the presented STM images were filtered
using the fast-Fourier-transform procedure and the drift, and
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minor distortions in the raw images were reduced by slightly
changing the piezo voltage-strain calibration to yield the
sixfold symmetry of the Cu(111) surface.

III. RESULTS

A. Clean Cu(111) surface

Figure 1 shows STM images of the clean Cu(111) surface.
The terraces have widths of several tens of nanometers and
smooth step edges. Steps separating the terraces are usually
monoatomic. Defects corresponding to small islands of vacan-
cies are observed on the surface. Figure 1(b) shows an image
obtained with atomic resolution where the hexagonal structure
of the fcc (111) surface is resolved. The arrows indicate the
three equivalent 〈110〉 directions in the (111) plane.

B. Auger spectroscopy after injection of air

Prior to STM, the copper surface was investigated with
AES. As expected, a direct correlation between the increase
of the pressure of the deposition chamber after opening of the
valve and the coverage on the sample was found: the higher
the rise of pressure, the higher the coverage. We also observed
that the longer the opening time of the valve, the higher the
coverage was. In general, only one pulse was used.

Figure 2 shows Auger spectra of the Cu(111) surface
before and after pulse injection of air, resulting in a one
monolayer coverage as inferred from the STM image when
the substrate was kept at ∼200 ◦C (see Sec. III D). Here and
in various other experiments, aside from the oxygen peak,
a weak carbon peak is observed, which is attributed to CO2

molecules or to other carbon-containing impurities that are
dissolved in air. Less likely is the possibility that residues of

(a)

(b)

FIG. 1. (Color online) STM images of the clean Cu(111) surface
at RT. (a) Step edges: image size 200 × 100 nm2. (b) Atomic
resolution: 5 × 2.5 nm2, height scale 0.1 nm. Arrows indicate the
three equivalent 〈110〉 directions in the (111) plane. Tunneling current
0.70 nA, bias voltage 0.9 V in both images.

FIG. 2. Auger spectra of the Cu(111) surface before and after
pulse injection of air, resulting in one monolayer coverage when the
substrate was kept at ∼200 ◦C.

organic solvents used for cleaning the valve are driven into the
deposition chamber because the valve was thoroughly cleaned
with organic solvents and blown dry with nitrogen.

The peak-to-peak height ratio hO/hCu is 0.048 for the lowest
coverage obtained, where hCu is the peak-to-peak height at
E = 880 eV. In the following, we will use the Auger ratio
hO/hCu as a measure of oxygen coverage. At the highest cov-
erage (corresponding to one monolayer), the value of hO/hCu

is 0.145 and for the carbon peak we found hC/hCu = 0.036.
The value 0.145 is smaller than the saturation value h′

O/h′
Cu ∼

0.22–0.23 reported for long-time exposures of UHV-cleaned
Cu(111) to O2 at pO2 = 1 × 10−6 mbar.17 In our case, the lower
hO/hCu ratio can be explained by the presence of carbon in the
monolayer due to CO2 or other carbon-containing impurities
on the surface. Other works report a hO/hCu ratio of ∼0.15
at RT,6 at 220 ◦C,23 and at 330 ◦C,24 which is much closer to
our measured value. CO2 does not usually react with clean
crystalline copper. A catalyst (e.g., alkaline atoms) is needed
in order to activate its reaction.25,26 Therefore, we expect the
surface covered with oxygen coadsorbed with a small amount
of carbon impurities or CO2 molecules.

It is difficult to discriminate whether the AES oxygen peak
originates from H2O or from O2 adsorbed on the surface since
hydrogen can not be detected by AES. The sticking coefficient
of O2 on Cu(111) is reported to be low: ∼10−3 at RT and ∼3 ×
10−3 at 200 ◦C.27 After deposition, O2 molecules dissociate
and are atomically adsorbed on Cu(111) at RT and higher
temperatures.5,8,17 The adsorption of H2O on Cu(111) crucially
depends on pressure, temperature, and surface cleanliness.28

Furthermore, the amount of water vapor in air at RT (∼2 vol%)
is much lower than the amount of oxygen (∼21 vol%). Similar
to O2, water is expected to dissociate into H and OH. Although
coadsorption with oxygen can favor a further dissociation of
the hydroxyl groups, it is not clear whether this does occur.29

Rao et al.30 reported different features in the oxygen KLL

Auger line due to adsorbed water, atomic oxygen, or oxygen
gas on Ag. These features are difficult to distinguish in our
spectra because of the smallness of the oxygen signal.

The position of the nitrogen Auger peak at E = 389 eV is
marked in the spectrum (Fig. 2). No indication of nitrogen is
found, even though the Auger sensitivity factors of the Auger
transition for N and O are very similar (1.2184 and 1.257,
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(a) (c)

(b) (d)

FIG. 3. (Color online) STM images of Cu(111) after exposure to air at RT: (a), (b) at low coverage and (c), (d) at high coverage. Dashed
arrow and white triangles indicate angular step edges, solid white arrow indicates a bright island (A). Black arrow and triangles indicate dark
islands (T). Low coverage: (a) image size 200 × 140 nm2; tunneling current 0.20 nA and bias voltage 2 V. (b) 50 × 50 nm2; 0.20 nA; 2 V. The
magnified images of the marked regions reveal the internal structure of the A island (above), 7 × 9 nm2, and the T island (below), 5.5 × 6.5 nm2.
High coverage: (c) 100 × 70 nm2; 0.20 nA; 2 V. (d) Internal structures of T and S + A islands: 25 × 17.5 nm2; 0.50 nA; 0.9 V.

respectively).31 It has been reported that N does not chemisorb
on copper directly unless the adsorption is activated by ion
implantation or atomic beam sources.32,33

Regarding the possibility of hydrogen coadsorption, it is
known that H2 is absorbed at high pressure but desorbs again
upon pumping, probably owing to its very small sticking
probability.34 In general, molecular H2 is only adsorbed if
activated by molecular collisions. We estimate the energy that
the H2 molecules can acquire by deposition with the pulse
valve using the Bernoulli equation, with �p = 1 bar. We
obtain that air molecules (e.g., O2 and N2) will have an average
velocity ∼390 m/s and a kinetic energy of ∼24 meV, whereas
H2 molecules will have ∼1490 m/s. However, due to the small
amount of H2 in ambient atmosphere, we expect that they will
have a similar velocity to that of air molecules dominating
the gas mixture while entering the chamber, which means a
much lower energy of ≈1.5 meV. This is not large enough
compared to the activation energy of 0.2 eV (Ref. 35) needed
for adsorption on Cu.

C. Surface structures produced at room temperature

Figures 3(a) and 3(b) show STM images of the Cu(111)
surface after exposure to air at RT with hO/hCu = 0.048.

The morphology of the copper surface is strongly affected
by the exposure. The step edges are not smooth but rather
angular, often with a triangular shape, some of which are
marked with white dashed triangles [Fig. 3(a)]. These changes
are accompanied by the appearance of fringes on the lower
terrace close to the step edge, the contrast and apparent height
of which strongly depend on the tunneling parameters. The
fringes are labeled S and are indicated by the dashed white
arrow in Fig. 3(a). In addition to these surface modifications
close to the step edge, bright and dark islands appear on the
terraces. The bright islands (labeled A, solid white arrow) show
a contrast similar to that of the fringes at step edges, whereas
the darker ones (labeled T, black arrow) show an apparent
depth of approximately one atomic step.

In Fig. 3(b), the internal structure of the dark and bright
islands is resolved. They appear to be composed of atomic-size
protrusions with a nearest-neighbor distance of 0.55–0.65 nm.
No long-range structural order is observed, only domains with
a disordered hexagonal structure are seen. The internal order
seems to be slightly higher in the T than in the A islands.

Figures 3(c) and 3(d) show STM images of the Cu(111)
surface after exposure to air at RT at high coverage hO/hCu =
0.091, but still well below one monolayer. Again, step
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(a) (c)

(b) (d)

FIG. 4. (Color online) STM images of Cu(111) after exposure to air at T ∼ 200 ◦C: (a), (b) at low coverage and (c), (d) at high coverage
(one monolayer). Low coverage: (a) image size 250 × 175 nm2; tunneling current 0.70 nA and bias voltage −36 mV. (b) Internal structure of T
and A islands: 30 × 21 nm2; 0.70 nA; 180 mV. High coverage: (c) 200 × 140 nm2; 0.20 nA; 2 V. (d) Internal structure of T and S + A islands:
20 × 14 nm2; 0.50 nA; 0.9 V.

edges are not smooth and appear to be accompanied by
different islands. However, such structures exhibit differences
in comparison with the features observed for low coverage
[cf. Figs. 3(a) and 3(b)]. First, the step edges are not angular,
but appear to be rather irregularly shaped [see Fig. 3(c)]. In
addition, the three kinds of oxide (S, A, T) observed at low
coverage are reduced to two, since S and A appear mixed
together, especially in regions close to step edges. We denote
them as A or S + A. Figure 3(d) displays the internal structure
of T and S + A islands. As in the case of low coverage, regions
with a more or less hexagonal lattice are present, but no
long-range order is observed. The T islands (dark) display
regular or polygonal borders of several adjacent triangles,
whereas the shape of the A and S + A islands is rather irregular.

It is worth noting that some islands of T on the upper terrace
transform into S across the step edge and are connected to
A on the lower terrace without any separation or boundary
between them. This indicates that the different islands (T, S, or
A), have the same composition despite their different apparent
contrast, shape, and internal ordering.

D. Surface structures produced at ∼200 ◦C

Figures 4(a) and 4(b) show STM images of the Cu(111)
surface after exposure to air at higher temperature T ∼ 200 ◦C

at low coverage (hO/hCu = 0.046). Similar to the deposition
at RT, the surface is modified by the exposure to air and, aside
from the fringes of the step edges (S), T and A structures are
observed on the terraces. The shape of the dark islands seems to
be more regular than those produced at RT. Figure 4(b) shows a
smaller surface area with large T and A islands where the con-
trast has been adjusted to unveil their internal structure. Similar
patterns show up in all kind of islands, however, the T and S
ones (S not shown) display larger highly ordered domains.

Figures 4(c) and 4(d) show STM images of the Cu(111)
surface after exposure to air at T ∼ 200 ◦C at high coverage
hO/hCu = 0.145, corresponding to a coverage of one mono-
layer. Only bright and dark islands are observed on the surface.
The change of morphology with increasing coverage was
already reported in Sec. III C for exposures at RT, where the
three different kinds of structures (T, A, S) observed at low
coverage were reduced to two (T, S + A). The internal order of
both islands is similar [see Fig. 4(d)], in contrast to images
obtained at lower coverage [cf. Fig. 4(b)], where the internal
order of the T islands appears to be higher. Hexagonally
ordered patterns similar to those obtained at low coverage
are observed. As already observed for RT deposition, T islands
and S + A islands of low terraces intermix, pointing to the
similarity of the two kinds of structures. In this case, both kinds
of islands share the same border and display a similar shape.
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FIG. 5. (Color online) STM constant-current images at different voltages showing the internal structure of the (a)–(d) T island and (e), (f)
A island of Fig. 4(b) at low coverage; and (g), (h) S + A at high coverage, all of them produced at T ∼ 200 ◦C. Size of images (a)–(d) and (g),
(h) 6 × 6 nm2; images (e), (f) 10 × 10 nm2; tunneling current (a)–(f) 0.7 nA and (g), (h) 0.5 nA.

The internal structure of the islands depends strongly on the
tunneling parameters. In particular, the highly ordered domains
with the hexagonal symmetry of the Cu(111) plane that appear
on T and S islands at low coverage, and on T and S + A
at high coverage, display different atomic-scale arrangements
depending on the bias voltage. Figure 5 shows highly resolved
constant-current STM images of different islands [Figs. 5(a)–
5(f)] of hexagonal domains of T and A at low coverages, and
an ordered S + A domain obtained at high coverage [Figs. 5(g)
and 5(h)]. The structure of the ordered domains at low and high
coverages appears to be similar.

IV. DISCUSSION

After pulse injection of air on the copper surface, mainly
oxygen interacts with the surface, as inferred from AES. The
effects and structures that we observe in our STM measure-
ments have been already reported and described as Cu oxide
or Cu oxide precursors formed by the reaction of oxygen with
the Cu surface.14,17 Oxygen is known from UHV experiments
to adsorb dissociatively on Cu(111) above 170 K.5,8,17 This
adsorption takes place in or below the outermost plane of
copper atoms,5,7,10,14,17 and leads to the formation of surface
oxide structures by incorporation of Cu atoms from step edges
and terraces. The oxide islands nucleate at defect sites and
step edges and grow by island formation.5,14,17,36 These surface
reactions are confirmed in our STM images.

Matsumoto et al. distinguished three different kinds of
oxides at low coverage14 (see schematic in Fig. 6):

(i) Fringes at step edges, denoted as “step oxide” (S). The
injected air (mainly the oxygen) reacts with the Cu atoms
at the step of the upper terrace, the latter are incorporated
into the oxide islands growing on the lower terrace. As a result,
the step edge of the upper terrace has an angular shape, and
fringes of S appear on the lower terrace. The angular borders
of the step edges prefer the orientation of the (111) symmetry

directions of the surface [see Figs. 3(a) and 4(a)], as already
reported.14,17

(ii) Dark oxide islands on the terraces, denoted as “terrace
oxide” (T). The air reacts with the copper atoms that are at
the edge of the vacancy islands or at atomic surface defects,
which are incorporated into the oxide islands growing on the
lower terrace. Hence, the oxide has a lower height than the
unaffected part of the Cu terrace, which gives rise to a very
dark contrast. T islands have a somewhat triangular form, the
edges of which are parallel to the symmetry directions of the
Cu(111) plane.

(iii) Bright islands on the terraces, denoted as “added oxide”
(A). This oxide results from the reaction of oxygen with excess
copper atoms liberated by the formation of T, and grows on
the top of the terrace. Its different formation process leads to
irregularly shaped islands.

Figure 7(a) shows an STM image of Cu(111) after ex-
posure to air at T ∼ 200 ◦C with several S, T, and A oxide
islands. Figure 7(b) displays the height profile along the line
drawn in Fig. 7(a). In that image, the oxide islands appear
≈0.075 nm lower than the oxygen-free parts of the terrace
where they grow, thus, the dark T islands display a depth
of one monoatomic Cu(111) step (0.208 nm) plus 0.075 nm

T

A S

defect

step edge

clean Cu(111) surface

Cu(111) after 
air exposure

FIG. 6. (Color online) Schematic of the restructuring of the
copper surface at initial stages of oxidation.
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FIG. 7. (Color online) (a) STM image of Cu(111) after exposure
to air at T ∼ 200 ◦C. Image size 60 × 60 nm2; tunneling current
0.70 nA; and bias voltage 0.9 V. (b) Height profile along the solid
line in (a).

corresponding to the depth of the oxide layer. Their apparent
height depends on the tunneling parameters due to the energy
dependence of the local electronic density of states. As a
consequence, the height that we measure does not correspond
to the absolute height of the oxide structure, i.e., A islands
in Figs. 3(d) and 4(b) appear to be on top of the terrace with
a height of 0.10–0.15 nm, whereas in Figs. 3(c), 4(a), and
7(a), they appear to be lower than the terrace with a depth of
0.05–0.10 nm. The A and T islands of Fig. 4(b) correspond
to the A and T islands of Fig. 7(a). This contrast leads to
confusion since, although the growth takes place practically
on top of the terrace as described in Fig. 6, in general the
surface oxide structures display a darker contrast (i.e., lower
conductance) than the clean Cu surface.

At high coverages, the three types of oxide structures are
reduced to two, dark T and bright S + A islands, for both RT
and 200 ◦C air injection. The shape of the T islands is the result
of the coalescence of many triangular forms displaying a more
regular shape than the bright islands (S + A). However, at one
monolayer coverage, the islands are in close contact and their
borders merge, i.e., some islands share the same border, thus
resulting in a less polygonal/regular structure than at lower
coverage. Figures 3(c) and 4(c) show that at high coverage,
the different oxide islands are intermixed, in particular in
the region where the step edges of the clean copper surface
were originally located, suggesting that they have the same

composition. Nevertheless, the oxide island shapes and their
internal order differ in detail, depending on the temperature of
the copper substrate during the exposure facilitating different
nucleation processes.

Surface oxide structures produced at room temperature do
not display long-range ordered domains, but only small regions
with a loosely hexagonal ordering. The oxide islands are
composed of small units that appear as protrusions in the STM
images. These protrusions will be considered as molecular
units of copper oxide.14 They display a lateral nearest-
neighbor distance of ∼0.55–0.65 nm and a corrugation of
∼0.05–0.1 nm. These structures are attributed to a disordered
oxide precursor of Cu2O,2,10,14,15,17 with a lateral distance of
0.603 nm between oxygen atoms in the (111) plane. Several
groups6,8,10 have suggested that the copper surface reconstructs
when oxidized at RT. The oxygen is expected to chemisorb on
threefold hollow adsorption sites and partially penetrates into
the surface layer, causing an increase of the in-plane Cu-Cu
distance, which becomes similar to the Cu-Cu distance of
Cu2O(111) epitaxially grown on Cu(111).2,8 A similar behav-
ior was reported for copper oxidation in aqueous solution13 for
which the reconstruction is produced by the adsorption of OH
groups. This process possibly explains our STM images.

For exposures at T ∼ 200 ◦C, large regions with highly
ordered domains appear on the T and S islands, and at
high coverage also on S + A islands. The lateral distance
between nearest-neighbor oxide units is ∼0.6–0.61 nm and
the corrugation ∼0.03–0.08 nm. The images of the internal
structure of the oxide islands (arrangement and corrugation)
strongly depend on the applied voltage. This is attributed to
the fact that on metal-oxide surfaces, electronic states are
generally more localized than on pure-metal surfaces, resulting
in distinct maxima in the local density of states (LDOS) that
give rise to a strongly voltage-dependent image contrast.37 This
renders the identification of atomic-scale patterns difficult,
which therefore has to be based on the lattice constant and
known symmetry of the imaged patterns.37 Thus, we will
compare our STM images with Cu2O and Cu2O-like patterns
reported previously.

Several models have been proposed for the growth of
surface oxide on the Cu(111) surface at high temperatures.
In the following, we will focus on two of the most frequently
reported patterns.

Model 1 [Fig. 8(a)]. Ho and Vook4 investigated the initial
overgrowth of cuprous oxide on Cu(111) at 350 ◦C by
reflection high-energy electron diffraction (RHEED). They
concluded that the overgrowth consists of a superlattice with
a coincidence boundary at the Cu2O(111)/Cu(111) interface.
The oxide lattice is strained by the coincidence misfit of
−1.22% with respect to the Cu(111) surface so that three times
the overgrowth periodicity equals seven times that of the Cu
substrate [6 × 7 coincidence site lattice (CSL)]. The resulting
lateral distance between Cu2O units is 0.595 nm. Such a com-
mensurate structure has been also reported for Cu(111) oxida-
tion investigated by x-ray diffraction studies in air (for very thin
oxide films)12 and in aqueous solution.11,12 Recently, a high-
resolution transmission-electron-microscopy (TEM) study of
this misfit18 suggested that the Cu2O/Cu interface adopts a
5 × 6 CSL due to surface stress effects instead of a 6 × 7 CSL.
The distance between Cu2O units in this variant of model 1
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(labeled 1′) is therefore 0.612 nm. Both models are compatible
with the oxide lattices observed in our STM images, in partic-
ular, with images recorded at low bias voltage [see Figs. 8(b)
and 8(c)]. The models do not specify the position of the copper
and oxygen atoms relative to the copper surface; they only
describe the periodicity of the Cu2O units. Hence, we interpret
the protrusions on the STM map as the oxide units grown on the
Cu(111) surface. In our measurements, it was not possible to
resolve the small difference of distance between nearest neigh-
bors (0.595 and 0.612 nm) estimated for the two CSL, which
renders a discrimination between models 1 and 1′ difficult.

Model 2 [Fig. 8(d)]. Two oxide precursor structures with
very large cells called “29” and “44” have been reported
for adsorption of O2 on Cu(111) at high temperatures and/or
subsequent annealing.9,10,14,17 Such complicated patterns seem
to correspond to a two-dimensional oxide layer with a distorted
Cu2O-like structure. Jensen et al.9 presented a model for the
oxygen-induced reconstruction of the Cu(111) surface, which
resembles the (111) plane of the Cu2O structure and consists

(b) (e)

Model 1 (a)

Cu O2

O

O
Cu

Model 2 (d)

(c) (f)

-900 mV-180 mV

180 mV 900 mV

FIG. 8. (Color online) (a) Model 1 of the strained oxide lattice,
after Ref. 4. Green circles indicate the periodicity of the Cu2O lattice,
black circles copper atoms. (b), (c) Superposition of the model on the
STM images of T and S + A islands recorded at low bias voltage [(b)
and (c) correspond to Figs. 5(d) and 5(h), respectively]. (d) Model 2:
(111) projection of the first three planes of the Cu2O-like model after
Ref. 9. Black and blue circles indicate oxygen, white circles copper
atoms. Inset shows a cross-sectional view of the first three planes.
(e), (f) Superposition of the model on the STM images measured at
higher bias voltage [(e) and (f) correspond to Figs. 5(c) and 5(g)].
Images size 6 × 6 nm2. Surface unit cells are indicated by the solid
and dashed lines.

of three oxygen planes coupled by copper planes. The (111)
projection of the three first planes and a cross-sectional view
(inset) are shown in Fig. 8(d). The outermost plane corresponds
to oxygen atoms (black solid circles) laterally separated by
6.04 nm, forming a hexagonal lattice, followed by a copper
plane underneath (white circles) with a distance between
nearest neighbors of 3.02 nm, forming a honeycomb lattice,
and further down oxygen (small blue circles) again separated
by 6.04 nm and forming a hexagonal structure. This structure
is labeled “model 2.” The “29” and “44” superstructures
correspond to the model of Jensen et al. with slightly distorted
honeycombs. In our measurements, we do not observe such
large cells characteristic for the distortion. They resemble,
however, the nondistorted model as shown in Figs. 8(e) and
8(f), where model 2 is superimposed on the STM images.
In this case, the model matches better the images measured
at a larger bias voltage of ±0.9 V than images measured at
lower voltages, e.g., Figs. 8(b) and 8(c) at ±180 mV. The
dark patches appearing on the STM map are attributed to
the holes in the Cu2O(111) surface. This model entails a
considerable modification of the copper substrate, compared
to model 1 since a trilayer structure is formed (each copper
layer is sandwiched between two oxygen layers). A similar
modification mechanism to the trilayer structure has been
proposed by Lawson and Trapnell38 for oxidation of Fe and
Cu surfaces. Theoretical work16 predicts that such a surface
oxide is energetically very similar to the most stable case of a
simple chemisorbed phase, indicating that the energy gained
by forming such structure balances the energy needed to re-
construct the surface. Surface unit cells are shown in Figs. 8(a)
and 8(d). The solid lines indicate equivalent unit cells for the
models 1 and 2 with three Cu2O units per cell. The dashed unit
cell in Fig. 8(a) takes into account the overgrowth periodicity
of the oxide on the Cu(111), including 27 Cu2O units per cell.

Summarizing, the oxidation with air of the Cu(111) takes
place by island formation. The ordering of the internal structure
of the oxide islands increases with increasing coverage and
copper exposure temperature, approaching that of the bulk
Cu2O oxide. The ordered domains produced at high temper-
ature correspond to the strained Cu2O lattice that coincides
with the Cu(111) substrate as described by models 1, 1′,
and 2, and also agree with theoretical results.16 However, our
results do not indicate the formation of large cells called “29”
and “44” reported for adsorption of pure O2 on Cu(111) at
high temperatures and/or subsequent annealing9,10,14,17 in the
majority of STM studies of such oxidation process. We also
investigated oxides prepared at higher exposures, giving rise
to coverages above one monolayer (not shown). We found
that these multilayers are difficult to measure with STM.
However, sometimes atomic resolution was achieved and again
structures of hexagonal symmetry were observed.

We now discuss briefly the effect of other molecules
present in air but absent when exposing Cu(111) to pure
O2 or N2 in UHV. Those may influence the adsorption and
further dissociation of the reactive gas molecules (i.e., CO2

and H2O). On the one hand, this coadsorption may increase
the temperature needed for the large cells of “29” and “44”
structures. The subsequent annealing process desorbs the CO2

and/or other carbon impurities that are probably coadsorbed
with the oxygen and provides the energy the system needs for
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producing such structures. On the other hand, the presence
of hydroxyl groups from water coadsorbed with the oxygen
may also play an important role on the arrangement of the
adsorbates on the surface. However, due to dehydroxylation
known to take place on Cu(111) above 200 K,39 the amount of
hydroxyl species is expected to be very small.

V. CONCLUSIONS

We have investigated the oxidation of Cu(111) by controlled
air injection. We have shown that the nucleation of the oxide
islands involves a restructuring of the copper surface, where Cu
atoms from the step edges and terraces are incorporated into
the growing surface oxide. At low coverage, three different
oxide islands are formed (step, terrace, and added oxides),
whereas at higher coverage, these are reduced to two (step-
added and terrace oxides). These different kinds of oxide are
formed by different processes, which lead to differences of
the island shape and their internal ordering. However, we
expect them to have the same composition since in some
cases they appear mixed, without abrupt boundaries. Cu(111)
oxide structures produced at RT are only poorly ordered. At
∼200 ◦C, highly ordered structures are observed. Atomically

resolved images of the internal structure of the oxide islands
strongly depend on the applied bias voltage. The lack of a
detailed knowledge of the electronic structure renders the
identification of atomic-scale patterns difficult because it has
to be based solely on the lattice constant and known symmetry
of the imaged patterns. The ordered structures correspond to a
strained Cu2O lattice that coincides with the Cu(111) substrate.
The different experimental conditions systematically used in
this work have a pronounced effect on the produced oxide
patterns. Theoretical calculations are needed to disentangle the
topographic and electronic contributions in the STM images.
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21A. Rönnquist and H. Fishmeister, J. Inst. Metals 89, 65 (1960).
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33D. Écija, J. M. Gallego, and R. Miranda, Surf. Sci. 603, 2283

(2009).
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