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Abstract. We report a study on the oxidation process induced by a hyperthermal oxygen molecular beam
(HOMB) on Cu(110) using X-ray photoemission spectroscopy in conjunction with a synchrotron radiation
source. The oxidation process induced by energetic O2 beams on Cu(110), depending on the azimuthal
angle of incidence, suggests that the –Cu–O– added row structure has a role in inhibiting adsorption as a
steric obstacle for incident O2 molecules.

PACS. 68.43.Fg Adsorbate structure (binding sites, geometry) – 68.43.Jk Diffusion of adsorbates, kinetics
of coarsening and aggregation – 68.47.De Metallic surfaces – 68.49.Uv X-ray standing waves

1 Introduction

Cu2O is an industrially important semiconductor, espe-
cially for application in solar cells [1]. Both higher car-
rier density and lower leakage currents are required for
improved performance in terms of energy conversion in
Cu2O-based solar-cell devices. Thus, it is necessary to im-
prove the quality of Cu2O films, although an amorphous
phase is frequently used [2]. Oxidation using hyperther-
mal O2 molecular beams (HOMB) with incident energies
of 1∼10 eV is one of the best candidates for an efficient and
controllable method for Cu2O film formation. At higher
incident energies (above 10 eV), sputtering effects [3] make
it difficult to control the processes and the quality of
the resultant films. Recently, we reported studies on the
formation of Cu2O induced by HOMB on Cu(100) and
Cu(111) [4,5] surfaces and proposed a collision-induced
absorption (CIA) mechanism. Since the oxidation process
depends strongly on the crystal plane of the copper [6,7],
it is important to investigate a face-dependent oxidation
process based on HOMB for fabricating good quality thin
films of Cu2O in a efficient and tunable way.

The oxygen incorporation process on an open surface
such as (110) seems to be more complicated on the con-
trary to the (100) and (111) case. Since there are many
kinds of directly accessible sites on (110) surface where
the atoms beneath the surface layer are revealed and the
surface is highly corrugated because of the atomic row
along the two azimuthal direction of [001] and ¯[110]. On
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the highly corrugated surface sticking probability cannot
scale with normal energy Eicos2θi(Ei: incident kinetic en-
ergy, θi: angle of incidence with respect to the surface
normal), because the parallel momentum connected to the
surface corrugation plays an important role in contrast to
the flat surface [8]. Some researchers investigated the ini-
tial sticking probability (S0) on (110) surface by using
molecular beam techniques. Vattuone et al. reported the
anisotropy of the S0 of O2 depending on the azimuthal an-
gle of incidence on Ag(110) and concluded that the strong
anisotropy of the potential of the molecular precursor state
affects the azimuthal anisotropy of S0 [9], while Hodgeson
et al. reported a substantial insensitivity of the S0 of O2

on Cu(110) where no molecular precursor was present [10].
In spite of these detailed experimental studies about the
dissociative adsorption on (110) surface, the azimuthal de-
pendence of sticking probability (S) during the oxidation
process has not been investigated.

Here we present the unique reaction dynamics on
Cu(110) surface induced by HOMB during the oxygen
adsorption processes including the Cu2O formation. The
oxygen sticking probability on Cu(110) is larger than
that on (100) and (111) by 2∼3 orders of magnitude at
the same atomic density of oxygen adatoms. And also
we found that the sticking probability during oxygen-
molecule incidence along the ¯[110] direction is smaller
than that against the ¯[110] direction on Cu(110) surface.
These results suggest that the active sites shaded by the
p(2 × 1)-O added row structure play a key role at the
higher reactivity on Cu(110) surface.
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In this paper we report a study of the HOMB-induced
oxidation process on open Cu(110) surfaces using X-ray
photoemission spectroscopy (XPS) in conjunction with a
synchrotron radiation (SR) source, and we demonstrate
the unique possibility of the Cu2O formation on the (110)
face by HOMB even at room temperature.

2 Experimental

All experiments were performed with the surface reac-
tion analysis apparatus (SUREAC 2000) constructed at
BL23SU in SPring-8 [11]. The base pressure of surface
reaction chamber was about 2 × 10−8 Pa. The Cu(110)
sample was cleaned by repetition of 1-keV-Ar+ sputtering
and annealing at 870 K until no impurity was detected by
XPS with SR and low-energy electron diffraction (LEED)
showed a sharp 1×1 pattern with low background. The O2

molecules are dosed on the Cu(110) by the backfilling of
the O2 gas at 1.33×10−5∼1.33×10−4 Pa or HOMB seeded
in He. The incident energy of the HOMB was calculated
to be 2.3 eV at nozzle temperature of 1400 K. The inci-
dent direction of the HOMB is along the surface normal of
the sample or along oblique direction tilted 45◦ from the
surface normal direction with azimuthal angle of direction
along the high symmetry directions ¯[110] and [100]. The
flux density of O2 molecules when the HOMB was irradi-
ated at the sample position was experimentally estimated.
The estimation method is described elsewhere [12]. The
estimated flux density of O2 molecules at the sample po-
sition was ∼2×1014 molecules cm−2 s−1 in the normal in-
cidence case. The back ground pressure and oxygen partial
pressure during the HOMB irradiation were 5 × 10−6 Pa
and 1×10−7 Pa, respectively. After irradiation of a proper
amount of HOMB, high-resolution XPS spectra were mea-
sured by a hemispherical electron energy analyzer which
direction was surface normal, using a monochromatic SR
beam. We also observed the LEED pattern of the Cu(110)
surface after measurements of XPS spectra. All experi-
ments were performed at the sample temperature of 300 K.

3 Results and discussions

Figure 1 shows the typical evolution of the O-1s SR-XPS
spectra during 2.3-eV-HOMB irradiation along the surface
normal on a Cu(110) surface at 300 K. The O coverage
(Θ) was determined from the O-1s intensity in compari-
son with Cu(100)-(2

√
2×√

2)R45◦–O (Θ = 0.5 ML) with
a correction for the face-dependent Cu density. A symmet-
ric single O-1s peak appeared at 529.9 eV and intensified
at the same position with increasing Θ up to 0.64 ML. At
higher Θ, the peak can be separated into two components;
one at 529.9 eV and the other at a higher binding en-
ergy corresponding to the surface and subsurface (Cu2O)
O atoms, respectively [13]. A (2 × 1) LEED pattern cor-
responding to p(2 × 1)-O-added row (AR) [14] began to
appear above 0.1 ML. After the (2×1) structure was fully
developed at ∼0.5 ML, the c(6 × 2) LEED pattern [15]

Fig. 1. Dependence on O-coverage of O-1s SR-XPS peak on
Cu(110) for the 2.3-eV-HOMB incidence normal to the surface
at 300 K.

started to appear and was completed at ∼0.7 ML. In all
cases, all the oxygen adsorbed dissociatively, because no
peak is located above 532 eV.

Figure 2 shows the incident-energy dependent
O-uptake curves determined from the area of the corre-
sponding O-1s XPS peaks. The larger initial sticking ef-
ficiency for thermal O2 than that for the 2.3-eV HOMB
suggests the presence of precursor-mediated adsorption at
low incident energy. The decrease in initial sticking effi-
ciency for 2.3-eV-HOMB irradiation is explained by the
shorter residence time of the nonadiabatic trapping state
of O−

2 and/or O2−
2 in the direct scattering process at a

higher Ei since the wave packet evolution into the dissoci-
ation channel depends on the residence time of the trapped
wave function. The coverage of Θ for the thermal O2 expo-
sure almost saturated at ∼0.5 ML. For the thermal O2, a
huge dosage of ∼105 L, corresponding to ∼1019 molecules
cm−2, was required to produce the c(6 × 2) structure at
300 K [6,15–17] and it was rather difficult to promote
oxidation beyond 0.7 ML [18] because of the strong repul-
sive interaction between the O adatoms [19]. In contrast,
2.3-eV HOMB easily achieved Θ over 0.5 ML and the re-
sulting formation of Cu2O was more efficient. These facts
would imply that hyperthermal O2 could easily overcome
the activation barrier of dissociative adsorption in this
coverage region. The c(6 × 2) structure was maintained
even at Θ ≥ 0.7 ML for 2.3-eV HOMB.

Figure 3 shows the dependence of the S on O-atom
density during 2.3-eV-HOMB oxidation on Cu surfaces,
as determined by differentiation of the corresponding
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Fig. 2. O-uptake curves for 2.3-eV (triangles with solid lines)
and thermal O2 dose (open triangles with broken lines) on
Cu(110). The dashed line indicates the surface O contribution.
The ML unit represents the number of atoms per surface Cu
atom. The uptakes determined by integration of the O-1s SR-
XPS spectra.

uptake curves. The value of S on (100) and (111) sur-
faces decreases suddenly around 8 × 1014 atoms cm−2

(Θ ∼ 0.5 ML) and then maintains a low probability of
10−5∼10−6 during Cu2O formation, so the attainable O
density in the possible exposure range is lower than that
on (110). The relatively low value of S has been inter-
preted by the CIA process [4,5]. On the other hand, the
value of S during the formation of Cu2O on Cu(110) is
larger by 1∼2 orders of magnitude than those obtained on
(100) and (111) surfaces. In order to verify the possibility
of the collision-induced-absorption mechanism, we mea-
sured the O-1s spectra after the 3-eV-Ar-beam incidence
along the surface normal on the Cu(110) surface that was
saturated by the thermal O2 gas adsorption at ∼300 K.
Even after the 3-eV-Ar dose of 6.5 × 1020 atoms cm−2,
no noticeable changes in the line shape of the O-1s peak
were observed. It is considered that no efficient incorpora-
tion of O atoms were induced on Cu(110) by the energetic
Ar beam. It should be noticed that the Cu2 O formation
was clearly induced by ∼1019 atoms/cm2 of 3-eV Ar on
Cu(100) [4]. Thus, the larger value of S on (110) cannot
be explained entirely by the CIA mechanism with a low
cross-section. The formation of the defects and/or disor-
dered local structure during the HOMB irradiation can
be disregarded, since the p(2 × 1) LEED pattern was ob-
served after 3-eV-Ar-beam irradiation. Thus, we have to
consider other efficient mechanism of oxidation which is
peculiar to Cu(110) surface.

Fig. 3. O-atom-density dependence of the sticking probabil-
ity during the 2.3-eV-HOMB oxidation of Cu(110) (solid tri-
angles), Cu(100) (open squares) and Cu(111) (open circles).
HOMB was irradiated along the surface normal at 300 K.

In Figure 4, we show the azimuthal-angle dependence
of the uptake curve for the 2.3-eV-HOMB incidence. The
angle of incidence is 45◦ from the surface normal along
the [001] direction (along AR) or along the ¯[110] direc-
tion (normal to AR). At the low oxygen coverage below
0.2 ML, the sticking efficiency is insensitive to the incident
azimuth. With increasing oxygen coverage above 0.2 ML,
dissociative adsorption along AR occurs more efficiently
than normal to AR; i.e., the value of S along AR is larger
than that along normal to AR. The clean Cu(110) surface
seen by the O2 molecules is flatter than the p(2×1)-O sur-
face, since the initial sticking probability of S 0 is indepen-
dent of the incident azimuth on the clean surface [10]. The
onset of the difference in efficiency occurs at Θ ∼ 0.2 ML,
almost corresponding to the appearance of AR, although
the S is initially independent of the incident azimuth. Fig-
ure 4 clearly shows that the azimuthal anisotropy of the
oxidation efficiency is connected to this highly corrugated
AR structure. It should be noted in Figure 4 that the ox-
idation efficiency along AR is nearly the same as that for
the normal incidence for Θ ≤ 0.7 ML.

We propose the following reaction mechanism based
on the experimental results. The HOMB oxidation on
Cu(110) proceeds via dissociation at troughs of the AR
structure for Θ ≤ 0.7 ML, possibly via precursors. Ac-
cording to theoretical studies, a 4-fold hollow site on a
Cu(110) surface is favorable for O2 adsorption followed
by spontaneous dissociation [20]. Such a hollow site on
the AR structure is accessible by HOMB along both AR
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Fig. 4. The azimuthal-incident-angle dependence of the up-
take curves on Cu(110) at 300 K with a schematic drawing
of the AR structure. The solid triangles and line, the open
circles and thin dotted line and the solid circles and broken
line are the O-uptake curves for the 2.3-eV-HOMB irradia-
tion along the surface normal, along the [001] direction (along
AR) and along the ¯[110] direction (normal to AR), respectively.
The angle of the oblique incidence is 45◦ from the surface nor-
mal. The observed LEED patterns are indicated at the left.
The inset shows a schematic drawing of the surface structure
of p(2 × 1)-O added row structure of Cu(110) and the corre-
sponding azimuthal direction. The large gray circles, the small
black circles and the white large circles are surface Cu atoms,
O atoms and Cu atoms below the surface layer, respectively.

and the surface normal without any shadowing effect. On
the other hand, the corrugation by the AR structure is so
large that it inhibits the dissociation of the O2 molecules
impinging along the normal to AR by the shadowing ef-
fect, although Darling et al. demonstrated that the par-
allel momentum mainly enhanced the dissociation on the
geometrically corrugated surface [8]. This scenario is also
applicable to the oxidation process for Θ ≥ 0.7 ML. On
the c(6×2) structure, copper atoms occupy alternate short
bridge sites along the [001] rows in the trough and shadow
reactive sites in the trough from the HOMB, even along
AR [21]. This may cause a reduction in S for the HOMB
incidence along AR for Θ ≥ 0.7 ML compared to the nor-
mal incidence (see the solid triangles and the open circles
for Θ ≥ 0.7 ML in Fig. 4).

The energy barrier for access to the reactive site on
the c(6 × 2) structure is enhanced due to the repulsive
interaction between the existing –Cu–O– chains and an
impinging O2 molecule, and thus a high translational en-
ergy is required for further oxidation when Θ ≥ 0.7 ML.
In addition to dissociation at the hollow site, the reaction
possibly occurs via newly-formed active sites. The 2.3-eV

HOMB has large translational energy compared with the
diffusion barrier of the surface adatoms, which is generally
several hundred meV [19]. Thus, the 2.3-eV HOMB may
promote the diffusion of copper atoms by local heating in
the energy dissipation of HOMB. In this case, a migrating
Cu atom (possibly in the trough) works as a reactive site.
The face-dependent oxidation process may come from the
openness of the (110) surface compared with (111) and
(100) surfaces. The lower diffusion barrier for Cu and O
atoms on (110) [19] compared to the other faces [22] makes
it easier to produce dissociation sites that are accessible
only by higher energy HOMB for Θ ≥ 0.7 ML. According
to theoretical calculations, the adsorption of O-atoms re-
duces the diffusion barrier of the Cu atom [22], which may
be of further help in creating new dissociation sites. Once
surmounting the activation barrier and adsorbing on the
surface, oxygen atoms can easily move to the subsurface
sites and form Cu2O above 0.7 ML at 300 K [13].

4 Summary

In summary, oxidation of Cu(110) by energetic O2 beam
was investigated by XPS in conjunction with SR. The
2.3-eV HOMB promotes the oxidation more effectively
than the thermal O2 gas above 0.5 ML. The sticking prob-
ability on Cu(110) is larger by 1∼2 orders of magnitude
than those obtained on (100) and (111) surfaces during
the Cu2O incorporation by 2.3-eV HOMB, although the
effect of CIA process is so small on Cu(110). There is
large anisotropy of sticking probability depending on the
azimuthal direction of incident which is connected the
p(2 × 1) added row reconstructed structure. The newly
opened reaction channel via the troughs of the AR struc-
ture by the 2.3-eV HOMB and shadowing effect from the
reactive hollow site can explain the oxidation mechanism
on the Cu(110) surface.
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