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Abstract
The deposition of Cu at room temperature on a Cr2O3(0001) substrate is studied
by x-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy
and low-energy-electrondiffraction. The results indicate that at RT Cu is highly
dispersed on the substrate at initial deposition. X-ray induced Auger spectra,
Auger parameter and ultraviolet photoelectron spectroscopy show that at the
initial coverage the deposited Cu is in the Cu(I) state due to the interaction of
Cu with the Cr2O3 substrate; Cu becomes metallic at Cu coverages of >4
monolayer equivalent. The formation of Cu two-dimensional or quasi-2D
patches is followed by the formation of Cu three-dimensional clusters. Cu
grows epitaxially on the Cr2O3(0001) films as Cu(111)R30◦ as observed by
low-energy-electron diffraction.

1. Introduction

The metal–oxide interface is of extreme importance in many technological, for instance
applications including microelectronic devices, oxide-supported transition-metal catalysts and
metal-ceramic-based sensors. In recent years, considerable effort has been made to improve
the understanding of the metal–oxide interface in regard to its physics and chemistry [1].
However, investigations at the interfaces of metals and bulk-single oxide crystals by electronic
spectroscopies under ultrahigh vacuum (UHV) are often limited due to surface-charging
problems and the difficulty of sample heating and cooling. To circumvent all these problems,
ordered, thin metal oxide films supported on refractory metals, chosen to limit the lattice
mismatch with the overlayer oxide, have been successfully prepared [2]. Of the oxides with
the corundum structure, we have studied the deposition of Cu onto prepared V2O3(0001) films,
and find that Cu grows epitaxially as Cu(111) [3].
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Chromium oxides are widely used materials as catalysts, anti-corrosive materials, etc.
Although there are a few proposed phases of chromium oxide, the only stable bulk oxide is
Cr2O3 with magnetic insulator properties. Studies on the structure and chemical reactivity of
Cr2O3 surfaces have been carried out by preparing ordered oxide films on chromium single-
crystal surfaces [4–12]. The growth and structure of chromium oxides have been investigated
on Pt(111) [13, 14]. Oxides such as Cr3O4- and Cr2O3-like oxides have been prepared [13, 14].
Recently, the chromium oxides prepared on Cu(110) [15, 16],assuming a structure of CrO(111)
at monolayer coverage and Cr2O3(111) at a coverage of more than two layers, have been
reported. The growth of copper on polycrystalline and bulk-single crystal Cr2O3 at room
temperature has been investigated [17, 18], and a week interaction of copper with the substrates
is indicated.

In this paper, a Re(0001) surface with hexagonal structure has been selected as the substrate
for growth of Cr2O3(0001) films, because its lattice constant (0.276 nm) is close to the in-
plane O2− sub-lattice (0.286 nm) in single crystal Cr2O3. The growth and interaction of copper
deposited on these films were characterized using low-energy-electron diffraction (LEED), x-
ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).

2. Experimental details

The experiments were carried out in an ESCALAB-5 system (VG Scientific Ltd) consisting
of two UHV chambers. One of the chambers (the analysis chamber) was equipped with
reverse view optics for LEED, dual-anode x-ray sources (Mg and Al), a He(I) source, and a
hemispherical analyser for XPS and UPS. In the other chamber (preparation chamber), there
was an Ar+ sputtering gun, metal and gas sources and a sample heater. Both chambers had
a base pressure of 2 × 10−9 mbar. The sample was prepared in the preparation chamber and
analysed in the analysis chamber.

The Re(0001) sample (10 mm diameter disk with a thickness of 1.0 mm) was spot welded
to a Mo holder with Ta slivers, allowing electron bombardment heating to 2500 K. A W–5%
Re/W–26% Re thermocouple was spot welded close to the sample for temperature monitors.
The surface was prepared by Ar+ bombardment, followed by annealing in ∼10−7 mbar O2

at about 1200 K with a subsequent flash to 2000 K in vacuum. After several treatments, no
impurity was detected by XPS and a sharp hexagonal LEED pattern was observed.

The Cu doser consisted of a Cu wire wrapped tightly around a W filament. The chromium
source was made from a chromium block (<3 mm in size) which was tightly wrapped with
a W filament. The purity of the Cr and Cu sources was 99.9%. Before evaporation, the Cr
and Cu sources were thoroughly degassed. The Cr2O3 film was grown on the Re(0001) by
evaporation of Cr in 5 × 10−7 mbar O2 ambience at about 700 K followed by about 900 K
annealing in ∼10−7 mbar O2 to enhance fully oxidation. Then the film was annealed by about
900 K without O2 in vacuum for surface ordering. Cu deposition on Cr2O3 films with 15–
20 monolayer equivalent (MLE) thickness of Cr on the substrate was carried out at RT. The
deposition rates of Cr and Cu were about 0.4 and 0.3 ML min−1, respectively, calibrated via
XPS of Cr 2p and Cu 2p deposited onto the Re(0001) surface as a function of deposition time.
Since Cu is not necessarily grown on Cr2O3 film layer-by-layer, we prefer to use the MLE as
a measurement for Cu coverage.

The XPS analyses were performed using a Mg Kα x-ray source (1253.6 eV) and a pass
energy of 50 eV was used while collecting all data. Binding energies (BEs) were calibrated with
respect to the Au 4f7/2 (BE = 84.0 eV) and Cu 2p3/2 (BE = 932.7 eV) features of metallic
Au and Cu, respectively. Helium of 99.999% purity was used for He(I) UPS (21.2 eV). All
data were recorded at RT.
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Figure 1. LEED pattern from a 20 MLE Cr2O3(0001) film on the Re(0001) substrate. Ep = 26 eV.

3. Results and discussion

3.1. Preparation of Cr2 O3(0001) films

Prior to film preparation, several Ar+ bombardment and annealing cycles at high temperature
were carried out, and the sharp hexagonal LEED pattern of the clean Re(0001) surface was
observed. Figure 1 demonstrates a hexagonal LEED pattern after a ∼20 MLE chromium oxide
film is grown on the Re(0001) surface. On this surface, no Re signal was detected by XPS.
Due to the variable valence of chromium, several compounds may form in the chromium–
oxygen system with different structures and stoichiometries, such as CrO, CrO2, Cr2O3 and
Cr3O4. Among them three kinds of chromium oxide surfaces with hexagonal symmetry exist,
i.e. CrO(111), Cr3O4(111) and Cr2O3(0001). Maetaki et al [15, 16] have found that the
hexagonal LEED pattern from a CrO(111) film on a Cu(110) surface exists at the chromium
oxide coverage up to ∼1.0 MLE. Zhang et al [13, 14] observed a Cr3O4(111) film on Pt(111)
up to around 2.0 MLE coverage, and after annealing at a temperature higher than 700 K it was
changed into Cr2O3(0001) [13–16]. At higher coverage, Cr2O3(0001) formed [13–16]. Since
Cr2O3 is the only stable chromium oxide bulk phase, and considering our chromium oxide film
with about 20 MLE thickness was annealed at about 900 K in vacuum, the prepared chromium
oxide is very likely to be Cr2O3(0001).

To confirm the formation of Cr2O3(0001) film, further experiments have been carried out.
It is known that x-ray core level photoemission is very sensitive to the chemical environment
of atoms. Various chromium oxides can be distinguished from each other by XPS. Previous
studies have shown that the BEs of Cr 2p3/2 are 576.0 and 576.9 eV for CrO(111) and
Cr2O3(0001) [15, 16], respectively. Cr3O4(111) contains two kinds of Cr cations, Cr2+

and Cr3+, so the XPS spectrum shows broader and asymmetric peaks compared with that of
CrO(111) or Cr2O3(0001), and can be fitted with two peaks assigned to Cr2+ and Cr3+ [13, 14].
XPS data for our chromium oxide film with 20 MLE thickness are shown in figure 2. Since
the BE of Cr 2p3/2 is 576.7 eV, the Cr 2p3/2–Cr 2p1/2 BE separation is 9.8 eV, and O 1s is
530.2 eV (not shown), these values are consistent with former XPS studies on single-crystal
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Figure 2. XPS of Cr2O3 film with thickness 20 MLE on a Re(0001) substrate. Mg Kα,
hν = 1253.6 eV.

Figure 3. The XPS intensity ratio ICu 2p/ICr 2p (a) and ICu 2p/IO 1s (b) as a function of Cu deposition
at RT.

samples of Cr2O3 [19], power samples of Cr2O3 [20–22], and Cr2O3 overlayers formed on
Cr(110) [8, 9, 12], Pt(111) [13, 14], and Cu(110) surfaces [15, 16]. It is therefore concluded
that the chromium oxide film we prepared is Cr2O3(0001).

3.2. Growth of Cu on the Cr2 O3(0001) films

Cu deposition was carried out step by step on the Cr2O3(0001) film at RT and the XPS spectra
were recorded after each deposition. Since XPS is a surface sensitive technique and gives
information on the composition and the chemical state in the range of 1–4 nm, it is normally
widely used as a quantitative tool to investigate the growth of adatoms on substrates. Figure 3
shows the XPS intensity ratio of the Cu 2p3/2 peak to the Cr 2p3/2 peak (figure 3(a)) and the
Cu 2p3/2 peak to the O 1s peak (figure 3(b)) versus the Cu coverage in MLE. Each curve
can be well fitted by a simple model with two linear segments. Their slopes are changed with
increasing Cu deposition. This suggests two different types of growth mode. At submonolayer
coverage, the deposited Cu is highly dispersed, most possibly forming two-dimensional (2D)
patches or quasi-2D patches, resulting in a rapid increase in XPS signal. Above 1 MLE
coverage of Cu, three-dimensional (3D) clusters form. At this region, the XPS intensity of Cu
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is increased slowly, as seen in figure 3. This growth mode is similar to what we have found
for Cu growth on bulk single crystal Cr2O3(0001) surfaces [18], but different from the layer-
by-layer mode of Cu deposited on a polycrystalline Cr2O3 surface at RT [17]. We notice that
signal of Cr and O can still be detected by XPS even after about 20 MLE Cu deposition. This
means that at this coverage the substrate still has naked exposed areas because of formation of
3D clusters of Cu. Since no Cu superstructure can be observed by LEED until the growth for
at least 15 MLE Cu deposition, based on the application of incident energy having a coherence
length of about 10 nm, at lower coverage the Cu clusters are smaller. We also notice that
the XPS intensity ratio of the Cr 2p3/2 peak to the O 1s peak stays basically constant, which
suggests no Cu atom diffuses into the Cr2O3(0001) substrate.

Generally, the growth behaviour of an overlayer on a substrate is related to the surface free
energy of the overlayer (γ0), the surface free energy of the substrate (γs), and the interfacial
energy between them (γi). If γs > γ0 + γi , the overlayer will begin to grow by covering the
substrate with a continuous layer, via the FM (Frank–Van der Merwe, layer-by-layer) or the
SK (Stranski–Krastanov, layer-plus-island) growth mode. If γs < γ0 + γi , the overlayers are
likely to grow in 3D clusters (the VW, Volmer–Weber island, growth mode).

In our present paper, the surface free energy of Cu(111) (1.8 J m−2) is significantly lower
than that of Cr2O3(0001) (for a relaxed surface, the surface free energy of Cr2O3(0001) is
3 J m−2 [23], and for an unrelaxed one it is much higher) [24, 25]. A Cu–O bond can form
between a Cu overlayer and a Cr2O3 substrate (see section 3.3). This indicates that Cu is
thermodynamically favoured to form a complete monolayer. However, as we will see in
section 3.3, after the Cu deposition of 0.4 MLE, the surface of the substrate is saturated with
Cu2O, which has a much lower surface free energy. The further deposited Cu is inclined to
form 3D clusters, following 3D mode growth.

A clear LEED pattern of a Cu(111)R30◦ superstructure on a Cr2O3(0001) film with a
thickness of about 20 MLE is shown in figure 4. This is similar to the previous results of Cu
on the oxides with corundum structure, such as Cu on Al2O3(0001) [26], V2O3(0001) [3],
and bulk single crystal Cr2O3(0001) [18]. Using the lattice constant of bulk Cr2O3 (assuming
the lattice constant of the prepared Cr2O3(0001) film is 0.5 nm, a value of bulk Cr2O3), we
calculate the distance between Cu atoms (a∗ = b∗ = 2/

√
3a0, where a∗ and b∗ are reciprocal

lattice vectors and a0 is the lattice constant) in Cu(111) to be 0.26 nm, which agrees well with
the bulk 0.256 nm Cu value.

3.3. Interaction of Cu with Cr2 O3(0001) substrates

Previous XPS studies have shown that one major difference between Cu2O and CuO is the
prominent satellite structure on the high BE side of the Cu 2p core lines [27, 28]. For the
Cu and the Cu2O, the peak shapes of Cu 2p are similar and the BE values are very close
(for Cu(0) the BE value of Cu 2p3/2 is 932.7 eV and for Cu(I) it is 932.6 eV) [28, 29]. It is
therefore difficult to further distinguish between Cu(0) and Cu(I) on the basis of the energy
shift of Cu core level alone, but it can be achieved by considering the corresponding x-ray
induced Auger Cu(LMM) spectra and the BE, i.e. Auger parameter α (the sum of the kinetic
energy of the x-ray induced Auger peak and the BE value of the highest photoemission peak,
i.e. Cu 2p3/2) [29]. Figure 5 shows the XPS spectra of Cu 2p1/2 and 2p3/2 spin–orbit doublet
with increasing deposition of Cu on the Cr2O3(0001) film. The peaks marked a and b are
induced by Mg Kα3,4. Since no shake-up satellite line is observed for both 2p lines, the
chemical state of Cu should not be Cu(II). X-ray induced Auger Cu(LMM) spectra are also
studied (not shown). At low coverages, the Cu(LMM) signal is found at 914.6 eV kinetic
energy in line with literature data for Cu2O [29]. This line steadily shifts to higher kinetic
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Figure 4. Top, LEED pattern from epitaxial copper superstructure, Cu(111)/Cr2O3(0001)/

Re(0001). Ep = 60 eV. The respective unit cells are indicated in the bottom. The large (full line)
unit cell corresponds to Cu(111) and the small (broken line) unit cell to the Cr2O3(0001) surface.

energy with increasing Cu deposition, finally reaching the value of 918.6 eV for metallic
Cu [29]. The changes of the Auger parameter α as a function of Cu coverage is shown in
figure 6. It can be seen that there is a gradual approach α from the Cu(I) value of 1847.3 eV
to the metallic Cu value of 1851.3 eV [29]. Figure 6 indicates the existence of the Cu(I) state
at the beginning of Cu growth on chromium oxide films. Similar results have been found for
Cu on Fe2O3 [30, 31], Al2O3 [26, 32, 33], V2O3 [3], and bulk single crystal Cr2O3(0001)

surfaces [18]. Maetaki et al [15, 16] have reported the formation of Cu+-oxide at the surface
of chromium oxide/Cu(110), but they have heated the surface with an oxygen ambient. In
our experiments, the Cu deposition was carried out in vacuum without oxygen, so the Cu(I)
chemical state must origin from the charge transfer from Cu to the Cr2O3 substrate. We note
that the value of 1847.3 eV is much lower than the Cu2O value of 1848.7 eV [29], hence the
Cu(I) may form at the defects in the substrate surface and the Cu–O bond is stronger than that
of bulk Cu2O. At a coverage of 4–5 MLE, Cu becomes metallic. This suggests that only the
initial deposition of Cu interacts with the substrate.
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Figure 5. XPS of deposited Cu as a function of coverage. Mg Kα, hν = 1253.6 eV.

Figure 6. Auger parameter changes with increasing Cu on the Cr2O3(0001) surface.

Further information about interaction between Cu and Cr2O3 has been obtained from
He(I) UPS. Figure 7 shows He(I) UP spectra for a Cr2O3(0001) surface with increasing Cu
deposition. For clean Cr2O3(0001), the peak located at 2.5 eV below the Fermi level is
attributed to localized 3d states, and two other peaks located at 4.9 and 6.7 eV, respectively,
below Fermi level are assigned to the O(2p) orbital and to the Cr–O hybridization, comparable
with previous UPS and XPS valence band studies [8, 16–19, 34–40]. After 0.4 MLE Cu
deposition, the maximum shift, 0.6 eV to higher BE, the similar position of energy for the
Cu(I) state [18, 32, 33, 41–43], is observed. This position of energy is higher than that of
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Figure 7. He(I) UP spectra as a function of Cu coverage on Cr2O3(0001)/Re(0001).

metallic Cu (2.5 eV) [18, 32, 33, 41, 42], and it shifts to low energies with further Cu deposition
approaching the bulk Cu characteristic, as shown in figure 7. This strongly suggests that Cu(I)
exists at initial coverage. At higher coverage, Cu atoms agglomerate into 3D clusters and
gradually show metallic features, being consistent with former discussion.

4. Conclusions

A study of the growth and electronic structure of Cu on ordered Cr2O3(0001) films is performed
using LEED, XPS and UPS. The results indicate that at RT Cu is highly dispersed on the
substrate at initial deposition, and Cu(I) state derived features have been observed. At Cu
coverages of >4 MLE, Cu becomes metallic. The formation of Cu 2D or quasi-2D patches is
followed by the formation of Cu 3D clusters. A Cu(111)R30◦ superstructure on a Cr2O3(0001)

surface has been observed by LEED.
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