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We hereby describe the modifications induced in a Cu thin film induced by different oxidation processes. By
using plasma assisted deposition, we have adsorbed oxygen onto the Cu /ZnO�0001�-Zn surface. Cu was
deposited on the sputtered-annealed ZnO substrate at room temperature, which was later exposed to oxygen.
Using x-ray photoelectron spectroscopy, we verified the effect of the surface treatment on the electronic
structure. Our findings are consistent with a partially oxidized Cu layer, with the CuO located at the interface
between ZnO and the adsorbed Cu islands. Further Cu deposition induces the formation of Cu2O as judged by
the evolution of the spectra. Annealing the sample up to 750 °C in UHV induces further reduction of the oxide,
metallic Cu is recovered on the top layer, with evidence of Cu desorption into the vacuum or incorporation into
the substrate.
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INTRODUCTION

The Cu /ZnO system has been extensively studied prima-
rily because of its importance as a heterogeneous catalyst for
methanol synthesis1–8 and the reverse water gas shift
reaction6–9 for hydrogen production. Furthermore, solid state
gas sensors utilize the CuO /ZnO interface as the active ele-
ment in humidity sensors10–12 and also in the detection of
harmful gases.12–15 In these sensors, the fact that copper ox-
ide is a p-type material, while ZnO is mostly a n-type one, is
important for their functionality. Band bending induced at
the p-n junction reduces the conductivity of ZnO. Upon the
reaction of CuO with a test gas, the magnitude of these band
bendings is modified on the ZnO substrate. This effect causes
a modification of the conductivity, which can then be easily
monitored and used as the “gas response” signal.

For an improved understanding of the functionality of the
Cu /ZnO system in device applications as the one described
above, a better characterization of the Cu /ZnO interface is
certainly desirable. In particular, the dependence of the inter-
face electronic structure on the oxidation state of copper is a
relevant piece of information. To this end, we performed
x-ray photoelectron spectroscopy �XPS� studies of Cu depos-
its on a single crystal ZnO�0001� substrate under ultrahigh
vacuum conditions. Different oxidation states of copper were
prepared by using an oxygen-plasma source. The in situ
sample preparation and characterization procedure enables a
detailed look on how the interface properties are altered by
the interaction with oxygen.

Previous surface science studies of Cu deposition on
single crystal ZnO substrates are slightly controversial. One
study showed that the growth of Cu proceeds via a two-
dimensional mechanism up to a critical coverage of 33% of a
monolayer, and then it converts into a three-dimensional
�3D� cluster growth.16,17 Scanning tunneling microscopy
�STM� studies, performed by members of our group, demon-
strated instead that the growth proceeds by the formation of
3D structures, already at very low Cu coverage.18 It has been

suggested that this discrepancy arises from the Cu growth
being very sensitive to the substrate preparation and traces of
contaminants at the surface. These differences already hint
that small amounts of adsorbed oxygen may play a role in
the morphology of Cu clusters. Raimondi et al. have inves-
tigated the morphological changes induced by different �oxi-
dizing� reaction conditions on a model catalyst consisting of
Cu particles supported on a polycrystalline ZnO film, grown
on a Si substrate.19 XPS and atomic force microscopy studies
demonstrated that, in the absence of water, the formation of
Cu+ �Cu2O� proceeds through the formation of islands with a
large lateral extent, covering most of the ZnO substrate. On
the other hand, in the presence of water, the formation of
Cu2+ caused an even larger dispersion of the Cu-island size,
which resulted in a higher fraction of the ZnO surface being
covered by Cu.

Recently, experimental efforts for understanding the
Cu /ZnO interface have found support from density func-
tional theory calculations. Meyer and Marx studied Cu ad-
sorption on the two polar surfaces.20 They found that Cu
atoms adsorb on top sites over oxygen on the O-terminated
surface, while they preferentially occupy hollow sites for the
Zn-terminated surface. This last result can be rationalized by
Cu adopting the role of the next Zn layer on the
O-terminated face, while on the Zn-terminated surface, the
Zn atoms can be viewed as the first layer of a metal film and
Cu acts as the continuation of the film, forming Cu–Zn
bonds. Bromley et al. have also studied Cu on the
ZnO�0001�-Zn surface, concentrating primarily on the effect
of the different oxidation states of adsorbed Cu.21 Their re-
sults show that Cu is strongly bound to the surface at Zn-
vacancy sites, forming anchors for subsequent Cu-cluster
growth. A high abundance of Zn vacancies is expected for
the Zn-terminated surface as part of the stabilization mecha-
nism of the polar surface.22,23 For higher oxidation states, the
binding energy �BE� increases and Cu2+ is the species more
strongly bound to the Zn-vacancy sites. The lowest unoccu-
pied molecular orbital of these Cu2+ ions is, however, below
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the valence band maximum of ZnO, suggesting an electronic
transfer to the Cu site, possibly reducing it to Cu+.

EXPERIMENT

The experiments were carried out under ultrahigh vacuum
conditions, in a system consisting of �i� a preparation cham-
ber, with a base pressure of 6�10−10 mbar, where the
samples were cleaned, metallized, and subsequently oxi-
dized, and �ii� an analysis chamber containing the XPS, op-
erated at a base pressure of 4�10−10 mbar.

The ZnO single crystals, mechanically polished and ori-
ented to within 0.5° of the c axis of ZnO, were obtained from
MTI Corporation. The sample’s polarity was confirmed ex
situ by their chemical etching behavior �the O-terminated
face of ZnO etches more rapidly in a HCl solution than the
Zn face�. They were cleaned, in situ, by cycles of Ar+ ion
bombardment �1 keV� at room temperature and annealing up
to 700 °C, until no contamination could be detected by XPS.

Cu �99.999 purity� was vapor deposited onto the clean
sample at room temperature using a Knudsen effusion source
�K cell�. The substrates were placed approximately 10 cm
away from the source during Cu evaporation. The tempera-
ture of the cell was held constant at 1100 °C during Cu
deposition.

The deposition rate was calibrated by a quartz crystal mi-
crobalance before growth. Deposition rates of 0.008, 0.043,
and 0.016 Å s−1 were used in all the experiments for Cu
films 0.3, 1, and 5 ML �monolayer� thick, respectively.
Sample oxidation was carried out at room temperature using
an oxygen mini plasma source �OSMiPlas Oxford Scien-
tific�, which was operated with an oxygen pressure of 5.5
�10−6 mbar and a current of 12 mA. The exposure time was
15 min.

The coverage of the deposited metal is given in mono-
layer equivalent. 1 ML=1.7�1015 atoms corresponds to the
number of Cu atoms per unit area in a Cu�111� plane. The
typical deposition rate used in this work was 0.42 ML /min.
The pressure during Cu deposition remained below 6
�10−9 mbar, which is only slightly higher than the normal
operating pressure.

All the XPS spectra reported here were obtained using an
x-ray source �VG XR3E2� with nonchromatized Al K� x-ray
radiation �1486.6 eV�. A Specs PHOIBOS 100 hemispherical
electrostatic energy analyzer with a channeltron energy de-
tector was used, in the medium magnification mode, which
gives an acceptance angle of up to �7° for a 2 mm spot size.
This analyzer has a typical energy resolution of 15 meV. The
energy scale was calibrated using the 3d5/2 photoemission
peak from a Ag foil. The detection was performed along the
surface normal, except when a different angle is explicitly
specified. The angle between the x-ray source and the ana-
lyzer is fixed at 55° for all measurements.

RESULTS AND DISCUSSION

Previous studies by STM of Cu growth on ZnO �Refs. 17,
18, 24, and 25� showed the formation of well defined clus-
ters. For moderately high Cu coverages, Cu�111� low-energy

electron diffraction �LEED� spots were observed, indicating
a strict crystallographic relationship of the Cu clusters with
respect to the ZnO substrate. In order to probe the crystalline
nature of the Cu deposits on our sample, we performed x-ray

photoelectron diffraction studies along the �1̄100� azimuth of
the ZnO substrate. The Cu intensity variations �2p3/2� versus
the polar angle were monitored after depositing 0.3, 1, and 5
ML at room temperature on the clean ZnO�0001�-Zn termi-
nated surface. The results of these measurements are shown
in Fig. 1. For 0.3 ML �trace �i��, the deposited film shows no
special features as a function angle, beyond the instrumental
resolution. At 1 ML �trace �ii��, two weak peaks appear at
18° and 36°, respectively. Both peaks show a higher intensity
for 5 ML �trace �iii��. No variations in the intensity as a
function of angle are expected for emission from an atomi-
cally flat surface below 1 ML coverage if the Cu atoms are
distributed in a uniform film or if they form a locally disor-
dered thicker Cu film. The fact that we see two weak peaks
at 1 ML coverages is an indication of cluster growth. If the
clusters are formed by Cu�111� nanoscale crystals, with the
�111� direction along the surface normal, and azimuthally
oriented in the plane, with one of the high symmetry direc-

tions along the �1̄100� substrate directions, the strongest for-
ward focusing peaks are expected at 19° and −35° �inset in
Fig. 1�. We see both peaks for positive values of the detec-
tion angle, indicating that both possible orientations of the
copper clusters are formed during growth. For both of these
cluster orientations, the �111� direction is parallel to the sub-

strate normal, but the �112̄� azimuth is either parallel or an-

tiparallel to the ZnO �11̄00� direction.
These results are consistent with previous measurements

for thicker layers ��5 ML�, in which Cu�111� LEED spots
have been observed in addition to the ZnO substrate
maxima.25 Yoshihara et al.16 have studied the variation of the
Cu 2p3/2 peak intensity as a function of polar angle along the
same azimuth at low coverages �0.41 and 0.98 ML�. Their

FIG. 1. ARXPS of Cu 2p3/2 after depositing �i� 0.3 ML, �ii� 1
ML, and �iii� 5 ML at room temperature on the clean ZnO�0001�-Zn
surface. Starting at 1 ML coverage, the XPS intensity shows dif-
fraction features consistent with a crystalline ordering of the Cu
clusters. The inset shows the angles for the strongest forward fo-
cusing peaks expected for a Cu�111� crystal which is oriented azi-

muthally in the plane along the �1̄100� substrate direction.
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results indicate no special angular variation for both cover-
ages. Only after a slight annealing of the higher coverage
film, to 370 K, a weak diffraction feature is detected at about
35°, consistent with �111� growth.

Figure 2 shows the XPS spectra of Zn 2p �Fig. 2�a��,
Cu 2p �Fig. 2�b��, and O 1s �Fig. 2�c�� for different prepara-
tion conditions; traces labeled by �i� in all graphs correspond
to ZnO�0001�-Zn clean surface, �ii� the surface after depos-
iting, at room temperature, 3 ML of Cu, �iii� the same sample
after oxidation in an oxygen plasma at 10−6 mbar, �iv� after
an additional deposition of 3 ML of Cu on the previously
oxidized sample, and �v� the sample annealed to 750 °C.

The Zn 2p1/2 and 2p3/2 features from the clean
ZnO�0001�-Zn surface �trace �i�, Fig. 2�a��, obtained after
several cleaning cycles, are the two narrow peaks with BEs
of 1044.8 and 1021.8 eV and full width at half maximum
�FWHM� of 1.88 and 1.93 eV, respectively. From Fig. 2�c�,
trace �i�, we can obtain similar information from the O 1s
peak. The corresponding BE is 530.6 eV and the FWHM is
1.67 eV.

These Zn 2p peaks, with very narrow and symmetrical
shapes, show an attenuation of their intensities after every
treatment, induced both by the Cu overlayer and the oxygen
exposure �traces �ii�, �iii�, and �iv��. The peaks are also
shifted to lower BEs, for the treatments in �ii�, �iii�, and �iv�,
with respect to their clean surface values �see Table I�. After
annealing the oxidized sample to 750 °C, the intensities of
the peaks, as well as the BE and FWHM, are similar to those
in �ii�, i.e., after the deposition of 3 ML of Cu.

After depositing 3 ML Cu, at room temperature, the trace
labeled as �ii�, in Fig. 2�b�, displays two narrow peaks with
FWHM of 1.6 and 1.9 eV, respectively, and BEs of 932.4
and 952.2 eV. These two transitions are the characteristic
2p1/2 and 2p3/2 states of metallic Cu.26 The substrate-related
O 1s peak �Fig. 2�c�, trace �ii�� is fairly narrow �1.63 eV�
and symmetrical. It also shifts with respect to the oxygen
peak in the clean ZnO surface to a lower BE �530.2 eV�. The
fact that this system has two components �ZnO and Cu�, and
both the O and Zn features shift their energies by the same
amount �−0.4 eV� upon Cu deposition, without changing sig-
nificantly the peak shapes, points toward a band bending
mechanism instead of a chemical shift as the reason for these
BE modifications.

Consistent with our results, Yoshiuara et al.16 reported a
reduction in the binding energy of the Zn 2p3/2 of 0.05 eV
for 0.3 ML Cu and 0.25 eV for a coverage of 1 ML. For the
same coverages, Didziulis et al.27 reported an upward band
bending of 0.15 and 0.3 eV, respectively. They did not show
results for higher coverages. In Fig. 3, we display the energy
shifts in the binding energy due to Cu deposition for cover-
ages as large as 10 ML. The deposition of Cu on ZnO�0001�
produces only an upward band bending. The fact that the
bands need to be bent upward to align the vacuum levels
agrees with the fact that the work function of ZnO is smaller
than that of Cu. From various references, the different values
reported for the work function are 3.5–3.9 eV,16 3.9 eV
�Ref. 27� for ZnO�0001�, and 4.6–4.9 eV for Cu,27 in agree-
ment with the sign and magnitude of the band bending we
can infer from our own data, for the Cu /ZnO system.

In the following paragraphs, we examine the modifica-
tions of the electronic structure of the Cu clusters induced by
the different sample preparation procedures, as shown by the
spectra in Fig. 2�b�. The effect of oxygen exposure �trace
�iii�� induces both a shift and a broadening when compared
to the previous spectrum �trace �ii��. The Cu 2p peaks present
a visible broadening on the higher BE side. Since the core-
level BE of an atom is closely related to its chemical envi-
ronment, this additional intensity could then be interpreted as
a chemical shift associated with some of the Cu atoms in the
overlayer being in a different chemical state. It is also fair to
point out that inhomogeneous surface charging in the thin
layer could also induce a similar broadening, but we are

FIG. 2. XPS spectra of �a� Zn 2p, �b� Cu 2p, and �c� O 1s for �i�
ZnO�0001�-Zn clean surface, �ii� after depositing 3 ML Cu, at room
temperature, �iii� the same sample after oxidation in oxygen plasma
at 10−6 mbar, �iv� after an additional deposition of 3 ML Cu on the
previously oxidized sample, and �v� the sample annealed to 750 °C.
Clear differences are evident between CuO and Cu2O features in
the spectra.
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discarding this possibility since no evidence to this effect
have been found of such behavior in previous studies.

At this point, we have assumed this peak �Cu 2p3/2� to be
formed by two components which we have fitted to the raw
data. One of them at 932.4 eV, corresponds to metallic Cu
and the second one, at 933.7 eV, to CuO,26,28–31 as shown by
previous measurements. Table II shows a summary of differ-
ent parameters obtained for the Cu 2p3/2 features obtained
from the traces in Fig. 2�b�. To help in the identification of
the different spectral features, we have also presented in
Table III a compilation, from different sources in the litera-
ture, of the BE of copper and oxygen features as measured
by XPS.

In addition to the broadening, a complex satellite peak
structure develops a few electron volts above the correspond-
ing core-level positions. The 942 eV satellite feature is
linked to the 2p3/2 transition and has a FWHM of 3 eV
�2p1/2 :961 eV, FWHM 2.5 eV�. These additional intensities
can be described as shake-ups,26,32,33 as they occur when the
outgoing photoelectron simultaneously interacts with a va-
lence electron and excites it �“shakes it up”� to a higher-
energy level. The kinetic energy of the core-derived electron
is then reduced slightly, giving rise to a satellite structure a
few electron volts above the main peak in a BE scale. In this
system, these strong shake-up satellite peaks are considered
an unequivocal signature for the presence of CuO �Refs. 26
and 28–34� in the sample.

After a new deposition of 3 ML Cu �trace �iv�� on the
previously oxidized sample, we detect additional changes in
the Cu 2p spectra. Both satellite peaks related to CuO �942
and 961 eV� disappear, the 2p transitions become narrower
and symmetrical again, namely, the high-energy shoulder is
strongly attenuated. The new Cu 2p3/2 and 2p1/2 BEs are
932.2 and 952.0 eV, respectively. Additionally, two small
features appear at about 946.3 and 964.5 eV BE. They have
been identified as characteristic satellites of Cu 2p in
Cu2O.28,30,31,33–35

Annealing the oxidized sample to different temperatures
between 400 and 750 °C reduces gradually the intensity of
the satellite peaks associated with Cu2O. Finally, upon an-
nealing to 750 °C, this feature is almost imperceptible �trace
�v�, Fig. 2�b�� in the data. The shape of the Cu 2p3/2 feature
at 932.2 eV �trace �iv�� remains almost unaltered after an-

nealing, but the whole peak gets shifted to a higher BE:
932.6 eV, when the temperature goes as high as 750 °C.

It is tempting to conclude then that we have recovered
metallic Cu on top of the ZnO substrate after the reduction
process is completed. It is also evident that Cu desorbs into
the vacuum, as reflected by the reduction of the correspond-
ing Cu 2p peak area in trace �v� �Fig. 2�b��. Nevertheless,
additional insight is provided by the Cu LMM Auger transi-
tions as displayed in Fig. 4. The trace labels in Fig. 4 are in
a one to one correspondence with those shown in Fig. 2. The
salient feature in the spectra after depositing Cu on the clean
ZnO substrate is the appearance of a peak at a kinetic energy
of 918.5 eV �trace �ii��. Oxygen exposure does not change
the BE of this feature �trace �iii�� even though it changes its
width. A more detailed analysis shows that this peak has two
components, one most likely related to Cu �918.6 eV KE�
and a second one derived from CuO �917.8 eV KE�. Further
Cu deposition induces additional changes in the spectrum
�trace �iv��. The LMM transition now becomes stronger and
is also shifted to 916.6 eV KE. As a summary in Table III,
we display, from different sources in the literature, the KE of
Cu LMM as measured by XPS.

Since the 2p BEs of the oxidized Cu+ and reduced Cu
have very similar values, it is hard to distinguish one from
the other just by looking at this resonance. However, the
substantial difference between traces �ii� and �iv� in Fig. 4,

TABLE I. BE of Zn 2p3/2 and O 1s features for �i� clean surface, �ii� after depositing 3 ML Cu at room
temperature, �iii� the same sample after an oxidation treatment in oxygen plasma at 10−6 mbar, �iv� after an
additional deposition of Cu on the previously oxidized sample, and �v� after the sample was annealed to
750 °C. The labels in parentheses correspond to the treatments described in Figs. 2 and 4.

Treatment

Zn 2p3/2 O 1s

BE
�eV�

FWHM
�eV�

Peak area
�cps�

BE
�eV�

FWHM
�eV�

Peak area
�cps�

�i� 1021.8 1.93 532763 530.6 1.67 92963

�ii� 1021.4 1.91 509000 530.2 1.63 84449

�iii� 1020.2 1.87 279284 529.0 529.3 1.55 2.0 49237 31254

�iv� 1020.8 1.78 130962 529.6 530.2 1.30 1.55 23851 36737

�v� 1021.4 1.89 512109 530.2 1.62 86009

FIG. 3. Cu deposition on ZnO�0001� induces a reduction in the
binding energy of the Zn 2p3/2 peak. Consistently the band bending
increases as a function of Cu overlayer thickness.
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together with the satellite structure in Fig. 2, seems to con-
firm that Cu deposition, on a partially oxidized CuO layer,
induces the formation of Cu2O. The Auger LMM lines,30,31

which show shifts under the different treatments, allow an
easier differentiation between Cu and Cu2O, which would
not be evident just from detecting the changes in the Cu 2p
core-level spectra.

In the Auger spectrum of the “reduced” film �Fig. 4, trace
�v��, the clear and sharp Cu Auger feature, present in the
as-deposited sample, is replaced, in the annealed sample,
�ZnO�0001� /Cu /O /Cu-annealed; Fig. 4, trace �v�� by a
fairly broad resonance barely distinguishable from the ZnO
background. These Auger features, together with the shape,
BE, and width of the Cu 2p resonance �Fig. 2�b��, show that
the annealing procedure reduces the Cu2O on the surface to
metallic Cu with a considerable desorption into the vacuum
or possibly cluster coalescence, consistent with an increased
contribution of ZnO in the corresponding Auger spectrum.
From the data available, it is not possible to differentiate
between these alternatives.

The changes in the Cu peaks are also accompanied by
modifications in the oxygen spectra, as shown by the corre-
sponding traces in Fig. 2�c�. After oxygen exposure, the O 1s
peak �trace �iii�� becomes broader and asymmetrical, with a
shoulder on the high BE side. This broadening is consistent
with the presence of more than one type of oxygen in the
interfacial region �ZnO and CuO�. As a first approximation,
we fitted two components to this peak: one related to the
substrate and the other one to CuO.

As a reference, to identify the band bending associated
with changes in the surface carrier concentrations,36 we used
the Zn 2p BE shift and assumed the same value for the O 1s

feature, as expected for photoelectrons emerging from a
common surface. As seen in the data summarized in Table I,
the Zn 2p3/2 BE decreases by 1.6 eV after O2 exposure. Con-
sistent with this shift, the ZnO component of the O 1s peak
should be at 529.0 eV. The second component, associated
with the broadening, is then determined by the best fit to the
data. In this case, the BE related to the presence of CuO on
the surface is 529.3 eV. The assignment of the characteristic
BEs to different oxidation states of copper is better under-
stood by comparing our data with previous measurements, as
those shown in Table III. These values, together with the
changes displayed by the Cu 2p peaks, are in agreement with
the formation of CuO in the adsorbed layer.

After an additional deposition of 3 ML Cu on the previ-
ously oxidized sample �Fig. 2�c�, trace �iv��, the O 1s peak
shifts to a slightly higher binding energy and becomes nar-
rower and more symmetrical. To determine the components
of this peak, we used the same procedure described in the
previous paragraph. From this procedure, the BE of the
substrate-related component is at 529.6 eV, and the oxide
�Cu2O� related feature has a BE of 530.2 eV.

Finally, in trace �v�, after annealing the oxidized sample to
750 °C, the O 1s peak looks narrower and symmetrical
again. The intensity as well as BE �530.2 eV� and FWHM
are similar to those in �ii�, i.e., after the deposition of a fresh
layer of Cu. This agreement with the previously observed Zn
and Cu features confirms the reduction of Cu2O to metallic
copper through this annealing procedure.

In Fig. 5, we show a series of spectra, with different emis-
sion angles, collected with the purpose of determining the
oxide distribution within the thin layer. The spectra consider
the Cu 2p states, after Cu deposition and oxidation �3 ML

TABLE II. BE for Cu 2p3/2 for �i� clean surface, �ii� after depositing 3 ML Cu at room temperature, �iii�
the same sample after an oxidation treatment in oxygen plasma at 10−6 mbar, �iv� after an additional depo-
sition of Cu on the previously oxidized sample, and �v� after the sample was annealed to 750 °C.

Treatment
BE

�eV�
FWHM

�eV�
Peak area

�cps�

�ii� 932.4 1.6 236122

�iii� 932.4 933.7 2.3 2.9 89075 59136

�iv� 932.2 1.6 373511

�v� 932.6 1.8 114778

TABLE III. BE of copper and oxygen features together with KE for the Cu LMM feature as measured by
XPS, from different sources in the literature.

Reference

BE �eV�
KE �eV�
LMM CuCu 2p3/2 O 1s

Cu CuO Cu2O CuO Cu2O Cu CuO Cu2O

31 932.5 933.5 529.4 568.6a

32 932.6 932.5 530.3 569.7a

33 933.8 933.3 530.3 918.5 917.1 916.3

34 932.7 933.6 932.5 529.6 530.4 918.6 917.8 916.5

aBinding energy.

OXYGEN ADSORPTION ON Cu /ZnO�0001�-Zn PHYSICAL REVIEW B 77, 035435 �2008�

035435-5



Cu+plasma oxidation�, as a function of the angle between
the analyzer and the surface normal. The intensity variations
in this type of measurements could be used to determine the
composition distribution in a surface layer and has been used
in the past for describing thin passive films on metals and for
the detection of surface segregation in polymers.32 In our
data, the angular dependence of the XPS spectra manifests
itself as a reduction of the relative intensity of the 2p3/2 sat-
ellite peak, together with a continuous narrowing of the
Cu 2p peaks as the emission angle is increased. For larger
emission angles, the resulting spectral data are more sensi-
tive to the top layer composition.

The evident reduction of the relative intensity of the 2p3/2
satellite peak, together with a continuous narrowing of the
Cu peaks as the emission angle is increased, indicates that
the 2p transitions in the oxidized Cu clusters are composed
of two distinguishable components: a high BE shoulder re-
lated to CuO and the main peak corresponding mostly to
metallic Cu. The corresponding binding energies of the 2p3/2
components are 932.4 and 933.7 eV, respectively. The first
of these components is related to metallic Cu and the second
one to CuO. From this analysis, it is then possible to con-
clude that only a fraction of the copper in the clusters is
found in a Cu2+ oxidation state and that part of it retains its
metallic character.

The reduction of the intensity of the satellite peak for
larger angles is then consistent with a gradient in the CuO
concentration, with the higher oxidation states being closer
to the ZnO interface. At the same time, the top parts of the
clusters are more metallic, since the spectra for large angles
are more consistent with metallic Cu. From this result, it is
then clear that the stabilized ZnO surface does play an active
role in the formation of the Cu oxide layer at this interface.
These partially oxidized clusters show explicit evidence of a
spatial segregation of these two components in the direction
of the substrate normal. Similar gradient distributions have
been reported by Schalow et al.37 for a Pd /Fe3O4 catalyst.
Their results are consistent with oxygen being reversibly ac-
cumulated in a thin Pd oxide layer, at the metal/oxide inter-
face.

It is not unreasonable to think that there are traces of
Cu2O in the overlayer after the initial oxidation, since the
free energy is minimized in the CuO-Cu reaction which
forms Cu2O. The great resemblance between the spectra of
the clean 2p resonances of Cu and Cu2O makes it very hard
to discard this fact based solely on this information. Never-
theless, the main difference between them �Cu2O and Cu� is
seen in the LMM Auger spectra, as shown in Fig. 4. These
spectra �traces ii and iii� are consistent with the top layer of
the clusters being mostly metallic Cu.

The formation of Cu2O is a temperature dependent
process. All our experiments were carried out with the
samples at room temperature, however, the different proce-
dures used to form the oxides, plasma oxidation, and Cu
redeposition are not equivalent. An oxygen-plasma source
induces a milder temperature effect at the interface when
compared with Cu evaporation from a crucible at 1100 °C.
Our data indicate that this temperature difference at the in-
terface could be enough to promote Cu2O formation.33

Similar angular dependence measurements were also car-
ried out for the case of Cu redeposition on the previously
oxidized clusters �trace �iv� in Fig. 2�. The absence of an
angular dependence of the 2p peaks is then consistent with a
uniform distribution of Cu2O throughout the film. Consistent
with this measurement, there is almost no variation of the
relative intensity of the corresponding satellite peaks. Thus,
confirming that Cu2O is uniformly distributed in the ad-
sorbed film.

SUMMARY

We have studied the Cu /ZnO interface, crystalline struc-
ture, its oxidation, and the effects of annealing. The room
temperature deposition of Cu on ZnO�0001� is known to
induce the formation of islands or cluster of the adsorbed
metal. Due to the potential applications of this particular sys-
tem, it is then reasonable to verify the changes induced in
these metallic particles by controlled temperature treatments
under different atmospheres. We have concentrated our ef-

FIG. 4. Cu+Zn LMM spectra for �i� ZnO�0001�-Zn clean sur-
face, �ii� after depositing 3 ML Cu at room temperature, �iii� the
same sample after oxidation in oxygen plasma at 10−6 mbar, �iv�
after an additional deposition of 3 ML Cu on the previously oxi-
dized sample, and �v� the sample annealed to 750 °C.

FIG. 5. Series of spectra of the Cu 2p states in the oxidized
sample �3 ML Cu+plasma oxidation� as a function of emission
angle. The XPS intensity of the satellite at 942 eV BE has its maxi-
mum at 0° and decreases gradually as the emission angle is in-
creased. This result is consistent with Cu having a higher oxidation
state closer to the interface.
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forts on the determination of the effects of oxygen on the
electronic structure. The plasma oxidation of the Cu clusters,
grown at different coverages, is consistent with the formation
of CuO. Both the angular evolution of the CuO 2p satellites
and the changes in shape and energy shifts of the primary
peaks are indicative of the formation of an oxide with a
higher concentration at the ZnO-cluster interface. The rest of
the film, closer to the vacuum interface, is mostly metallic
Cu �Fig. 6 �i��. Upon further deposition of Cu onto the oxi-
dized clusters, we can induce the formation of Cu2O as a
dominant component. The CuO features are almost undetect-
able after Cu redeposition. The new oxide is better recog-
nized by its Auger LMM spectra.

By means of the procedure described, we can define the
initial oxide stoichiometry and spatial distribution in the ad-
sorbed clusters. Our first treatment �plasma oxidation� pro-
duces an interfacial oxide �CuO� and the second one �Cu
redeposition� induces the formation of a uniform oxide in the
clusters with Cu2O stoichiometry �Fig. 6 �ii��.

Metallic oxides have been shown to have singular cata-
lytic behavior, in particular, if the sizes involved are in the
nanometer range, as is the case of a few monolayers of Cu in
ZnO. If we can modify the catalytic properties by changing
the stoichiometry of the oxides, we could enable other appli-
cations of these materials. It is also reasonable to assume that
the actual chemical behavior of Cu /ZnO catalysts may be
better described under realistic conditions, as oxide clusters
such as the one we have shown to exist rather than pure
metal, if the Cu clusters are exposed in the different pro-
cesses to oxidation conditions.
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