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X-ray photoemission study of the temperature-dependent CuQO formation on Cu(410) using an
energetic O, molecular beam
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We studied the oxidation of Cu(410) using x-ray photoemission spectroscopy performed with synchrotron
radiation. We demonstrate that a hyperthermal O, molecular beam is an efficient tool to fabricate Cu oxide thin
films at room temperature (RT) and even lower temperatures. At RT, mainly Cu,O forms. At 7~ 100 K, CuO
nucleation also takes place; this is noteworthy, since this moiety is usually produced only at much higher 7 and

ambient pressure.
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Understanding the chemistry of the copper-oxygen inter-
action is one of the outstanding open issues of solid-state
physics due to the obvious implications with the physics of
high-T,. superconducting materials, whose basic units are
Cu-O chains or layers.! Cuprous oxide (Cu,O) and cupric
oxide (CuO) are regarded as meaningful benchmark materi-
als for theories and experiments. Cu,O, an industrially im-
portant direct-gap semiconductor with a band-gap energy of
2.17 eV,? is expected to have an essentially full Cu 3d shell.
On the other hand, CuO has an open d shell (3d°) and is an
antiferromagnetic semiconductor with a gap of about
1.4 eV.37 Both materials are regarded as most promising for
applications to photovoltaic cells,®® for which higher carrier
densities and lower leakage currents are required to improve
the performance in terms of energy conversion. Finite-size
effects were recently demonstrated to affect the magnetic
transition temperature in CuO ultrathin films or
nanoparticles.” Last but not the least, Cu,O is an efficient
catalyst for the partial oxidation of propylene to acrolein,'®
while CuO is used in gas sensors.'! The synthesis of Cu,O
nanocrystals has been reported recently, further testifying the
growing interest in this material.'?

Ordered Cu,O and CuO films and nanostructures are usu-
ally grown by controlling O, pressure and substrate tempera-
ture during deposition. The use of hyperthermal O, molecu-
lar beams (HOMBSs) may improve the quality of the grown
thin films, as demonstrated, e.g., for organic films,!3 and al-
low to produce the oxide at lower crystal temperatures, 7,
avoiding contamination problems and reducing film defectiv-
ity. Collision-induced absorption'* (CIA) and local heating
of the substrate were shown to be indeed effective in induc-
ing oxide nucleation,'® opening up other possibilities for the
production of nanostructured oxides.

Herein, we report on a detailed study on the initial oxida-
tion and on Cu,O and CuO formation on Cu(410). The
stepped surface was chosen because undercoordinated sites
may act as nucleation centers and open up efficient pathways
for the incorporation of O atoms'® and because oxygen ad-
sorption at this surface was studied thoroughly.!” The choice
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of the Cu(410) geometry is further motivated by its stabili-
zation by atomic oxygen: faceting into (410) planes of (100)
surfaces was indeed reported after massive oxygen
exposures. '8

The efficiency of oxide formation increases strongly with
O, translational energy, allowing to produce the oxide al-
ready at room temperature (RT) and even at T~ 100 K for
2.2 eV O, beams, as demonstrated by x-ray photoemission
spectroscopy (XPS) performed using synchrotron radiation
(SR). The characteristic signatures of Cu,O are then clearly
visible for HOMB incidence in O 1s and Cu L;M, sM 4 5 Au-
ger spectra. At 7~ 100 K, additional features appear in O ls
and Cu 2p XPS spectra, witnessing CuO formation.

SR-XPS experiments were performed with the surface re-
action analysis apparatus (SUREAC 2000) constructed at
BL23SU in SPring-8 in Japan.!” The photon energy for re-
cording XPS spectra was set to 1092.8 eV. The Cu(410)
sample (see schematic structure in the inset of Fig. 1) was
cleaned by repeated cycles of 1 keV Ar* sputtering and an-
nealing at 870 K until no impurities were detected by SR-
XPS and low-energy electron diffraction showed the sharp
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FIG. 1. (Color online) Evolution of O 1s SR-XPS spectra for
2.2 eV HOMB incidence along the surface normal and at room
temperature (bottom) and at 100 K (top). Spectra correspond to
increasing coverage from 0.5 to ~2 ML. The inset shows the
Cu(410) surface geometry.
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FIG. 2. (Color online) Line-shape analysis of the representative
O 15 SR-XPS spectra at (a) room temperature and (b) 7=100 K for
2.2 eV HOMB incidence along the surface normal. Four compo-
nents are present. They correspond to chemisorbed O on Cu (530.1
eV at RT and 530.0 eV at 100 K), subsurface O (530.1 eV, only at
100 K), Cu,0 (530.5 eV), CuO (529.3 V), and chemisorbed O on
Cu oxide (531.5 eV). The Shirley background is indicated by the
full line.

pattern characteristic of the pristine stepped surface. The O,
molecules are dosed by HOMB seeded in He. Their esti-
mated incident energy reads 2.2 eV at a nozzle temperature
of 1400 K. The incident direction of the HOMB is along the
normal to the sample surface. The O, flux at the sample
position was estimated experimentally?® to be 1.28
% 10" molecules cm™2s~!, corresponding to 0.81 ML/s.
[The ML is defined with respect to the unreconstructed
Cu(410) substrate (1 ML=1.58 X 10" atoms/cm?)]. The sur-
face coverage was determined from the area of the XPS
spectra calibrated with respect to the (2y2 X y2)R45° struc-
ture of Cu(100).

Figure 1 shows the evolution of the O ls spectral region
for 2.2 eV HOMB doses performed along the surface normal
at RT and 7~ 100 K. The O 1s SR-XPS peak has a binding
energy Ep=530 eV at a coverage of 0.5 ML, and increases
in intensity and Ep with increasing O coverage at both T.
However, the line shape of the O 1s peak depends strongly
on O coverage and oxidation temperature. In Fig. 2, we show
the results of the peak-shape analysis of representative O s
spectra. The symmetric peak of O ls at 0.55 ML at RT and
~100 K is fitted with a Voigt function with parameters
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Gaussian width G=0.76 eV and Lorentzian width T’
=0.36 eV. The peak-fitting procedure was performed using
UNIFIT2002  software?’ and subtracting the  Shirley
background.?” The O 1s binding energy reads 530.1 eV at
RT (Ref. 23) and 530.0 eV at 100 K. At higher O coverage
and for both 7, several additional components are necessary
to reproduce the measured shape, whose weight with cover-
age depends strongly on the oxidation temperature.

At RT, they correspond to Cu,O (G=0.68¢V, T
=0.35eV) at 530.5eV and to a small CuO peak (G
=0.50 eV, I'=0.35eV) at 529.3 eV.2* A small amount of
CuO was also reported for Cu,O formation on Cu(110).%> At
the highest investigated O concentration, the chemisorbed
oxygen signal at 530.1 eV has disappeared, witnessing that
the substrate is now fully covered by Cu,0O. The small addi-
tional peak at 531.5 eV (G=0.87 eV, I'=0.35 eV) is possi-
bly due to chemisorbed O on Cu oxide.?

At low T, a further peak is necessary to fit the data, cor-
responding to subsurface oxygen at 530.1 eV, G=0.71 eV,
I'=0.35 eV.?” Although this binding energy nearly coincides
with the one of chemisorbed oxygen, its introduction is jus-
tified because of the following: (1)The x? value per degree of
freedom decreases significantly (from 1.64 to 1.54) and the
Abbe criterion coefficient, estimating the extent of system-
atic errors, increases from 0.84 to 0.93, indicating smaller
systematic deviations (the value 1 indicates purely statistical
deviations).?!

(2) At the highest coverage, a peak at 530 eV with weight
close to 0.5 ML is needed to fit the data. This coverage
corresponds to the saturation of chemisorbed O. If the com-
ponent at 530 eV were due only to supersurface oxygen, we
should conclude that only a very small fraction of the surface
is covered by oxide. The latter would then consist of three-
dimensional islands unphysically elongated normally to the
surface.

Cu,0 and CuO formation is confirmed by the SR-XPS Cu
L3M, sM 4 s Auger electron spectra (AES) and by the Cu 2p
spectra reported in Figs. 3(a) and 3(b), respectively. The ref-
erence AES spectra of bulk Cu,O and CuO (Ref. 24) are
reported in Fig. 3(a) for comparison. Cu,O at RT can be seen
in the spectral shape of the Cu LyM, sM, 5 AES peak of the
oxidized surface. At T~ 100 K, the shape of the AES spectra
shows, on the contrary, the larger weight of CuO and con-
versely the reduction of Cu,O inferred by the O 1s spectra in
Fig. 2. The satellite and the shoulder of Cu 2p, characteristic
for the d’ configuration in the ground state of CuO, are
clearly present in the XPS spectra in Fig. 3(b) in the Ej
range 933-945 eV for the oxidized surface prepared at
T~100 K, only.

Finally, in Fig. 4(a), we show the O uptake curves
recorded during 2.2 eV HOMB oxidation at RT and T
~ 100 K. We firstly note that the uptake for Cu(410) is much
faster than for the parent nonstepped Cu(100) surface [con-
tinuous line in panel (a)], thus proving the high oxidation
efficiency of the low coordination sites at the steps of the
Cu(410) surface. The trend is similar, except for the slightly
higher coverage reached in the latter case. However, the dis-
tribution of the O 1s components is totally different for the
two T values as it can be inferred from Figs. 2 and 4(b). At
RT, the 2.2 eV HOMB produces almost only Cu,O, while at
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FIG. 3. (Color online) (a) Cu L3M 4 sM, 5 Auger electron spectra
measured at 70° from the surface normal after 2.2 eV HOMB inci-
dence along the surface normal. From the bottom: 2.12 ML O cov-
erage prepared at 100 K, 1.74 ML prepared at a room temperature,
and bare surface. Spectra corresponding to bulk CuO (dashed line),
Cu,O0 (thin line), and Cu (dot-dashed line) are also shown (Refs. 24
and 31). (b) Cu2p XPS spectra measured for emission along the
surface normal after 2.2 eV HOMB incidence along the surface
normal. Bottom spectrum: nonmagnified spectrum of the clean sur-
face. Enlargements (X 10). From the top: clean and O covered sur-
face (2.12 ML prepared at 100 K and 1.74 ML at RT, respectively).

T~ 100 K, three phases (Cu,O, subsurface O, and CuO) co-
exist. This result suggests that the local heating by HOMB is
insufficient for the formation of a homogeneous Cu,O layer.
Mobility of Cu and O atoms, attained at higher T only, is
thus required.

CuO nucleation at low T is anyway surprising, since this
moiety is usually produced at high 7 and high O,
pressure.?®?° Cu,O may thus form, under the present condi-
tions, following the route of CuO+Cu— Cu,0O and the CuO
phase may act as a metastable precursor. It should be noted
that a similar reaction pathway, leading to Cu,O formation,
occurs when depositing Cu atoms on CuO thin films.?° In-
deed, when heating to 273 K, the O 1s component, corre-
sponding to CuO, disappears in the SR-XPS O ls spectrum
[see Fig. 4(c)], indicating the metastable nature of this phase.

The comparison of the uptake curve for the 2.2 eV
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FIG. 4. (Color online) (a) O uptake curves for 2.2 eV HOMB at
normal incidence on Cu(410) at room temperature (full circles) and
100 K (open circles). The O uptake at room temperature includes
also data recorded at 890.4 eV photon energy. The result for the
uptake with 0.5 eV HOMB at normal incidence is also shown. The
continuous line shows the corresponding data for Cu(100) (taken
from Ref. 19). (b) Uptake curves for chemisorbed O on Cu (530.0
eV, circles), subsurface O (530.1 eV, diamonds), Cu,O (530.5 eV,
squares), and CuO (529.3 eV, triangles) retrieved from the spectra
and from the analysis shown in Fig. 2. (c) Comparison between
XPS measurements performed immediately after dosing the 2.2 eV
HOMB at T=100 K (dotted spectrum) and after subsequent anneal-
ing (continuous spectrum). The shift witnesses the decreased weight
of subsurface O and of CuO.

HOMB deposition with the one at 0.5 eV [reported for com-
parison in Fig. 4(a)] clearly suggests that higher kinetic en-
ergy is required for Cu oxide formation. The CIA
mechanism!# plays, therefore, a role also for the nucleation
of the metastable CuO phase, in analogy to the cases of
Cu(100) (Ref. 19) and Si(100).2° The transformation to Cu,O
occurs eventually at higher 7 when a supply of Cu atoms via
diffusion is available. The translational energy of the incident
O, is thereby used mainly to bury preadsorbed O atoms into
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subsurface sites, although local substrate heating may play a
role, too.

Fabrication of CuO island at low T is only possible by
HOMB. It would be quite interesting to study how the Néel
temperature is affected and modified with respect to the bulk
value of 229 K.,® but this is not possible with our experimen-
tal setup.

In summary, we demonstrate that nearly perfect Cu,O
films can be grown on Cu(410) by HOMB at room tempera-
ture, while also CuO forms at ~100 K. The latter phase
disappears when annealing just below RT. This result shows
the existence of a reaction route for Cu,O formation through
a metastable CuO precursor when dosing by HOMB on a
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cold substrate. This process is of general importance for the
fabrication of metastable phases of interest for the synthesis
of suboxides*? and of nanostructured materials.*’
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