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We have studied the early stages of growth of the layers formed by Ni evaporation in an oxygen atmosphere
at room temperature on a Cu(111) single crystal. The layers have been analysed by XPS and x-ray absorption
spectroscopy as a function of the deposition time. A background analysis of the XPS spectra has also been
performed. We have found a Stranski–Krastanov way of growth, i.e. the formation of a metallic Ni monolayer
followed by the formation of defective NiO islands. Further deposition leads to the formation of stoichiometric
NiO. Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The main purpose of this paper is the study of the early
stages of growth of ultrathin films of NiO on Cu(111)
at room temperature. The study of ultrathin oxide films
on metal substrates and their interfaces has attracted
much interest in recent years.1 – 3 The interesting catalytic
properties of NiO, as well as the potential use of magnetic
NiO/CuO multilayers, support this work. The complex
electronic structure of NiO has been widely studied for
years.4,5 The influence of surface defects on the electronic
structure in defective NiO surfaces6,7 and nanoparticles8,9

has also been reported. Other related experiments include
the growth of ultrathin films of NiO on different substrates
(e.g. MgO,10,11 V2O5,12 HOPG13) as well as of different
oxides (e.g. ZnOx14 and Fe2O3

15) on Cu(111).
In this work, ultrathin NiO films have been grown by

thermal evaporation of nickel in an oxygen atmosphere
on a Cu(111) single crystal at room temperature. Sub-
strate and overlayer have been analysed by means of
x-ray photoelectron spectroscopy (XPS) and x-ray absorp-
tion spectroscopy (XAS) as a function of the deposition
time. Firstly we present a chemical analysis based on
the core-level XPS spectra. Then, a quantification of the
background due to the inelastically scattered electrons has
been performed following the formalism of Tougaard.16,17
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Finally, and taking advantage of the larger probing depth
of XAS as compared with XPS, the chemical state of the
Cu substrate for large coverages (some tens of monolay-
ers) has also been analysed.

EXPERIMENTAL

Layers of NiO were deposited by evaporation of pure
Ni (99.98% from Goodfellow) in an oxygen atmosphere
at room temperature. Nickel was evaporated resistively
at constant current from a tungsten filament surrounded
by an Ni wire. Oxygen was introduced through a pipe
directed towards the sample (2 cm) in order to obtain
a higher oxygen pressure in the surroundings of the
sample. The oxygen pressure, as measured in the ultrahigh
vacuum (UHV) chamber, was maintained constant at 5ð
10�7 Torr. Previously, the Cu(111) single-crystal substrate
was submitted to several cycles of ArC sputtering and
annealing at 700°C until it appeared clean, as observed
by XPS.

The XPS spectra were acquired in a PHI-3027 spec-
trometer equipped with an Mg K̨excitation source and
a double-pass cylindrical mirror analyser (CMA) working
at 20 eV pass energy and giving a full width at half-
maximum (FWHM) of the Cu 2p3/2 photoelectron line
of 1.8 eV. The experimental raw data were corrected by
the transmission function of the electron energy analyser.
Inelastic mean free paths of 9.8 and 8.3Å were used to
analyse the Ni 2p and Cu 2p peaks.18

The XAS measurements were performed at the SA8
beam-line of LURE using a double-crystal (Beryl)
monochromator. The resolution was better than 0.4 eV at
930 eV. The spectra were taken in the total yield mode.
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The estimated mean probing depth of XAS is 40Å.19 The
spectra were normalized to the incident currentI0. The
energy scale was calibrated taking the maximum of the
Cu 2p edge in CuO at 931.2 eV.20

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy chemical analysis

The photoemission spectra of O 1s (a) and Ni 2p (b) as
a function of the evaporation time are shown in Fig. 1.
The shape and energy position of the Ni 2p spectra
change progressively upon deposition. The spectra have
been divided into three different regions. In region (i),
corresponding to very low coverages (3–19 min), the
Ni 2p3/2 line is narrow and centred at 853.0 eV. These
spectra agree in shape and energy position with that of
metallic Ni.21 On the contrary, the spectra of region (iii),
corresponding to high coverages (404 min), agree very
well with that reported for NiO.7 The spectra of region (ii)
(19–164 min) are rather complex but they can be fitted
as a linear combination of those corresponding to metallic
Ni and NiO, indicating the presence of both phases in the
deposit.

With regard to the O 1s XPS spectra shown in Fig. 1(a),
it is interesting to point out that in region (i) no oxygen
species have been absorbed. On the contrary, for regions
(ii) and (iii) we observe two peaks at 529.7 and 531.6 eV,
respectively. The former can be assigned to oxygen in the
NiO lattice,10 whereas the latter is known to belong to oxy-
gen absorbed on defective NiO.13 The Cu 2p XPS spectra
for regions (i) and (ii) are shown in Fig. 2. All these spec-
tra are characterized by a narrow Cu 2p3/2 peak located
at 932.9 eV binding energy that corresponds to metallic
Cu. This assignment is also supported by the shape and
energy position of the Cu Auger LMM peaks (not shown

Figure 1. The XPS spectra of O 1s (a) and Ni 2p (b) as a
function of the evaporation time. For explanation of regions
(i), (ii) and (iii), see text.

Figure 2. (a) Copper 2p XPS spectra as a function of the evaporation time. Horizontal lines indicate the extrapolated background.
(b) The same spectra after inelastic background subtraction. The inset represents the profile and parameters used in the quantitative
background analysis.
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here). For evaporation time>284 min, the Cu 2p XPS
signal could not be detected because the inelastic mean
free path (IMFP) of the Cu 2p photoelectrons is much
lower than the thickness of the deposit.

Three important conclusions can be inferred from the
above results:

(1) In region (i), Ni and Cu atoms remain unoxidized.
Furthermore, considering the well-known oxidation
kinetics of Ni,22 it seems that the presence of the Cu
substrate hinders the oxidation of the deposited Ni
atoms. In fact this effect has been observed previously
in the Ni/Cu(100) system.21

(2) For region (ii), Ni atoms are partially oxidized leading
to defective NiO, as revealed by the characteristic
Ni 2p and O 1s spectra of the defective oxide shown
in Ref. 13.

(3) For thicker overlayers, mainly stoichiometric NiO is
formed.

X-ray photoelectron spectroscopy background
analysis

Quantification of the photoemission spectra by inelastic
peak shape analysis relies on a physical description of the
electron transport processes.23 This method has already
been applied to study the growth mode of several thin
films.24 – 29 The description of the energy losses during
electron transport out of the sample is done through the
universal cross-section suggested by Tougaard,23 i.e. in
this case we have usedB D 3350 eV2 as determined from
a correct background subtraction of the Cu 2p line from
the clean Cu(111) substrate (see below).

The analysis procedure was performed by using the
known QUASES software according to the following
steps. First, the contributionj.E/ of the photoelectrons
coming from a core line was isolated. This is done
by subtraction of a straight line that extrapolates the
background in the high-kinetic-energy side of the peak
[dotted line in Fig. 2(a)]. Then, the inelastic background
is substracted in order to determine the background-
corrected spectraF.E/. We have used the universal cross-
section mentioned above. The shape ofF.E/ gives the
energy distribution of the originally excited electrons
and its intensity is related to the number of emitting
atoms in the analysed region of the sample. Two main
constrains affect the determination ofF.E/. First, the
background in the low-kinetic-energy side of the peak,
far from the position of the main (no-loss) line, must be
zero. Second,F(E) must be equal in shape and intensity
to that obtained from a reference bulk sample of the
same material. Figure 2(b) shows the set of background-
corrected spectraF.E/. Note that the same originally
excited spectrumF.E/ is obtained for all the analysed
samples, which validates the analysis.

Quantitative analysis of the background indicates that
the growth mode is of the Stranski–Krastanov type, i.e.
completion of a full layer followed by growth of islands
on top of that layer. The parameters describing the mode
are the heighth1 of the initial layer completely covering
the Cu surface, the heighth2 of the islands and the
surface coveragec of these islands (see inset of Fig. 2). In
Table 1 we have summarized the values obtained for these
parameters. Determination of the heighth2 of the islands
from the Cu 2p signals was not possible because of the

Table 1. Parameters describing the growth mode of the
samples depicted in Fig. 2

Sample Height h1 (Å) Height h2 (Å) Coverage c (%)

0 min 0 0
19 min 2.7 0 0
49 min 3.8 >30 8
74 min 4.3 >30 20

104 min 5.0 >30 28
164 min 5.5 >30 44
284 min 10 >30 71

short IMFP of the Cu 2p photoelectron peaks. However, a
similar analysis was done for some of the corresponding
Ni 2p peaks, whose IMFP is 20% higher than that of the
Cu 2p peaks. The results were coherent with the profiles
obtained from analysis of the Cu 2p peaks, with values
for h2 of ¾30–40Å.

According to the background analysis, together with the
information obtained from chemical analysis, the growth
mechanism of the NiO layer on a clean Cu(111) substrate
can be described by the following stages: formation of
a homogeneous layer of¾3 Å (¾1 ML) of metallic Ni
completely covering the Cu(111) surface; and growth of
aggregates of defective NiO¾30–40 Å thick, then a
slow increase of the Ni layer thickness, partly oxidized to
NiO, and simultaneous increase of the coverage with the
defective NiO islands as described in Table 1. Note that
the lateral size of the NiO aggregates is not available by
this XPS background analysis. Finally, coalescence of the
NiO aggregates occurs to form a stoichiometric NiO layer.

X-ray absorption spectroscopy chemical analysis

The Ni 2p XAS spectra for the same regions as in Fig. 1
are shown in Fig. 3. We have also included the spectra
of metallic Ni and NiO as references. These spectra have
already been interpreted in the literature.8,30 Whereas the
spectrum of metallic Ni is related to unoccupied d-bands,30

the spectrum of NiO corresponds to atomic transitions
in the Ni2C high-spin configuration within an octahedral
crystal field of 1.8 eV.8 Both Ni and NiO XAS spectra
show a main band centred at¾854 eV and a weaker
one centred at¾872 eV arising from transitions from
Ni 2p3/2 and 2p1/2 orbitals, respectively. The spectrum
corresponding to region (i) reproduces rather well the
spectrum of metallic Ni, in agreement with the XPS
results. The spectra corresponding to region (ii) can be
considered a linear combination of the spectra of Ni
and NiO. In fact, the double peak at the Ni 2p1/2 band
reveals the formation of the oxide, in agreement with the
XPS data. Finally, the spectrum corresponding to region
(iii) approaches that of NiO, although it is slightly broader,
probably due to the formation of defective NiO as stated
from the XPS spectra.

The corresponding Cu 2p XAS spectra are shown in
Fig. 4. We have also included the spectrum of CuO for
comparison. Both clean Cu and CuO reference spectra
agree well with those reported in the literature.20,31 It is
clear that for regions (i) and (ii) the Cu substrate remains
metallic, in agreement with the XPS analysis. However,
the spectrum of region (iii) shows a narrow prepeak
located at 931.2 eV. This is a clear indication that, at this

Surf. Interface Anal. 30, 396–400 (2000) Copyright 2000 John Wiley & Sons, Ltd.



ULTRATHIN FILMS OF NiO ON Cu(111) 399

Figure 3. Nickel 2p XAS spectra for the same regions as the
spectra in Fig. 1.

stageof the NiO film growth, the substrateis oxidizedto
CuOat theinterface(cf. CuOreferencespectrumat thetop
of Fig. 4). After this stage,thefilm wasannealedat400°C
in an oxygenatmosphereof 8ð 10�6 Torr. Surprisingly,
the CuO formed at the interfacealmost disappears(see
the spectralabelled as region (iii) annealedin Figs 3
and 4) whereasthe NiO layer seemsto becomeordered,
asdeducedfrom theNi 2p spectrumin which thedouble-
peaked2p1/2 bandis now betterresolved.This effect can
be explainedin terms of the heat of formation of both
oxides,i.e. NiO andCuO.3

CONCLUSIONS

QuantitativechemicalXPS analysisof the data is con-
sistentwith a Stranski–Krastanovgrowth mode, i.e. the

Figure 4. Copper 2p XAS spectra for the same regions as the
spectra in Fig. 1.

formation of a first (3 Å) Ni monolayerfollowed by the
formation of defective NiO islands 30–40 Å high. By
comparingtheseresultswith theoxidationkineticsof bulk
Ni, we concludethat the presenceof the Cu substrate
inhibits the oxidation of Ni. FurtherNi depositionin an
oxygen atmosphereleads to coalescenceof the islands
andthe formationof stoichiometricNiO. At this stageof
growth, the Cu substrateis also oxidized to CuO at the
interface.Furtherannealingof the layerup to 400°C pro-
ducesreorderingof the layerandreductionof theCu2C to
metallic Cu.
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