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The growth of cobalt oxides by reactive thermal evaporation of metallic cobalt on highly oriented pyrolytic
graphite (HOPG) and SiO, (X cut quartz surface), in an oxygen atmosphere at room temperature, has been chem-
ically and morphologically studied by means of X-ray photoelectron spectroscopy and atomic force microscopy.
The chemical analysis, which also includes cluster calculations, reveals that for the early deposition stages on both
substrates, Co®™ species are stabilized at the surface up to a coverage which depends on the substrate. Further

'C(f,ygfgg‘fs' coverages lead to the formation of the spinel oxide Co304. The results are discussed in terms of the dependence
Oxide growth of the surface energy on the size of the CoO deposited moieties. On the other hand, it has been found that the ini-
XPS tial way of growth of cobalt oxides on HOPG is of Stranski-Krastanov mode whereas on SiO, the growth is of
AFM Volmer-Weber mode. The differences in the growth morphology have been discussed in terms of the surface dif-

fusivity of the CoO deposits on the substrates.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The main purpose of this paper is to study the growth of cobalt oxide
thin films on two substrates with different electronic structures, an inert
and conductive surface, such as highly oriented pyrolytic graphite
(HOPG) and a reactive and insulating surface such as SiO, single crystal.
It is known that the growth mechanism of a thin film of any material can
be strongly affected by the chemical nature and morphology of the sup-
port. The interaction of the surface atoms of the substrate with the
adsorbates can be affected by many effects such as surface diffusion,
aggregation, surface and interface chemical reactivity, and desorption
which can play an important role in the final properties of the film
[1-3]. These effects are particularly important at the early stages of
the film growth, where the growing material is in direct contact with
the support.

To study the cobalt oxide thin film growth mechanisms, we have
used two complementary characterization techniques: atomic force
microscopy (AFM) and X-ray photoemission spectroscopy (XPS).
Whereas AFM is a local direct probe of the topography of the sample
surface at the nanometer scale, XPS provides information on the surface
chemistry. The XPS chemical analysis is supported by theoretical cluster
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model calculations of the photoelectron spectra for the different Co
oxide species. In addition, using inelastic XPS peak shape analysis
given by the Tougaard algorithms [4], implemented in the QUASES soft-
ware [5], the averaged in-depth distribution of the elements at the top-
most surface layers of a sample can be obtained. We show below that
with the combination of these two techniques, a detailed description
of the way of growth of Co oxides on those very different substrates
can be obtained.

The family of cobalt oxides is reduced to two stable oxides at
room temperature: CoO (Co?*), which grows with a halite structure
(a = 4.260 A) [6] and Co50, (Co?*>7), which is characterized by a
spinel structure (a = 8.084 A) [7]. Also the existence of cobaltic
oxide Co,03 (Co>*) with a corundum structure (a = 4.882 A, c =
13.38 A) has been reported, but it is metastable, appearing always
in combination with other cobalt oxides or other compounds [8].
CoO and Co304 have recently attracted a great interest in materials
research due to their applications as super-capacitors [9-11] and
the improvements they provide to traditional applications such as
anodes on lithium-ion batteries [12], catalyst in water oxidation
reactions [13] and oxygen reduction reactions when supported on
graphene [14], gas sensors [15,16] and magnetoresistant [17] and
electrochromic [18,19] materials.

The study of oxide/oxide interfaces has recently become a hot
topic mainly due to their unique properties such as interface
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Table 1
Cluster model parameters (all values in eV). N B
Parameter Co?* Co** XPS
A 55 4.0
U 52 5.0
pdo 13 19
10 Dq 0.70 1.0
B 0.14 0.15
C 0.54 0.60

Coverage
(Ea )

superconductivity, magneto-electric coupling and quantum Hall
effect in oxide heterostructures [20]. Most of the recent research in
the characterization of the early stages of the growth of oxides, in-
cluding cobalt oxides, has been done on metal surfaces [21-23],
however works studying the growth of oxide-oxide interfaces are
very scarce. This has been mainly due to the difficulty in their char-
acterization by electron spectroscopies given the insulating charac-
ter of most of the oxides, which leads to charging effects thus
avoiding their efficient characterization. In spite of this, works deal-
ing with oxide/oxide interfaces studied by electron spectroscopies
can be found elsewhere [24]. In particular, the growth of cobalt
oxides on SiO;, [25] and Al,05 [26] supports has already been stud-
ied. For polycrystalline SiO, substrate, CoO (Co?™) species have
been found to grow upon oxidation with molecular oxygen gas,
whereas Co;0,4 (Co?*3¥) species have been obtained upon oxida-
tion using oxygen plasma. In the case of the alumina substrate, XPS
has revealed sudden changes in the shape of the Co 2p lines from
3.4 A to 17 A cobalt oxide thicknesses, indicating the transition
from an interfacial cobalt oxide (Co®™) layer toward (111) oriented
Co304 [26]. In spite of the importance of Co and CoO as catalysts in
the growth of Carbon nanotubes (CNT's) [27], no specific studies
dealing with the growth of cobalt oxides on HOPG have been found
in the literature. Only one study of oxidized Co particles on HOPG
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Fig. 1. Co 2p XPS spectra for the growth of Co oxides on HOPG as a function of coverage
(as labeled).
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Fig. 2. Co 2p XPS spectra for the growth of Co oxides on SiO, as a function of coverage
(as labeled).

has been reported [28]. The lack of detailed studies on this subject
makes the present work more relevant.

Regarding the substrates studied here, HOPG presents a very inert
surface with weak m bonds perpendicular to the surface plane and
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Fig. 3. Cluster model calculations of the Co 2p XPS spectra for different Co ions and
symmetries.
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Fig. 4. 2.5 x 2.5 um? AFM images of the growth of Co oxides on HOPG for different coverages. The root mean square roughness (Rq) values are given.

strong 0 C— C bonds localized in the surface plane. In contrast, the SiO,
surface used in this work (X cut quartz) is much more reactive due to its
termination in coordinately unsaturated oxygen anion centers [29]. As a
consequence of this reactivity, the formation of M—0-Si (M = Metal)
cross linking bonds has been observed in the growth of different transi-
tion metal oxides on SiO, [30-33]. In both cases, we are dealing with flat
surfaces with roughness under the nanometer scale.

2. Experimental details and methods

Cobalt oxide was grown by thermal evaporation of metallic
cobalt in a molecular oxygen atmosphere (PO, = 2 x 10> mbar),
with 1 x 10™8 mbar as base pressure of the chamber and maintain-
ing the substrates at room temperature. A HOPG substrate from
Goodfellow was first cleaved using a scotch tape and then heated
at 400 °C under vacuum conditions (3 x 10~% mbar). The SiO, sub-
strate was an X cut quartz single crystal from MTI Corporation with
a nominal mean roughness of 3 A. It was also heated under ultra-
high-vacuum conditions (3 x 10~8 mbar, 450 °C) to remove surface
contamination. The evaporation rate was maintained constant and
very low (=~0.2 A/min) to allow the study of the very early stages
of growth, i.e. coverages below one equivalent monolayer (Eq-ML).
The growth process was performed in a preparation chamber
attached to the XPS spectrometer. Successive evaporations were
performed and after each step the surface was analyzed by XPS.

The XPS measurements were performed with a CLAM-4 MCD hemi-
spherical analyzer system from Thermo Fisher Scientific using a twin-
anode source. The measurements were performed at 0° take-off angle
(surface plane of the sample perpendicular to the XPS lens spectrometer
edge). The spectra of the cobalt oxide deposits on HOPG were measured
using the Mg anode whereas those corresponding to the deposits on the
silica substrate were measured using the Al anode to avoid overlap of
the oxygen Auger peaks with the Co 2p energy region. The pass energy
of the analyzer was set to 20 eV, giving a resolution of about 0.9-1.0 eV
respectively depending on the anode used, Mg or Al. The energy scale
was calibrated by adjusting the Si 2p3/2 XPS peak for SiO, at 103.0 eV
for the spectra of the silica substrate and the C1s peak at 284.3 eV for
those of the HOPG substrate. Ex-situ AFM images were obtained with

a Nanotec AFM microscope in non-contact dynamic (tapping) mode,
using commercial tips from Nanosensors. The images were processed
and analyzed with the WSXM software [34].

Core level spectra of different Co ion configurations were calculated
using a standard cluster model [35]. The cluster consists of a Co ion
surrounded by oxygen ions in octahedral (CoOg) or tetragonal (CoO,4)
symmetries. The main parameters of this model are the d-d Coulomb
interaction U, the charge transfer energy A and the p—d hybridization
pdo. The cluster is solved with the configuration interaction scheme [36],
where the ground and final states are expanded in configuration of the
type 3d" * "Lk, where L denotes a hole in the oxygen band. Each config-
uration is further split into different multiplets, which are given in terms
of the Racah parameters B and C and the crystal field 10 Dq. The param-
eters used in this calculation are in agreement with previous works [37]
and are given in Table 1. The cluster model is then solved with exact
diagonalization and the spectral weight is calculated using the sudden
approximation.

Both, XPS and AFM can give quantitative information on the growth
mechanisms. XPS provides this information in two ways: by integrating
the intensity of the core-level peaks and by analyzing the background
produced by inelastic electrons. We have performed a quantitative
analysis of the XPS intensities following an exponential growth
method applied to the Co 2p XPS peak [38]. This allowed us to deter-
mine the coverage of the deposited material in equivalent monolayers
(Eq-ML's), i.e. the number of equivalent monolayers of the material
present on the substrate. According to the dimensions of the CoO unit
cell given by Wyckoff [39], we have taken 1 ML as 2 A thick, i.e. half of
the lattice parameter. The XPS spectra and AFM images shown in this
work have been labeled using this procedure. On the other hand, the in-
elastic peak shape analysis [4] for elemental in-depth profiling at the
top-most surface region is a non-destructive method based on the
quantitative description of the peak shape caused by the inelastic scat-
tering of the emitted photoelectron and Auger peaks in XPS experi-
ments. It has been implemented in the QUASES software [5,40] and is
appropriate to study the morphology and the initial growth mecha-
nisms of thin films grown in situ, especially in systems where no
probe microscopes are available [41]. It has been applied to a wide
range of materials, in particular to the growth of NiO on HOPG [42]
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Fig. 5. a) AFM image and topography profile of dendritic islands accumulated at the steps
and terraces for a coverage of 22 Eq-ML of CoO on HOPG; b) comparison of the
quantitative analysis given by AFM (red dots) and inelastic XPS peak shape analysis
using a triangular islands profile (black squares); ¢) comparison of the total amount of
deposited material as a function of the evaporation time given by AFM (red dots) and
inelastic XPS peak shape analysis (black squares).

and oxide substrates [30]. The method allows estimating the elemental
in-depth profile (surface coverage and island height) of an adsorbate on
a substrate. It relies on a trial-and-error procedure where the parame-
ters describing the in-depth profile (average or distribution of island
height, surface coverage, etc.) are varied until a satisfactory description
of the inelastic peak shape of a photoemitted electron peak is achieved.
The method allows estimating the growth mechanism (layer by layer,
islands, intermediate, etc.) in the initial stages of thin film growth.
AFM gives direct information on the topography of the surface. Al-
though AFM images taken in topography mode can give directly the
islands' height and an estimate of the total coverage of the sample by
means of flood analysis of the images, it is difficult to quantify the
total amount of deposited material, thus a quantitative comparison
with other technique such as XPS is important in order to obtain reliable
information.

In this work we first present a chemical analysis of the Co species
found in the growth process using the experimental XPS spectra and
theoretical cluster calculations. Then, by combining both, AFM and
inelastic XPS peak shape analysis, we have studied the morphology
and way of growth of the cobalt oxides on both substrates. By consider-
ing the information obtained from the AFM images (islands' heights,
formation of a wetting layer, double layer of islands, etc.), we have
used the most suitable in-depth profile model within the inelastic
peak shape analysis to obtain the total deposited material as a function
of the deposition time. We show below that by forcing the consistency
between the AFM and QUASES analysis, a very complete and reliable de-
scription of the growth mechanism of the cobalt oxide films on the
HOPG and SiO, substrates is achieved.

3. Results and discussion
3.1. Chemical analysis

Co 2p XPS spectra of the cobalt oxides deposited on HOPG and SiO,
as a function of the coverage are shown in Figs. 1 and 2, respectively. All
spectra are labeled with their corresponding equivalent coverage. In
general, the spectra shown in Fig. 1 have a similar lineshape except for
the spectra corresponding to very low coverages (<1 Eq-ML) and the
spectra for large coverage (80 Eq-ML). The Co 2ps, region of the spectra
consists of a main peak located at a binding energy of 782.0 eV and a sat-
ellite (labeled A in Fig. 1) at 788.0 eV. However, for coverages below
1 Eq-ML, a new small shoulder at a binding energy close to 779.0 eV,
labeled D in Fig. 1, appears. This shoulder is assigned to some
metallic Co which still remains unoxidized, in agreement with other
published data [43]. On the other hand, the spectrum for high coverages
(80 Eq-ML) shows the main line at a binding energy of c.a. 780.0 eV and
the splitting of the satellite A into two weak peaks (labeled B and C in
Fig. 1). The Co 2ps,, XPS spectra for different stages of the growth of
cobalt oxide on SiO, are depicted in Fig. 2. These spectra show the
same shape and behavior as for the HOPG substrate. The presence of
metallic cobalt (feature D) in the case of low coverages and the splitting
of feature A into B and C peaks for large coverages (80 Eq-ML), are also
observed.

In order to identify the observed chemical species present during the
growth process, we have used cluster model calculations to obtain the
theoretical Co 2ps,, XPS spectra for different Co species. The results
are presented in Fig. 3, where the relative energy positions of the differ-
ent final states are related to the position of the main peak in the top
spectrum (Co?* HS Oh). The top spectrum (i.e. for the case of Co?™"
(3d”7)) ions in high spin configuration and octahedral symmetry (HS
Oh), consist of a main peak and a charge transfer satellite separated by
about 6.0 eV. The spectrum labeled Co®* LS (Oh) is for the case of
Co>* (3d°) ions in low spin configuration and octahedral symmetry
(LS Oh). Here, the main peak is chemically shifted by around 1.0 eV, in
comparison to the previous spectrum, and the splitting between the
main peak and the satellite is now about 10 eV. Finally, the spectrum
labeled Co®™ HS (T) is for the case of Co?> " (3d”) ions in high spin con-
figuration and tetragonal symmetry (HS T). Here the spectrum is very
similar to the octahedral one, but the separation between main peak
and satellite is reduced to around 5.5 eV, due to the reduced effective
hybridization. The lowest spectrum labeled Co?* (T) + 2 Co>* (Oh) is
calculated to account for a spinel structure, which is possible in cobalt
oxides. This is done by using a combination of the spectra for one
Co?* (HST) and two of Co®* (LS Oh).

Comparing these calculated spectra to the experimental spectra in
Figs. 1 and 2, it is clear that the main peak and the satellite peak shifted
by 6 eV observed for low coverages correspond to the peaks in the upper
spectrum of Fig. 3. We can therefore conclude that low coverage cobalt
oxide grows as CoO (Co?™ in high spin configuration and in octahedral
symmetry) on both substrates. This result agrees with those of Ref [25].
For the HOPG substrate the spectra are dominated by CoO species for
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Fig. 6. a), ¢) and d) AFM images corresponding to 11 Eq-ML of CoO on HOPG where the wetting layer is clearly observable; b) topological profile of the wetting layer as indicated in a).

coverages up to around 30 Eq-ML (Fig. 1) whereas for the spectra of the
SiO, substrate these species are dominant for coverages up to around
3 Eq-ML (Fig. 2). For very low coverages, a small part of metallic Cobalt
(Co°) remains unoxidized, giving rise to peak D in Figs. 1 and 2. For the
HOPG substrate, metallic Co is observed up to = 2 Eq-ML, whereas for
the SiO, substrate they are visible only during the completion of the
first Eq-ML. In regards to the significant presence of metallic Co for the
early stages of growth of cobalt oxides on SiO,, we want to point out
that when CoO is grown on other different oxide substrates (MgO and
Al,03) CoO grows in a layer by layer mode [44] and no metallic Co is
observed for the early stages of growth. One possible explanation for
these results is the different coordinations of the Co atoms in CoO (octa-
hedral) with respect to SiO, (tetrahedral), whereas the coordination of
the other substrates (MgO and Al,05) is the same as that of CoO.

The spectra for 80 Eq-ML on both substrates shows a 1 eV shift to-
wards lower binding energies of the main peak and the appearance of
the satellite peak B at 9-10 eV higher binding energy. This corresponds
very well to the peaks in the calculated bottom spectrum of Fig. 3 and
thus it is concluded that the spinel Co30,4 oxide is grown for the largest
coverages on both surfaces. Similar results have also been found in the
growth of Co oxides on different metallic substrates [22,45]. It is inter-
esting to point out that although HOPG and SiO, exhibit very different
surfaces, this does not affect the chemical state of the early stages of
growth of the cobalt oxides, which is CoO in both cases. The same is
true for the formation of the spinel Co304 oxide on the previous CoO
deposits for large coverages on both substrates. However there is an
important difference in the coverage at which the spinel oxide starts
growing. The spectrum of Cos0, is shifted by 1 eV towards lower bind-
ing energies with respect to that of CoO. In the case of the spectra of the
HOPG substrate this shift is observable for coverages above 20 Eq-ML
whereas for the SiO, substrate the shift is progressively produced at
coverages above 3 Eq-ML. This suggests that Co30,4 starts growing at

these coverages on the corresponding substrates. When the Co304
layer has grown up to a thickness larger than the inelastic mean free
path of the Co 2p photoelectrons (A ~ 11 A for HOPG and \ ~ 14 A
for SiO, — this difference comes from the use of MgKo and AlK« radia-
tion for excitation of the Co 2p electrons respectively), the spectra are
dominated by the spectral shape of Co30,4 oxide, as in the case of the
spectra corresponding to 80 Eq-ML on both substrates (Figs. 1 and 2).

3.2. Growth morphology: AFM versus XPS

3.2.1. CoO/HOPG

The AFM images taken for different coverages of the growth of Co
oxides on HOPG are shown in Fig. 4. For the early stages of growth,
CoO particles appear agglomerated at the steps of the HOPG surface,
leading to the formation of structures along the steps of 100 A heights.
Once the steps have been completely filled in, dendritic structures
start to grow and spread throughout the HOPG terraces, forming islands
of variable height, ranging from 20 A to 50 A, for the early stages of
growth, and from 70 A to 80 A for the intermediate stages. For coverages
around 80 Eq-ML, full coverage of the substrate is observed.

In order to choose the most suitable model for the inelastic XPS peak
shape analysis, the topography profile given in Fig. 5(a) shows that the
CoO dendritic islands formed on both steps and terraces, have a sharp
triangular profile, rather than a homogeneous height, with a maximum
height of 120 A. Accordingly, we have performed the inelastic XPS peak
shape analysis using a linear distribution of island heights covering par-
tially the substrate surface as depicted in the inset of Fig. 5(b). The
results shown in Fig. 5b of island coverage versus maximum island
height given by AFM and QUASES agree very well, showing e.g. that
for coverages of 20 Eq-ML only 50% of the substrate surface is covered
(the dashed curves in Fig. 5b correspond to constant Eq-ML curves).
The results for the total Eq-ML coverage versus evaporation time show
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a good agreement between AFM and QUASES results as shown in
Fig. 5(c).

After a careful examination of the measured AFM images, the forma-
tion of a wetting layer is observed. The image of Fig. 6(a) shows a border
separating two different regions with a step of approximately 4 A, as
depicted in the profile in Fig. 6(b). The lack of agglomerated islands on
this border discards the possibility that this could be one of the HOPG
steps. The height of the wetting layer given by the topographic profile
agrees with the formation of one unit cell thick layer of CoO, which
accounts for 2 ML in height. Similar images could easily be detected
for samples with total coverage between 3 and 15 Eq-ML. Fig. 6(c)
shows a detail of the wetting layer for a coverage of about 11 Eq-ML,
where CoO domains grow following the three possible directions as dic-
tated by the hexagonally arranged HOPG substrate. This preferential
arrangement of the CoO atoms on the HOPG substrate shown in
Fig. 6(c) suggests that CoO clusters autoassemble on the HOPG surface.
Fig. 6(d) shows that CoO dendritic islands grow only on top of the CoO
wetting layer.

By taking this information into account, a more complete model for
the inelastic peak shape analysis consists of a model where a wetting
layer of fixed thickness covers part of the surface and a fraction of this
wetting layer is covered by planar islands as shown in the inset of
Fig. 7a. Within this model the surface is divided into three regions:
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Fig. 7. a) Percentage of uncovered wetting layer as a function of deposited material given
by inelastic XPS peak analysis; b) Comparison of the total amount of deposited material as
a function of the growth time given by AFM (red dots) and inelastic XPS peak shape
analysis (black squares).

one fraction Cov,, is covered only with the wetting layer, another is cov-
ered with both the wetting layer and islands on top, and the third region
is uncovered. By keeping the wetting layer height constant (4 A) and
subtracting the amount of material accumulated at the steps (deter-
mined in Fig. 5b) from the total deposited material, the fraction of the
surface (Cov,, in the inset of Fig. 7a) which is covered only by the wet-
ting layer, can be determined from analysis of the inelastic background.
The results shown in Fig. 7a shows that Cov,, initially increases linearly
with Eq-ML, goes through a maximum at =~ 12-15 Eq-ML, and then
drops off for larger deposits. This indicates that for 0-5 Eq-ML, the
growth consists primarily in an increase of the extension of the wetting
layer and in the range 5-12 Eq-ML, the islands start to grow on top of
the wetting layer while the wetting layer is still expanding on the sur-
face, at = 15 Eq-ML the wetting layer covers the complete surface and
for larger deposits, the islands continue to grow and cover =~ 65%
(=100-35% in Fig. 7a) of the surface at 20 Eq-ML. The total coverage
as a function of the evaporation time is shown in Fig. 7(b). The results
from the AFM data are also shown. The good agreement between the
two techniques, gives confidence in the way of growth proposed.

According to the results shown above, we can conclude that, after
the filling of the HOPG steps by small CoO nanoclusters, cobalt oxide
grows following a Stranski-Krastanov growth mechanism with the for-
mation of 2 CoO ML (1 unit cell) thick wetting layer followed by the
growth of CoO islands on top. This kind of growth is typical for systems
in which the adatom-surface interaction is larger than the adatom-
adatom interaction. CoO deposits show a strong diffusion along the
HOPG surface towards the steps, allowing the formation of an ultra-
thin CoO wetting layer by autoassembling.

3.2.2. Co0O/SiO,

The AFM images for different stages of growth of CoO on the SiO,
substrate are shown in Fig. 8. The early stages of growth, as observed
for coverages of 0.4 Eq-ML (Fig. 8a), consist of small CoO islands of
about 8 A in height which corresponds to the dimension of two CoO
unit cells. A broad 10 x 10 um? AFM image for this coverage is shown
in Fig. 9. It is seen that bigger islands are formed by the aggregation of
the smaller ones in the surrounding area, thus indicating a limited diffu-
sion of the CoO adsorbates on the surface. The substrate appears almost
fully covered at coverage of about 3 Eq-ML with islands whose height
distribution ranges from 4 A to 12 A as shown in Fig. 8(b). While a
first layer of islands is being formed, a second layer of islands of about
4 A in height starts growing being this layer completed at coverages
around 3 Eq-ML. Once this second layer has been completed, the images
in Fig. 8(d) and (e) show that a flat thin film has been formed with no
presence of islands on the surface. Even more, the mean roughness
observed in the AFM images slightly decreases with increased cover-
ages, reaching root mean square roughness (Rq) values in the range of
those of the single crystal substrate.

According to the AFM images shown in Fig. 8, we have used a
QUASES model which takes into account two sets of islands with differ-
ent heights and coverages, as shown in the inset of Fig. 10(a). The results
for the first and second island layers given by QUASES are seen to agree
well with those from AFM (Fig. 10a), thus confirming the formation of a
layer of islands of about 10 A and a second layer of about 5 A in height,
and that this second layer is completed for 3 Eq-ML's. Finally, the good
agreement between the two techniques is also shown in Fig. 10(b)
from which it is seen that the total coverage as a function of the evapo-
ration time, as deduced from AFM and QUASES, is identical to within
=~ 5%. Therefore, for the SiO, substrate the deposition of CoO follows a
Volmer-Weber growth mode, with the formation of islands on the sub-
strate. Once the island layer has been completed at coverages around
3 Eq-ML, a very flat thin film is formed with roughness of the same
order as the initial single crystal SiO, substrate. We want to note that
at this stage, the spinel Co30,4 oxide starts growing at the surface
(see Section 3.1).
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Fig. 8. 2 x 2 um? AFM images of the growth of Co oxides on SiO, for different coverages. The root mean square roughness (Rq) values are given.

The above results show that despite the very different surface struc-
ture and chemistry of the substrates studied here, the cobalt oxides
grown on them have an identical chemistry i.e., the formation of CoO
(Co?*) oxide for the early stages of growth and the formation of the
Co304 spinel structure for larger coverages. In contrast, the morphology
and the way of the growth are completely different for the two sub-
strates, being of the Stranski-Krastanov mode for HOPG and of
Volmer-Weber mode for SiO,. The key point to understand the different
morphologies of the CoO deposits on both substrates is the strong diffu-
sion observed on the HOPG substrate. This diffusion is probably due to
the rapid oxidation of the metallic Co from the evaporator which reacts
with oxygen, after dissociation of the oxygen molecule, forming CoO
clusters. This conclusion is supported by Fig. 11 corresponding to the
growth of 3 Eq-ML of metallic Co in ultra high vacuum conditions on a
HOPG substrate at room temperature. The Co 2p XPS spectrum of this
sample, shown in the inset of Fig. 11, is identical to that of metallic Co
published elsewhere [46]. Fig. 11 shows that metallic Co grows on
HOPG in a very different way to that of CoO observed in this work
(see Figs. 4 and 8). The metallic Co deposits spread out on the HOPG sur-
face as well as to the steps but they do not accumulate to the same
extent as in the case of CoO showing limited surface diffusion. Therefore,
the results suggest that the growth of CoO on HOPG is mainly character-
ized by strong diffusion of the CoO clusters across the graphite surface
which leads to the formation of the autoassembled CoO wetting layer,
whereas for the SiO, substrate the diffusion is limited to around 1 um,
as inferred from Fig. 9. In addition, the presence of unsaturated oxygen
anions at the SiO, surface could be a reason for such a limited diffusion
since the formation of M—0-Si (M = Ti, Ni) cross-linking bonds has
been observed in the growth of TiO, [31,32] and NiO [30,33] oxides on
Si0,.

Regarding the chemical Co species formed on the two substrates dur-
ing the growth process, two important questions arise. Firstly, how two
very different surfaces give rise to the same chemical species and, second-
ly, why the same growth conditions lead to different Co species on both
surfaces depending on the coverage i.e., Co?™ for low coverages and spi-
nel (Co?*3*) for high coverages. One possible answer to the first

question is that only these two Co oxides species are stable at room tem-
perature and the growth conditions used in this work do not have enough
oxidizing potential to oxidize cobalt directly to Cos0y, as is the case, for
instance, for oxygen plasma used in Ref. [25]. In addition, at room temper-
ature and equilibrium conditions, the reaction: 2 Co + 0, — 2Co0 is
more probable than: 3 Co + 20, — Co304 [47]. In turn, the growth of
the spinel Co304 on both substrates is observed for large deposition cov-
erages, i.e., when coalescence has been produced with the formation of a
continuous CoO overlayer. However, as discussed above, there are large
differences in the coverage at which Co304 starts growing depending on
the substrate. For HOPG, the structures formed at the early stages of
growth are of the order of 140 A in height (Fig. 5a and b) whereas
those on the SiO, substrate are around 10 A (Fig. 10a). As a consequence,

Fig. 9. 10 x 10 um? AFM image corresponding to 0.4 Eq-ML of CoO on SiO,.
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Fig. 10. a) Comparison of the quantitative information given by AFM (red symbols) and
inelastic XPS peak shape analysis (black symbols) obtained by applying the two islands
model; for the first (circles) and second island (squares) layers; b) Comparison of the
total amount of deposited material as a function of the growth time given by AFM (red
circles) and inelastic XPS peak shape analysis (black squares) using the two islands model.
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Fig. 11. 5 x 5 um? AFM image of 3 Eq-ML of metallic Co grown on a HOPG substrate at
room temperature in ultra-high vacuum conditions. The inset shows the Co 2p XPS
spectrum of this sample compared to that of CoO.

coalescence is produced at different coverages, around 30 Eq-ML for
HOPG (Fig. 5b) and around 5 Eq-ML for SiO, (Fig. 10a). These results
are in complete agreement with those obtained from the Co 2p XPS spec-
tra. They suggest that the surface energy of the CoO clusters is playing an
important role. It is known that the surface energy of the CoO and Cos04
nanoparticles strongly increases as the size of the nanoparticles
decreases, and that this increase is much higher for CoO than for Co304
nanoparticles [48]. In this picture, when the topography of surface sub-
strate does not present enough defects to allow the reduction of the
surface energy of CoO, the spinel Co304 oxide starts to grow on the
previously deposited CoO surface.

4. Conclusions

The early and final stages of the growth of cobalt oxide on HOPG and
SiO, have been successfully studied both chemically and morphologi-
cally by XPS and AFM respectively, and we find good agreement
between the results of these techniques. XPS chemical analysis reveals
that, for both substrates, the early stages of growth are mainly formed
by CoO (Co? ™) species, in contrast, further coverages lead to the forma-
tion of the spinel Co;0,4 oxide (Co?™3T). This has been explained in
terms of strong differences in the surface energy of CoO nanostructures
grown on the two substrates. In the case of the HOPG substrate, the
material grows following a Stranski-Krastanov growth mode, with the
material first accumulating at the steps, and forming a unit cell thick
wetting layer of CoO. Once this wetting layer has been formed, dendritic
islands scattered across the terraces grow on it up to coverages of 30 Eq-
ML. Strong diffusion of the CoO deposits along the HOPG surface has also
been observed. This leads to the autoassembling of the CoO clusters fol-
lowing the directions dictated by the honeycomb surface structure of
HOPG. For the SiO, substrate the material follows a Volmer-Weber
growth mode, with the formation of a first layer of islands with a height
of about 10 A and a second layer of islands of about 4 A in height. The
CoO deposits are found to have much smaller surface diffusivity on
SiO, than on to HOPG.
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