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The present work reports the synthesis and the characterization of cobalt oxide thin films
obtained by chemical vapor deposition (CVD) on indium tin oxide (ITO) substrates, using a
cobalt(II) â-diketonate as precursor. The complex is characterized by electron impact mass
spectrometry (EI-MS) and thermal analysis in order to investigate its decomposition pattern.
The depositions are carried out in a cold wall reactor in the temperature range 350-500 °C
at different oxygen pressures, to tailor film composition from CoO to Co3O4. The crystalline
nanostructure is evidenced by X-ray diffraction (XRD), while the surface and in-depth
chemical composition is studied by X-ray photoelectron (XPS) and X-ray excited auger electron
spectroscopy (XE-AES). Atomic force microscopy (AFM) is employed to analyze the surface
morphology of the films and its dependence on the synthesis conditions. Relevant results
concerning the control of composition and microstructure of Co-O thin films are presented
and discussed.

Introduction
Materials based on cobalt oxides have attracted a

great interest in view of their potential applications in
scientific and technological fields.1-3 Co3O4, the most
stable phase in the Co-O system, is a mixed valence
compound [CoIICoIII

2O4] with a normal spinel structure.
Cobalt oxide-based materials have received attention for
the production of solid-state sensors4,5 and heteroge-
neous catalysts6-8 and as intercalation compounds for
energy storage.9-11

One of their most important applications is the
preparation of electrochromic devices (ECDs)12 exploit-
ing the reversible changes of their optical properties
under an external electrical stimulus.13 Co3O4 has been
used as an active material for its color change from
brown to light yellow when Li+ ions are inserted;14 the
corresponding electrochromic efficiency is relatively high
(≈25 cm2‚C-1). (The electrochromic efficiency is defined
as ∆OD(λ)/Q, where Q is the injected charge (C·cm-2)
producing the absorbance variation ∆OD for a given λ).
Besides, cobalt monoxide is often used as a counter
electrode because of its anodic coloration proper-
ties.12,15,16
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Such a broad perspective of utilization has increased
the importance of the synthesis procedure. In particular,
nanotextured materials with a high surface-to-volume
ratio are extremely interesting for advanced applica-
tions, since they are expected to have superior functional
properties. Different methods have been employed for
the preparation of Co-O-based thin films, such as PLD
(pulsed laser deposition),3 RF sputtering,17 electrodepo-
sition,10,11 magnetron sputtering,18 spray pyrolysis,4,6,19

plasma oxidation,20 electron-beam evaporation,21 and
sol-gel processes.22 Among the various synthesis tech-
niques, CVD offers many advantages since it allows an
accurate tailoring of the system composition, micro-
structure, and morphology by a suitable choice of the
precursor compound and the deposition conditions. CVD
of Co3O4 has been carried out only by Co(OAc)2 (OAc )
acetate),23 Co(acac)2 (Hacac ) 2,4-pentanedione),14,24

and Co(NO3)3
25 as precursor compounds. The first two

precursors have been used for CVD of pure CoO thin
films, with a strictly controlled, low-oxygen atmo-
sphere.26,27

This paper reports the CVD of cobalt oxide thin films
with controlled composition by means of a Co(II) â-di-
ketonate, Co(dpm)2 (Hdpm ) 2,2,6,6-tetramethyl-3,5-
heptanedione) as a novel precursor. The use of a Co(II)
complex, instead of the commercial Co(dpm)3, enables
the deposition of CoO and/or Co3O4 from the same
precursor only by changing the O2 content in the
reaction atmosphere. This complex was stable as a
monomer because each â-diketonate ligand with bulky
tert-butyl substituents occupied two coordination sites
of the metal;28 it also had an appreciable volatility
(vaporization already at 90 °C). Moreover, the Co-O
bonds were thermally labile, favoring the removal of the
volatile byproducts in oxidizing atmosphere. The ab-
sence of Co-C bonds reduced the possibility of C
contamination of the films. Besides, this compound was
relatively stable to air and moisture and could be easily
prepared and purified. Film depositions have been
performed on indium-tin oxide (ITO), a transparent
conductor, considering its possible application in all-
solid-state electrochromic devices.

This paper describes the compositional and micro-
structural features of the films, highlighting the influ-
ence of the reaction atmosphere on the precursor
decomposition mechanism.

Experimental Section

Synthesis and Characterization of Co(dpm)2. The
precursor was synthesized by following a modification of a
procedure previously proposed.29 A solution of the â-diketone
sodium salt was prepared by adding the Hdpm ligand to a
solution of NaOH. The resulting liquid was mixed with a
solution of Co(OAc)2‚4H2O (Merck, 99%) previously prepared.
The compound was thus recovered by precipitation and puri-
fied by a vacuum sublimation (120 °C, 10-2 mbar) until its
melting point fell in the range 140-144 °C30 (yield for the
complete synthesis ) 60%). The dark-violet powder could be
easy manipulated in air and has been characterized by 1H
NMR, FT-IR, and Vis-NIR spectroscopies, together with
elemental analysis. Electron impact mass spectrometry (EI-
MS) and thermogravimetric analysis (TGA) have been em-
ployed for preliminary investigations of its decomposition
pattern.

Anal. Found: C, 61.1; H, 9.0. Calcd for C22H38O4Co: C, 62.1;
H, 9.0.

Precursor mass spectra were obtained using a single-focus
magnetic instrument VG-MS16 (mass resolution ) 5000)
under standard electron ionization conditions (EI ) 70 eV).
This analysis revealed that the precursor was a relatively
stable molecular compound (M+•/z ) 425, 40%) and that it
decomposed easily through the loss of the tert-butyl groups
([M+• - (CH3)3C]/z ) 368, 100%). The peak at m/z ) 184 (5%)
was attributed to the â-diketone Hdpm, while the loss of the
tert-butyl groups was confirmed by the signal at m/z ) 127
([(CH3)3C-CO-CH2

-CO]+•, 9%). Finally, the peak at m/z )
242 (20%) arose from the molecular ion (M+•/z ) 425) by the
loss of a â-diketonate ligand. These data indicated a clean
fragmentation pattern for Co(dpm)2. The precursor TGA (TG-
S2 thermobalance, Perkin-Elmer, 8 °C/min heating rate)
showed its complete evaporation in a single step (weight loss
ca. 98.6%) with the onset at 160 °C and atmospheric pressure.

Film Deposition. The films were deposited in a cold-wall
low-pressure CVD reactor with a resistively heated susceptor.
O2 was used as carrier and reactive gas for both the oxide
synthesis and the removal of organic ligands as oxidized
volatile byproducts. The precursor was placed in a vaporization
vessel connected to the reactor tube and maintained at 90 °C
throughout each film deposition. The gas line and valves
between the bubbler and the reaction tube were heated to
avoid condensation of the precursor. The pressure was mea-
sured by a capacitance manometer, and the gas flow was
controlled by a mass-flow controller. The ITO substrate
(indium tin oxide, In2O3:Sn, F ) 10 Ω/square)12,23 was deposited
by sputtering on glass (film thickness ) 60 nm, Sn ) 1.2 at.
%). Before CVD, the substrates were degreased in soap-water,
washed in water and in isopropyl alcohol, and finally dried in
air. To minimize the carbon contamination, their surfaces were
heated in the reactor chamber by flowing O2 for 40 min. The
deposition conditions are reported in Table 1. Film thickness
(Table 1) was measured by means of a profilometer (Tencor
P-10 profiler, Tencor).

X-ray Diffraction. XRD analyses were performed using a
Philips PW 1820 diffractometer (Cu KR radiation, 40 kV, 50
mA) equipped with a thin film attachment (glancing angle )
0.5°). The Debye-Scherrer equation was used to determine
the average crystallite sizes.

X-ray Photoelectron Spectroscopy (XPS) and X-ray
Excited Auger Electron Spectroscopy (XE-AES) Analy-
ses. A Perkin-Elmer Φ 5600ci spectrometer with monochro-
matized Al KR radiation (1486.6 eV) was used for the XPS and
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XE-AES measurements. The working pressure was lower than
10-7 Pa. The spectrometer was calibrated by assuming the
binding energy (BE) of the Au 4f7/2 line at 84 eV with respect
to the Fermi level. The detailed spectra of Co 2p, O 1s, C 1s,
and Co LMM were recorded in the following conditions: pass
energy 58.7 eV; 0.25 eV step-1, 50 s step-1, which correspond
to resolution of 0.6 eV. After a Shirley-type background
subtraction,31 the raw spectra were fitted using a nonlinear
least-squares fitting program adopting Gaussian-Lorentzian
peak shapes for all the peaks. The atomic compositions were
evaluated using sensitivity factors as provided by Φ V5.4A
software.

Depth profiles of the different elements were carried out by
Ar+ sputtering at 2.5 kV and 0.4 mA‚cm-2 beam current
density, with an argon partial pressure of 5 × 10-8 Pa. All the
samples were conducting enough to neglect charging effects.

Optical Absorption. The Vis-NIR absorption spectra of
the films were recorded on a Cary 5E (Varian) UV-Vis-NIR
dual-beam spectrophotometer, operating in transmittance
mode at normal incidence.

Atomic Force Microscopy (AFM) Analysis. Images were
taken using a Park Autoprobe CP instrument operating in
contact mode in air. The background was subtracted from the
images using the ProScan 1.3 software from Park Scientific.

Results and Discussion

To investigate the influence of the process parameters
on film microstructure and composition (Table 1), two
sample sets were prepared, differing for the O2 total
pressure and flow rate. All the films were homogeneous,
crack-free, and well adherent to the substrate. While
all the Co3O4 layers appeared bluish-brown and reflect-
ing, the CoO-containing films (samples E and F) were
yellow-gray.

Structural Analysis. The XRD spectra of the films
deposited at p ) 10 mbar were almost independent on
the growth temperature. All these films contained the
polycrystalline cubic Co3O4.32 Even though a slight
decrease of the (400) reflection intensity at 2ϑ ≈ 44.8°
was observed on increasing the deposition temperature,
the films showed no appreciable preferential orientation.
Similar diffraction patterns were obtained for the
samples G and H (p ) 2 mbar), deposited at 450 and
500 °C respectively (Figure 1). Otherwise, sample E
spectrum showed three weak peaks at 2ϑ ) 36.9, 42.8,
and 62°. These signals corresponded respectively to the
(111), (200), and (220) reflections of cubic CoO.33 More-
over, in this spectrum the ITO reflections are more
visible because of the low crystallinity of the monoxide
overlayer. The analysis of sample F spectrum was
complicated by the copresence of both CoO and Co3O4.
A first inspection showed only the three reflections

related to the CoO phase- (111), (200), and (220)-but
a careful analysis revealed a weak peak at 2ϑ ) 65.5°
(arrow in Figure 1), which was assigned to the (400)
reflection of Co3O4,32 as observed for samples G and H.

The peak at 2ϑ ) 37° in the pattern of sample F could
therefore be attributed to both the (111) reflection of
CoO and the (311) reflection of Co3O4.

The average crystallite sizes were estimated by ap-
plying the Debye-Scherrer equation to the most intense
peak of the spectrum; the obtained values fell in the 13-
28 nm range, indicating that all the films were nano-
textured. The smallest crystallites (13 and 16 nm, F and
E respectively) were evidenced on the CoO-containing
films; this observation may be explained by the different
growth kinetics of CoO and Co3O4 on the ITO surface.
Since CoO was obtained only in mild conditions,26,27 it
was hypothesized that its formation from the vapor
phase was slower than that of Co3O4, limiting the grain
growth after the first nucleation stages. As a result, the
average crystallite size was lower for the films contain-
ing CoO as the main phase.

Surface and In-Depth Analysis. The surface and
in-depth chemical composition was investigated com-
bining XPS and XE-AES techniques. It was in fact
observed that the binding energy (BE) values of the
most intense Co photoelectronic peak (Co 2p) did not
allow a clear distinction between CoO [pure Co(II)] and
Co3O4 [CoIICoIII

2O4]. In the last case, a single asym-
metrical peak is usually evidenced since the contribu-
tions of the two oxidation states are not well resolved.34

Therefore, the analysis of the AES peaks and the
evaluation of the Auger parameter, calculated by the

(31) Shirley, D. A. Phys. Rev. 1972, 55, 4709.
(32) Pattern Nos. 42-1467 and 43-1003, JCPDS-ICDD, 1992.
(33) Pattern No. 43-1004, JCPDS-ICDD, 1992.

Table 1. Deposition Parameters, Thickness, and Phase Composition of the Cobalt Oxide Thin Filmsa

sample substrate temp (°C) tot pressure (mbar) O2 flow rate (sccm) phases av thickness (nm) growth rate (nm min-1)

A 350 10 150 Co3O4 543 ( 10 7
B 400 10 150 Co3O4 413 ( 10 9
C 450 10 150 Co3O4 623 ( 13 10
D 500 10 150 Co3O4 726 ( 33 12
E 350 2 50 CoO 204 ( 10 3
F 400 2 50 CoO + Co3O4 261 ( 12 4
G 450 2 50 Co3O4 515 ( 30 13
H 500 2 50 Co3O4 1276 ( 39 21

a The precursor vaporization temperature was 90 °C. The uncertainty on the film thickness, calculated as the semidispersion of the
average value, was indicative of the thickness homogeneity.

Figure 1. XRD patterns for the films synthesized at p ) 2
mbar. The reflections labeled with an asterisk, b, and 0 are
due to the ITO substrate, to CoO, and to Co3O4, respectively.
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sum of the Co 2p3/2 binding energy (BE) and the Co
LMM Auger peak kinetic energy (KE), were essential
to distinguish Co3O4 from CoO in the deposited samples.35

Furthermore, the presence of pure CoO was confirmed
by the intense shake-up satellites 6 eV above the
primary spin-orbit BEs.36

On all sample surfaces only cobalt, oxygen, and
carbon signals were detected; the absence of In signals
confirmed the uniform coverage of the substrate surface.
Excluding sample E, the Co 2p peak shape and position
was similar for all the films. The Co 2p3/2 binding energy
(≈780.0 eV, full width at half-maximum (FWHM) ) 3.3
eV) and the Auger parameters (≈1553.2 eV) were in
agreement with those previously reported for Co3O4,36

confirming the presence of this oxide. A further indica-
tion of this result was the low intensity of the shake-up
satellites at =9 eV from the main spin-orbit compo-
nents37 (Figure 2b). A different spectrum was recorded
for sample E, obtained in mild oxidative conditions (T
) 350 °C; p ) 2 mbar). The Co 2p3/2 binding energy
(≈780.4 eV, FWHM ) 4.2 eV) was slightly higher than
in the previous cases and the signal was characterized
by intense shake-up peaks at =5.4 eV from the spin-
orbit components (Figure 2a). These satellites were used
as a fingerprint for the recognition of high-spin Co(II)
species in CoO.38 The presence of this oxide in sample
E was further indicated by (i) the binding energy
difference between the two components of the Co2p
doublet (16 eV) and the FWHM of the Co 2p3/2 compo-
nent, both greater than that of Co3O4 due to multiplet
splitting and (ii) the Auger parameter (1554.2 eV) in
agreement with literature data for CoO.39 Nevertheless,

the presence of small quantities of Co3O4 due to air
exposure cannot be definitively ruled out.

Figure 3 reports the dependence of the Auger param-
eter from the deposition temperature for set 2 samples
(p ) 2 mbar). The decrease of the Auger parameter from
350 °C (sample E) to higher temperatures (samples
F-H) indicated that the monoxide synthesis was fa-
vored at the lowest deposition temperatures.

The results of XPS and XE-AES spectroscopy were
generally in agreement with the XRD data, excluding
sample F. In fact the diffraction pattern of this film
contained reflections due to both the oxides, whereas
the XPS and XE-AES surface analyses detected only the
presence of Co3O4. This disagreement could be explained
supposing that, during the nucleation process, CoO was
initially formed and subsequently partially converted
into the most thermodynamically stable Co3O4 in the
outer grain parts. Similar observations were reported
in a previous work of the PE-CVD of cobalt oxides.27b

The presence of multiplet splitting in CoO and the
coexistence of Co(II) and Co(III) in Co3O4, whose binding
energies are reported to differ by 0.2-0.5 eV, constitute
a serious problem in attempting spectral deconvolution
of the Co 2p3/2 signal. In fact, the spectra of the single
regions have been recorded with a resolution of 0.6 eV
(see Experimental Section). Moreover, it is extremely
difficult to obtain a reliable fitting in the case of Co3O4,
since the relative percentages of Co(II) and Co(III) are
influenced by the adopted fitting procedure.36e For these
reasons, a significant spectral decomposition of the Co
2p3/2 signal could not be obtained.

The O 1s surface XPS peak for the Co3O4 containing
films could be resolved in three different components.
The first, at =529.6 eV (50.8-67.9%), was referred to
the oxide.40 The second and the third (=531.2 and 532.3
eV, 31.3-23.1 and 17.9-9%, respectively) were at-
tributed to the presence either of hydroxyl or carbonate
species36e,41 or of coordinative unsaturated oxygen, with
a higher covalence degree in the Co-O bonds.1 Since
in the present case the intensity of the peak at 531.2
eV appeared dependent on air exposure, the contribu-
tion of -OH and CO3

2- surface contaminants could not
be ruled out. In the case of CoO sample, the O 1s signal
could be fitted with three components at 529.5 (I,

(34) Strydom, C. A.; Strydom, H. J. Inorg. Chim. Acta 1989, 159,
191.

(35) Haber, J.; Ungier, L. J. Electron Spectrosc. Relat. Phenom.
1977, 12, 305.

(36) (a) McIntyre, N. S.; Cook, M. G. Anal. Chem. 1975, 47, 2208.
(b) Oku, M.; Hirokawa, K. J. Electron Spectrosc. Relat. Phenom. 1976,
8, 475. (c) Ramsey, M. G.; Russell, G. J. Appl. Surf. Sci. 1985, 22/23,
206. (d) Shen, Z. X.; Allen, J. W.; Lindberg, P. A. P.; Dessau, D. S.;
Wells, O. B.; Borg, A.; Ellis, W.; Kang, J. S.; Oh, S. J.; Lindau, I.; Spicer,
W. E. Phys. Rev. B 1990, 42, 1817. (e) Tyuliev, G.; Angelov, S. Appl.
Surf. Sci. 1988, 32, 381.

(37) Jiménez, V. M.; Espinós, J. P.; González-Elipe, A. R. Surf.
Interface Anal. 1998, 26, 62, and references therein.

(38) McIntyre, N. S.; Johnston, D. D.; Coatsworth, L. L.; Davidson,
R. D.; Brown, J. R. Surf. Interface Anal. 1990, 15, 265.

(39) (a) Khawaja, E. E.; Durrani, S. M. A.; Al-Adel, F. F.; Salim,
M. A.; Sakhawat Hussain, M. J. Mater. Sci. 1995, 30, 225. (b) Briggs,
D.; Seah, M. P. Practical Surface Analysis; J. Wiley & Sons: Chich-
ester, U.K., 1983, and references therein.

(40) Cochran, S. J.; Larkins, F. P. J. Chem. Soc., Faraday Trans. 1
1986, 82, 1721.

(41) González-Elipe, A. R.; Espinós, J. P.; Fernández, A.; Munuera,
G. Appl. Surf. Sci. 1990, 45, 103.

Figure 2. Co 2p XPS surface peaks for samples: (a) E (CoO);
(b) D (Co3O4). Note that the shake-up satellites are much more
intense for CoO than for Co3O4 samples.

Figure 3. Dependence of the Auger parameter values on the
deposition temperature for the films deposited at 2 mbar. The
literature values for CoO and Co3O4 are shown for comparison.
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21.7%), 531.6 (II, 71.4%), and 533.3 (III, 6.9%) eV. While
peak I was attributed to the monoxide,36a the second
and third components were referred to hydroxyl species
and adsorbed water, respectively.42 Even if the presence
of hydroxyl groups should cause a shift of about 1 eV in
the Co 2p peak BEs,42c no such effect was detected. A
probable cause relies on the fact that the presence of
hydrated species is limited to the outermost layers (see
below).

XPS depth profiles showed similar results for all the
films. The dependence of O, Co, and In atomic percent-
ages on film thickness for sample B is displayed in
Figure 4. The atomic Co and O percentages were almost
constant from outer to inner layers, indicative of com-
position homogeneity. The C 1s signal (not reported in
Figure 4) disappeared after mild sputtering, indicating
that carbon contamination arose mainly from air expo-
sure and was therefore limited to the outermost part of
the layers. After 2′ erosion, the O 1s peak became
gradually sharper and its second and third components
disappeared, suggesting that they arose mainly from
surface contamination. Comparing indium and cobalt
depth profiles, an appreciable penetration of the film
into the substrate was evidenced. In fact, the coating-
substrate interface is quite broad. This effect, which was
found for all the analyzed samples, might be ascribed
to the relatively high deposition temperatures as well
as to the grain nanostructure of the films.

Optical absorption. The obtained Vis-NIR spectra
for samples synthesized at p ) 2 mbar are reported in
Figure 5. All the other films exhibited spectral features
very similar to those of the samples G and H, in good
agreement with the literature data for Co3O4. The I
band (λ ≈ 1520 nm) was attributed to crystal field
4A2(F) f 4T1(F) transitions in the Co3O4 structure.43 The
II signal (λ ≈ 1270 nm) was assigned to an “interval-
ence” charge-transfer Co(II) T Co(III), representing an
internal oxidation-reduction process.46 Absorptions III

(λ ≈ 730 nm) and IV (λ < 500 nm) were referred to
ligand-metal charge transfer (LMCT) events O(-II) f
Co(III) and O(-II) f Co(II), respectively).17,45

Unlike the previous samples, the spectrum of film E
was similar to that reported for CoO.46 In particular,
the band at 357 nm was attributed to LMCT processes
O(II) f Co(II), and the absorption centered at 550 nm
was ascribed to Co(II) transitions in octahedral crystal
field. The optical spectrum of sample F confirmed the
presence of both CoO and Co3O4.47

While the CoO band gap energy (≈5 eV)36d is too high
to be detected in the Vis-NIR spectra, the Co3O4 is a
p-type semiconductor4 and its optical band gap can be
obtained from the spectra elaboration. At high frequen-
cies (λ < 500 nm) the optical absorption is48

where R is the absorption coefficient (cm-1), EG is the
band gap, and the exponent n can take different values
depending on the types of electronic transitions in the
k-space. The best fitting of eq 1 to the absorption spectra
of Co3O4 gave n ) 1/2, meaning the direct allowed
transitions for these films.25 The plots of (Rhν)2 vs hν
yielded therefore the band gap extrapolating the linear
relationships to zero, i.e., R ) 0. This procedure allowed
to find two optical band gaps (Eopt1 ≈ 1.5 eV and Eopt2
≈ 2.0 eV) for all the pure Co3O4 samples,24,49 in agree-
ment with the Co3O4 band structure (Figure 6).24 The
valence band has a strong O 2p character, while the
main contribution to the conduction band is given by
the Co(II) 3d orbitals. The presence of Co(III) centers
in Co3O4 gives rise to a subband located inside the
energy gap. Hence, Eopt1 correspond to the onset of
O(-II) f Co(III) excitations, while Eopt2 is the “true”
energy gap corresponding to interband transitions.
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Figure 4. XPS depth profile for sample B (Co3O4).
Figure 5. Optical absorption spectra for samples synthesized
at 2 mbar pressure. Note that the spectrum of sample E (CoO)
is appreciably different from the others.

R(hν) ∝ (hν - EG)n (1)
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Morphology. Despite the composition and micro-
structure, the surface morphology was not directly
related to the synthesis conditions. As shown in Figure
7, AFM images of samples B (Co3O4) and E (CoO) were
characterized by the presence of rounded grains (φ )
340-580 nm) that can be considered as nanocrystallite
aggregations (compare XRD analysis). No appreciable
holes or dendrites were detected on the film surfaces.
For each deposition pressure, the increase of the sub-
strate temperature corresponded to the increase of the

average roughness (from ≈5 to ≈30 nm) and grain size.
On the basis of this observation, it was hypothesized
the initial formation of many nucleation sites and the
subsequent grain growth during the film deposition.
Moreover, since the XRD analysis showed no preferen-
tial orientation, an “island” (Volmer-Weber) mode was
supposed to be the growth mechanism. This observation
was in agreement with the results recently obtained in
the evaporation of cobalt oxides thin films.37

Conclusions

Co(dpm)2 was found to be a suitable and versatile
precursor for the CVD of cobalt oxide thin films. It
showed a clean decomposition pattern and an ap-
preciable volatility at low temperatures. The main
advantage was the possibility of obtaining CoO, CoO +
Co3O4, and Co3O4 thin films controlling the substrate
temperature and the reactor pressure. CoO films were
obtained on the ITO substrate at temperatures as low
as 350 °C and total pressure p ) 2 mbar, while Co3O4-
containing samples were obtained in all the other cases.
All the films were nanostructured and their morphologi-
cal and compositional features could be tailored as
indicated by XRD, optical absorption, XPS, and XE-AES
measurements. XPS analyses showed that in these
synthesis conditions pure and homogeneous cobalt oxide
materials were achieved with an effective precursor
conversion. Moreover, XPS depth profiles showed an
appreciable penetration of the Co oxide layers into the
substrate.

Because of the clean and homogeneous nanostruc-
tures, the films are of optical quality and do not scatter
the visible light;12 as a perspective, they can be consid-
ered as suitable materials for the development of all-
solid-state electrochromic devices operating in trans-
mission mode. Nevertheless, the effect of film-substrate
intermixing on the usefulness of the layers as electro-
chromic material has still to be elucidated. To this
regard, further work is now in progress and the results
will be the subjects of future papers.
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Figure 6. Schematic representation of the band structure of
Co3O4.24

Figure 7. AFM surface micrographs (5 µm × 5 µm): (a)
sample B (Co3O4); (b) sample E (CoO).
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