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1 Introduction

There are three crystalline forms of cobalt oxide (CoO,
Co304, and Co203), Co304 is preferred for various
applications, such as solar cells [1, 2], energy storage
(3], gas sensors [4], and catalysts [5] due to its unique
physicochemical properties. These include: (i) Coz04
is a p-type semiconductor with a band gap ranging
from 1.5 to 2.1 eV, making it well suited for optoelec-
tronic applications like solar cells. This band gap allows
efficient absorption of visible light, improving its func-
tionality in photovoltaic devices. (ii) Compared to CoO
and Co203, Co30y4 exhibits superior chemical stability
under normal environmental conditions, making it more
durable for devices such as solar cells and gas sensors,
which need to maintain their performance over long
periods. (iii) CogOy is known for its high catalytic activ-
ity, especially for oxidation and reduction reactions.
This makes it very effective in catalytic applications and
suitable for energy storage devices such as batteries and
super-capacitors. (iv) CozOy4 has a spinel crystal struc-
ture, combining two oxidation states of cobalt (Co?*
and Co3T). This structure offers interesting magnetic
properties, which are important for magnetic device
applications. (v) CozO4 can be synthesized in various
nano-structured forms, including nano-particles, nano-
wires, and thin films. This flexibility increases its sur-
face area, which improves its performance in gas sens-
ing, energy storage, and other technological applica-
tions. These combined properties make Co3z0O4 the pre-
ferred phase for advanced technological applications.
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Various deposition methods have been explored to pro-
duce Co3Oy thin films. In this study, we focus on spray
pyrolysis, a method that offers advantages, such as low
cost, no vacuum requirement, and ease of operation
[6-8]. Spray parameters, including substrate tempera-
ture, deposition time, carrier gas flow rate, precursor
molarity, and doping, significantly influence the physi-
cal properties of Co30,4 thin films. Many studies pub-
lished in the literature have focused on the effects of
deposition parameters on the structural, morphologi-
cal, optical, and electrical properties of Co304 films
produced using the chemical spray pyrolysis technique.

Among these parameters, the choice of cobalt pre-
cursor plays a very important and crucial role in deter-
mining the physical properties of Coz04. Moreover,
the choice of the cobalt precursor not only impacts
the optical characteristics but also strongly affects the
structural, surface, and electrical properties of the film.
For example, Darenfad et al. [1] prepared Co3O4 thin
films using aqueous cobalt nitrate with a molarity
of 0.05 mol/L at a substrate temperature of 400 °C
and an atomizer-to-substrate distance of 22 cm. They
studied the optoelectronic and photovoltaic proper-
ties of the p-Co304/n-ZnO hetero-junction based on
the deposition time of CozO,4 thin films. In another
study, Daranfed et al. [2] demonstrated the effects of
cobalt nitrate precursor concentrations ranging from
0.05 to 0.15 mol/L with the same substrate temperature
(400 °C) and atomizer-to-substrate distance (22 cm)
on the optoelectronic properties of CozO4 thin films,
using a cost-effective spray pyrolysis method for pho-
tovoltaic applications. Fan et al. [9] produced Co3z04
thin films by spray pyrolysis using 0.2 M cobalt acetate
solution at a substrate temperature of 200 °C and
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an atomizer—substrate distance of 7 cm for humid-
ity sensor applications. Similarly, Kumar et al. [10]
studied the effects of two different precursors, cobalt
nitrate hexahydrate and cobalt chloride hexahydrate,
both with a molarity of 0.1 mol/L, a substrate tem-
perature of 400 °C and an atomizer-to-substrate dis-
tance of 12 cm, on the structural, optical, and electri-
cal properties of Co304 thin films prepared by spray
pyrolysis. To our knowledge and based on the litera-
ture, this is the first study to investigate the physi-
cal properties of Co30Oy4 thin films deposited using dif-
ferent cobalt sources (cobalt nitrate, cobalt chloride,
and cobalt acetate) as absorber layers in thin-film solar
cells. This highlights the novelty of our work and its
contribution to advancing the understanding of how
various cobalt precursors influence the characteristics
of Co30y in solar cell applications. Surface wettability
is an important aspect of thin-film surface properties
and has significant implications for photovoltaic appli-
cations. Surfaces can be classified based on the con-
tact angle (CA) of liquids: hydrophilic (CA < 90°) or
hydrophobic (CA > 90°). Previous studies by Darenfad
et al. [11] and Nezzari et al. [12] on p-type metal oxides
such as CuO and Co3Qy4 confirmed that the hydropho-
bic nature of these oxides is beneficial for photovoltaic
applications. They demonstrated that hydrophobicity
improves the physical properties of absorbing thin films,
making them more suitable for solar cell use. These
intriguing results have motivated further investigations
into the importance of hydrophobicity for absorber
thin films in solar cells. To our knowledge, there is
no study specifically exploring the effects of precursor
solutions on the surface wettability of Co3O,4 thin films
prepared by spray pyrolysis for photovoltaic applica-
tions. In this study, we report the influence of vari-
ous cobalt precursor sources, including cobalt nitrate,
cobalt acetate, and cobalt chloride, on the physical
properties of CozO,4 thin films. In addition, the fab-
rication process and detailed characterization results of
p-Co304/0n-Zn0O hetero-junctions are presented.

2 Experimental procedure

Preparation of Co3O,4 thin films by spray pyroly-
sis. This study explores the use of three different
cobalt salts as precursor materials: cobalt nitrate
hexahydrate (Co(NO3)2.6H20), cobalt chloride hex-
ahydrate (CoCly.6H30), and cobalt acetate tetrahy-
drate ((CH3COO0)2Co0.4H50). All these precursors were
obtained from Sigma-Aldrich with a high purity of
99.99%. Three separate solutions, each with a molarity
of 0.05 M, were prepared by dissolving different cobalt
salts in distilled water. The thin films were deposited
on well-cleaned ordinary glass substrates, with the sub-
strate temperature maintained at 400 °C. The dis-
tance between the atomizer and the substrate was set
at 17 cm and the spray flow rate was controlled at
500 pl/min for a deposition time of 10 min. The spray
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pyrolysis chemical deposition technique is known for its
simple experimental setup, as illustrated in Fig. 1.

After the deposition phase, the samples are subjected
to a comprehensive analysis to study the character-
istics of the deposited layers. This analysis uses sev-
eral advanced techniques, including a Philips X’pert
diffracto-meter operating with Cu Ka radiation (A =
1.5418 A) and a HORIBA LabRAM Raman spectrome-
ter. These instruments are used to reveal the structural
and compositional nature of the deposits on the sub-
strate. Micro-Raman measurements are carried out at
room temperature using the 633 nm excitation line of
an argon ion laser, supplied by Renishaw. The thickness
of our films was measured using a MicroXam-100 opti-
cal profilo-meter, ensuring accurate assessment of the
deposited layers. For surface characterization, a Nano-
surf Flex-Axiom C3000 atomic force microscope (AFM)
in static (contact) mode was used at room temperature
under ambient conditions. This technique allowed us to
capture 3D images of representative samples, providing
detailed visualization of the surface morphology. The
100 pm? (10 wm x 10 wm) scanning area facilitated
high-resolution mapping, revealing fine details of sur-
face features. In addition, the static contact angle was
measured to assess the wettability of the thin films. A
5 wl droplet was placed on the sample at room temper-
ature, illuminated by a LEYBOLD light source (6 V,
30 W), and the contact angle was recorded. In par-
allel, the optical properties of the films were studied
using UV—visible spectroscopy in the wavelength range
of 300-1000 nm, using a Shimadzu UV-3101 PC spec-
trophotometer to analyze light transmission. To eval-
uate the electrical properties, we used the Hall effect
method to measure key parameters, such as resistivity,
carrier concentration, and mobility at room tempera-
ture.

3 Results and discussion

3.1 Structural properties

Figure 2 presents X-ray diffraction (XRD) spectra of
Co304 thin films deposited on glass substrates at a
substrate temperature of 400 °C. These films were syn-
thesized using three different cobalt precursors: cobalt
chloride, cobalt nitrate, and cobalt acetate. All three
thin films exhibit a polycrystalline nature, as evidenced
by the presence of seven prominent diffraction peaks.
These peaks correspond to the crystallographic planes
(111), (220), (311), (400), (422), (511), and (440), with
a dominant preferred orientation along the (311) plane.
These diffraction peaks are in excellent agreement with
the standard peaks of the cubic spinel structure CozQOy,
as referenced by JCPDS card no. 42-1467, which is
consistent with the results of several previous studies
(1, 2, 13]. Moreover, the most stable Co3O4 phase was
obtained, as no additional peaks corresponding to other
cobalt oxides, such as CoO or Coy03, were detected.
This observation is consistent with the results reported
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Fig. 2 XRD pattern of Co304 films deposited with differ-
ent solutions

by Darenfad et al. [1, 2], who also used the spray pyrol-
ysis technique. A notable variation in the intensity of
the diffraction peaks was observed depending on the
precursor used. In some cases, a decrease in peak inten-
sity can be attributed to a reduction in the film thick-
ness, which is influenced by the specific thermal decom-
position kinetics of each precursor [14]. Indeed, cobalt
chloride releases chloride ions (Cl") as decomposition
by-products, which can disrupt the uniform formation
of the crystal lattice by generating by-products that
slow down crystallite growth. Cobalt acetate produces
acetate groups (CH3COO™), which can also negatively
influence the crystal quality by leaving organic residues
or forming unstable intermediates. On the other hand,

cobalt nitrate is distinguished by its ability to release
gases, such as NOy and Oz during its thermal decom-
position. These gases significantly improve the oxida-
tion conditions of cobalt, thus promoting a more pre-
cise stoichiometry and limiting the formation of crystal
defects. This optimization of growth conditions leads
to the formation of well-ordered crystallites, highlight-
ing structural imperfections. Therefore, the intensity of
the diffraction peaks, especially for the (311) plane, is
increased, reflecting improved crystal organization and
more uniform film growth.

The crystallite size (D) of the films was determined
using the following Debye-Scherrer equation [15]:

0.9
~ Bceosb’ (1)

where A (0.15405 nm): the wavelength of the X-rays;
0: the Bragg diffraction angle; § is the width at half
maximum (FWHM) in radians.

The strain (¢) and dislocation density (0) of the
synthesized films corresponding to the (311) crystal-
lographic plane were determined using the following
equations [1]:

E:ﬂc;)sﬂ @)
1

Table 1 summarizes the calculated values for various
structural parameters of the Co3Oy4 thin films prepared
using the three different precursor sources. As shown
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Table 1 Structural

parameters of the CozO4 Precursor 20 (°) hkl planes D (nm) e (107%) § (nm™2) d (nm)

films prepared using three .

different precursors Cobalt nitrate 37.39 (311) 9.688 3.577 0.0106 1113
Cobalt chloride 38.02 (311) 8.722 3.973 0.0131 782
Cobalt acetate 37.48 (311) 8.616 4.022 0.0135 724
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Fig. 3 Raman spectra of Co304 as a function of different
precursors

in Table 1, the film synthesized with cobalt nitrate
exhibits lower strain, calculated at 3.577 x 1073, and
a high D of 9.688 nm compared to the films produced
using the other cobalt sources. The reduction in strain is
consistent with the preferred orientation observed in the
film prepared with cobalt nitrate. It is well established
that preferred orientation is often attributed to internal
stress within the film [16]. Therefore, the use of cobalt
nitrate in the deposition process likely promotes a more
uniform and organized atomic arrangement within the
film, reducing defects and dislocations (Table 1), which
in turn results in larger crystallites and better overall
material quality. This correlation between D and XRD
data confirms the positive effect of cobalt nitrate on the
structural properties of the film.

The Raman spectra of CozOy films prepared by dif-
ferent cobalt sources are presented in Fig. 3. As illus-
trated in this figure, the spectra clearly demonstrate
the presence of five (05) distinct vibrational modes
associated with the Co—O bond. The Raman peaks
are located at approximately 190, 467, 512, 602, and
670 cm!, corresponding to the phonon modes with Fa,,
E,, and A;, symmetries. These results are consistent
with the data previously reported in the literature [17].
These modes arise from the vibrational motions of the
Co?*t and Co>* cations occupying tetrahedral and octa-
hedral sites in the cubic lattice. This confirms the pres-
ence of a single-phase cubic spinel structure in CozOy4
[1, 2, 12]. Furthermore, the Raman spectra further cor-
roborate the existence of the Co30,4 phase with cubic
spinel structure, as previously deduced from the XRD
analysis. Still in Fig. 3, comparing the Raman spectra
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of Co304 obtained from different precursors, a signifi-
cant reduction in peak intensities is observed, especially
for the Az peak. For the cobalt nitrate solution, the
intensity of the Ay peak is notably higher, measured
at 441.72 a.u., compared to 61.08 a.u. and 52.67 a.u. for
the cobalt chloride and cobalt acetate solutions, respec-
tively. This decrease in the intensity of the A,; Raman
peak reflects variations in the crystal structure as well
as the surface state of the material, which are directly
influenced by the nature of the precursor used during
the synthesis. The chemical composition of precursors,
such as cobalt acetate and cobalt chloride, can have
a significant impact on crystal formation and growth.
These precursors can introduce defects or distortions
within the crystal lattice (see Table 1), thereby dis-
rupting the structural organization of Coz04. These
imperfections reduce the crystalline order and lead to
a decrease in the intensity of vibrational modes, espe-
cially that associated with the A4 mode.

3.2 Surface morphology and wettability analysis

Atomic force microscopy (AFM) was employed to
examine the surface topography and roughness of our
films. Figure 4 displays 3D AFM images of nano-
structured CozO4 over a 10 pm x 10 pwm area, synthe-
sized at 400 °C in ambient air using different cobalt pre-
cursors. The average surface roughness of the coatings
increased progressively from 15.29 nm to 60.30 nm, and
then to 65 nm, depending on whether cobalt nitrate,
cobalt chloride, or cobalt acetate precursor solutions
were used, respectively. This steady increase clearly
demonstrates that the choice of precursor plays a crit-
ical role in determining the surface morphology of
Co304 coatings. Surface roughness is a crucial factor
for absorbent films, as it can enhance light trapping
by increasing surface irregularities, leading to multi-
ple reflections of incident light [12]. Light scattering
caused by surface roughness extends the optical path
length, improving light absorption in Co3Oy4 coatings
[12]. Moreover, the distribution of peaks and valleys
in the surface structure effectively traps more incident
light into the internal structure of the coatings, thus
increasing their intrinsic absorption properties and con-
tributing to a better overall absorption performance
[12]. Furthermore, based on AFM and X-ray diffrac-
tion analyses, especially in relation to D, it can be con-
cluded that roughness is important for crystallization,
but within optimal limits. From our study, we can infer
that low surface roughness is favorable for the crystal-
lization of Co30y4 produced by spray pyrolysis. Opti-
mal crystallization appears to occur at lower roughness
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Fig. 4 AFM images of our thin films

levels, which favors a more uniform and well-organized
crystal structure.

Figure 5 shows the static contact angle (CA) mea-
surements of a water droplet, taken at four different
points on the same surface for each prepared film. The
results indicate an increase in contact angle values of
93°, 123°, and 134° for the samples derived from cobalt
nitrate, cobalt chloride, and cobalt acetate, respec-
tively. Additionally, all the films exhibit hydrophobic
behavior (CA > 90°, [18, 19]). This hydrophobicity is
attributed to the effect of surface roughness and crys-
tallite size [12]. These findings are consistent with the
AFM analysis presented in Fig. 4, which further sup-
ports the correlation between surface morphology and
the hydrophobic properties of the films.

3.3 Optical analysis

An ultraviolet—visible (UV /Vis) spectrophotometer was
employed to analyze the optical transmittance (T%)

of the Co304 films synthesized using various precur-
sors. Figure 6 illustrates the optical transmission spec-
tra recorded across different films within the wavelength
range of 300-900 nm. As observed, all the films exhibit
low transmittance values, ranging between 0.96% and
6.09% in the visible wavelength region. Among them,
the film prepared using cobalt nitrate demonstrates
the lowest transparency, with a transmittance of just
0.96%, in comparison to the films prepared using cobalt
chloride and cobalt acetate, which exhibit higher trans-
mittance levels. The decrease in transmittance for the
cobalt nitrate source is attributed to the presence
of mixed oxidation states in the material, specifically
Co304 ((Co?*, Co3+)304), which imparts a black col-
oration and intensely absorbs incident photons as the
film thickness (d) increases [1, 20]. Moreover, the low
transmittance value obtained in this work for the cobalt
nitrate precursor (7 = 0.96%) indicates that the film
elaborated by spray efficiently captures light, a cru-
cial property for enhancing the overall energy conver-
sion efficiency in thin-film solar cells. We consistently
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Fig. 5 Images of contact angles formed by water drops
on Co304 thin films deposited with different precursors:
(a) cobalt nitrate, (b) cobalt chloride and (c) cobalt acetate

observe the presence of a single absorption band in the
transmission spectra between 700 and 900 nm, which
is attributed to charge transfer (O?" — Co®") within
the deposited films. This suggests the presence of a
photonic band gap. In contrast, cobalt oxide typically
exhibits two absorption bands in transmission spectra:
one between 400 and 600 nm and another between 700

Eur. Phys. J. B (2025) 98:44

and 900 nm, corresponding to charge transfers (0%~ —
Co?T) and (0% — Co3T), respectively [21]. However,
in our films, only a single absorption band is observed.
This discrepancy could be primarily attributed to the
film thickness (Table 1), which plays a crucial role in
determining optical absorption characteristics.

We calculated the optical band gap (Eg) for our films
using the Tauc method [22], by plotting the contrast
curve (ahv)? as a function of photon energy (hv), as
illustrated in Fig. 7.

Figure 8 highlights the impact of the type of cobalt
precursor on the optical band gap (Eg) of Co304 films.
The measured values range from 1.37 to 1.48 eV, which
is consistent with results reported in the literature [1,
2]. Our study shows that the film obtained from cobalt
nitrate exhibits the lowest band gap (1.37 V), whereas
those of the films prepared from cobalt chloride and
cobalt acetate are slightly higher, reaching 1.48 eV and
1.46 eV, respectively. The reduction in Eg observed in
the case of cobalt nitrate can be attributed to a decrease
in structural deformation and an improvement in the
crystalline arrangement. These characteristics also indi-
cate better stoichiometry and more efficient oxidation,
leading to a decrease in electrical resistivity. This aspect
is crucial for photovoltaic applications, as a lower opti-
cal band gap allows for greater absorption of photons
in the visible spectrum, thereby enhancing the mate-
rial’s performance as an absorbing layer in solar cells
[23]. Conversely, the films deposited from cobalt chlo-
ride and cobalt acetate may contain structural defects
(see Table 1), which affect the density of electronic
states in the band gap and contribute to its increase.

Fig. 6 Transmittance

spectra of CozO4 thin films Cobalt nitrate
prepared with different Co Cobalt acetate
sources Cobalt chloride
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Furthermore, the widening of the Eg observed for the
films obtained from zinc acetate and zinc chloride could
be related to their surface roughness, compared to the
film derived from cobalt nitrate, which has a less rough
(Fig. 4). In conclusion, our results confirm that the
choice of cobalt precursor plays a key role not only in
the optical properties of Coz04 films but also in their
electrical and structural characteristics. To optimize
their performance in optoelectronics and photovoltaic
conversion, it is essential to consider these parameters
in conjunction with other factors, such as deposition
time [1] and precursor concentration [2].

Cobalt sources

The disorder in the film network is characterized by
the width of the band known as the Urbach energy (Evy)
[24, 25]. This can be estimated from the slope of the plot
of In(«) as a function of (hv), as illustrated in Fig. 9.

In Fig. 10, we have illustrated the variation of strain
and disorder in the films depending on the different
precursors used. It is evident that the disorder follows
very consistently the strain trend, suggesting that the
occurrence of strain in the films is strongly related
to the presence of disorder. This phenomenon can be
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explained by the fact that disorder within the crys-
tal structure, such as deviations in inter-atomic dis-
tances or bond angles from their ideal values, leads to
the presence of weakly bonded or misaligned atoms.
These structural defects disrupt the normal crystalline
order, creating local distortions in the lattice param-
eters. These distortions manifest themselves as varia-
tions in the crystal lattice parameters, which induce
internal forces in the material. These forces then cause
strains in the films, potentially affecting their mechan-
ical and structural properties.
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3.4 Electrical analysis

The electrical properties of Co30y4 thin films were eval-
uated at room temperature using the Hall effect mea-
surement technique. Table 2 presents the resistivity (p),
mobility (), and free carrier concentration (n) values
for Co304 films deposited from three different cobalt
sources. The choice of cobalt source significantly influ-
ences electrical resistivity, which increases for cobalt
chloride (p = 3.001 x 10! Q.cm) and cobalt acetate (p
= 3.716 x 10! Q.cm) compared to cobalt nitrate (p =
2.905 x 10°! Q.cm). Transport properties are strongly
affected by defect density, including strain, dislocations,
and stacking faults, which are inherent to thin-film
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Table 2 Electrical resistivity, free carriers concentration,
and mobility of Co3O4 films deposited using different Co
source

Precursor p (Q.cm) w (cm? /vs) n (cm™?)
Cobalt 2.905 x 9.213 2.333 x
nitrate 107 108
Cobalt 3.001 x 3.538 5.879 x
chloride 10t 1071
Cobalt 3.716 x 1.058 1.587 x
acetate 10"t 10116

growth. The improved electrical conductivity is likely
due to enhanced crystallinity in the CozO4 films, as con-
firmed by the XRD results (Table 1). Larger crystallites
reduce the number of grain boundaries, thereby low-
ering charge carrier transport barriers and improving
conductivity. Additionally, electrical resistivity directly
follows variations in carrier concentration, indicating
that resistivity is primarily governed by free carrier con-
centration (Table 2). All the films exhibit p-type con-
ductivity, as confirmed by the sign of the Hall coeffi-
cient [1]. The free carrier concentration in films derived
from cobalt nitrate (n = 2.333 x 10'® cm™®) is two
and three orders of magnitude higher than that of films
prepared from cobalt chloride (n = 5.879 x 101° cm™3)
and cobalt acetate (n = 1.587 x 106 c¢cm™®), respec-
tively. This high carrier concentration, combined with
improved crystallinity, significantly reduces the resistiv-
ity of the Co304 film obtained from cobalt nitrate. Fur-
thermore, carrier mobility is influenced by crystallite
size and surface roughness. A decrease in crystallite size
and increased surface roughness, as observed in films
derived from cobalt chloride and cobalt acetate, lead to
a higher number of grain boundaries and irregularities,
limiting charge carrier mobility and increasing resis-
tivity. In contrast, films deposited from cobalt nitrate
exhibit larger crystallites and a less rough surface,
enhancing grain connectivity, reducing charge transport
barriers, and thereby improving electrical conductivity.
When compared to the literature, the minimum resis-
tivity obtained in this study (2.905 x 10°* Q.cm) is
lower than the values reported by Darenfad et al. [1]
(7.94 Q.cm), Nazzeri et al. [12] (28 Q.cm), and Ravi
Dhas et al. [20] (239.59 Q.cm) for cobalt oxide thin films
deposited via spray pyrolysis using cobalt nitrate as a
precursor. Moreover, the resistivity achieved using the
chemical spray pyrolysis method is also lower than that
reported for films deposited by RF magnetron sputter-
ing [26] and chemical bath deposition [27], where resis-
tivity values range from 6.43 to 26.88 €2.cm. These find-
ings highlight the efficiency of spray pyrolysis in produc-
ing Co30y films with competitive resistivity suitable for
photovoltaic applications.
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4 Conclusions

Single-phase nanocrystalline Co3zO4 thin films were suc-
cessfully synthesized by spray pyrolysis using various
cobalt precursors. X-ray diffraction analysis confirmed a
cubic crystal structure with phase purity in all samples.
Notably, the film produced from cobalt nitrate exhib-
ited the largest crystallite size of 9.688 nm, surpassing
those fabricated with other precursors. Raman spec-
troscopy further verified the formation of the Co3zOy4
spinel structure.

The Co30,4 films synthesized with cobalt nitrate
also exhibited low surface roughness, while films pro-
duced using cobalt chloride and cobalt acetate exhib-
ited significantly higher surface roughness. The static
contact angles measured for all deposited films were
consistently greater 90°, with the cobalt nitrate film
exhibiting the highest contact angle, indicating bet-
ter hydrophobicity. The Co30,4 thin film synthesized
from cobalt nitrate exhibited very high absorbance,
measured as only 0.96%, a low optical band gap of
1.32 eV, and an electrical resistivity of 2.905 x 10!
Q.cm. Therefore, cobalt nitrate was identified as the
most efficient precursor to produce CozOy4 thin films
suitable for solar cells, especially as an absorber layer.

Data availability There is no data. [Author’s comment:
The data that support the findings of this study are available
upon reasonable request from the authors.].
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