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Cobalt-doped zirconium dioxide (ZrO-:Co) nanostructured thin films were successfully deposited on glass
substrates using the chemical spray pyrolysis (CSP) technique. X-ray diffraction revealed a polycrystalline
orthorhombic structure with a predominant (111) orientation. Cobalt incorporation initially enhanced
crystallinity at 1% doping, as evidenced by increased peak intensity and grain growth from 11.82 nm to 19.04
nm. However, further doping to 3% Co induced lattice disorder, slightly reducing crystalline quality. Atomic
force microscopy demonstrated that Co doping significantly refined the surface morphology, reducing both
the average particle size (from 68.57 nm to 36.04 nm) and surface roughness, indicating the formation of
smoother, more compact films. Optical transmittance measurements showed high transparency (92.4-96.5%)
in the visible region, which decreased with increasing Co content. The optical band gap narrowed
systematically from 5.25 eV t0 5.15 ¢V with Co doping, ascribed to the existence of defectstates and impurity
levels within the ZrO2 band structure. Gas-sensing tests at 225 ppm NO:z and 125 °C revealed that Co doping
substantially enhanced the sensor response, with the 3% Co-doped film exhibiting the greatest resistance
modulation. However, sensitivity calculations demonstrated a decrease in sensor response with increasing Co

concentration.

1 INTRODUCTION

One of the mostsignificant and popular types ofsolid
catalysts is metal oxides, which can be utilized as
both supports and active phases [1], [2]. Metal oxides
constitute the largest class of catalysts in
heterogeneous catalysis and are used for their acid-
base and redox properties [3]-[6]. (ZrOz) has been
employed as a support for dispersing noble and
transition metals for specific catalytic applications
due to its exceptional catalytic capabilities across a
variety of processes [7], [8]. ZrO: is a well-known
solid-acid catalyst and exhibits n-type semiconductor
behaviour [9]-[13]. Cobalt (Co) is one of the most
effective transition metal dopants that can modify the
structural, optical, and electrical behavior of metal
oxide semiconductors [14]-[16]. The presence of
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cobalt ions in the ZrO: lattice can significantly
modify the defect structure, grain size, and electronic
properties of the material [17],[18]. The substitution
of Zr* ions by Co ions, with the resulting localized
energy levels and oxygen vacancies [19], [20],
enhances charge-carrier transport and surface
reactivity [21]. The goal of this study is to look into
the impact of cobalt doping on the physical and
sensing properties of ZrO2 nanostructured thin films.
Cobalt-doped ZrO: thin films were prepared using
CSP, a simple, cost-effective, and versatile method.
The prepared films were subsequently characterized
to evaluate their structural, optical, and sensing
properties and to understand the role of cobalt
incorporation in improving the functional
performance of ZrO: thin films.
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2 EXPERIMENTAL

CSP was used for forming ZrO: thin films. The
precursor was ZrClz (99.99% purity) from Sigma-
Aldrich. Cobalt chloride dopant (99.98% purity,
Merck, Germany) was added to the precursor solution
at volumetric ratios of 1% and 3%. Filtered air was
sprayed onto glass substrates at 103 Pa. To avoid
excessive cooling, the flow rate was set to 5 ml/min,
and the deposition period was 10 seconds, with a 2-
minute break. There was a 28 cm distance between
the spout and the substrate, and the base body
temperature during deposition was maintained at
450°C. The film thickness obtained by the
gravimetric approach is 330420 nm. AFM was used
to study surface topography, and XRD was used to
characterize the film structure. A UV-visible
Shimadzu double-beam spectrophotometer was used
torecord the transmittance spectra of the as-deposited
thin films in the 300-900 nm wavelength range. Gas
sensitivity was evaluated as the percentage change in
the film resistance upon exposure to the target gas.
The measurements were carried out in a custom-
designed cylindrical chamber with a radius of 8 cm
and a height of 16 cm.

3 RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction (XRD) patterns
of Co-doped ZrO2 thin films with cobalt
concentrations of 0%, 1%, and 3%. The diffraction
patterns confirm the formation of an orthorhombic
crystalline structure with a preferred orientationalong
the (111) plane. Additional diffraction peaks
corresponding to the (200), (220), and (222)
crystallographic planes were also observed. The
diffraction peaks of the undoped ZrO2 film are
consistent with JCPDS card No. 37-1484, confirming
the successful formation of the crystalline ZrO2
phase.

With increasing cobalt concentration, slight shifts
in the diffraction peak positions and changes in peak
intensity were observed, indicating the incorporation
of Co ions into the ZrO2 crystal lattice. The increase
in peak intensity at low cobalt concentration suggests
improved crystallinity and better crystallite
orientation. However, further increasing the cobalt
concentration resulted in a reduction of peak
intensity, indicating a slight deterioration in
crystalline quality. This behavior may be attributed to
lattice distortion and internal stress caused by
excessive cobalt incorporation, which hinders
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crystallite growth and introduces structural disorder
[14],118],[22].

The crystallite size was estimated using the
Scherrer method [23], [24], and the calculated values
are summarized in Table 1. The crystallite size
increased from 11.82 nm for the undoped film to
19.04 nm and 21.10 nm for the films containing 1%
and 3% cobalt, respectively. The increase in
crystallite size indicates enhanced crystal growth,
which is likely associated with the incorporation of
cobaltions into the ZrO2 lattice and the reduction of
grain boundary defects.

The dislocation density and lattice strain were
calculated from the XRD data [26]-[28]. As
presented in Figure 2 and Table 1, both parameters
decreased with increasing cobalt concentration,
indicating improved crystalline quality and reduced
lattice imperfections. The reduction in dislocation
density and lattice strain suggests that cobalt doping
promotes better structural ordering and decreases the
number of crystal defects within the films. Similar
behavior has been reported by Shi et al. [29]. The
calculated values of crystallite size, full width at half
maximum (FWHM), lattice strain, and dislocation
density for the undoped and Co-doped ZrO2 thin
films are summarized in Table 1.

—— Undoped ZrO,
—— ZrO5:1% Co
ZrO:3 % Co

(111)
(200)

220)
20 (222)

Intensity (AR. Unit)

Nosiiimscamal cmisonsi

A«w»uww

50

35 40 55 60 65 70

45
20 (degrees)
Figure 1: XRD patterns of undoped and Co-doped ZrO- thin
films.

The surface topography of ZrO: thin films doped
with 0%, 1%, and 3% cobalt was examined using
AFM (Table 2). Figure 3 presents representative
AFM images, revealinga uniform grain distribution
composed of columnar aggregates, with no noticeable
holes or fissures. The average particle sizes decrease
with increasing Co content, measuring 68.57 nm,
43.20 nm, and 36.04 nm for 0%, 1%, and 3% Co,
respectively. Correspondingly, average roughness
(Ra) and root mean square roughness (RMS),
decrease from9.25 nmto 3.78 nm and from 3.37nm
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to 2.65nm, respectively, indicating a smoother
surface with higher doping levels. The observed
variations in particle size and roughness (Pav and
RMS) between undoped and Co-doped films suggest
that cobalt incorporation influences nucleation and
growth processes. Additionally, factors such as
surface diffusion temperature, deposition kinetics,
and dopant concentration play a significant role in
controlling the surface morphology and overall film
roughness [30], [31].

The optical transmittance spectra of the deposited
films are presented in Figure 4. All films exhibit high
optical transmittancein the visible region, with values
ranging from 92.4% to 96.5%. The transmittance
gradually increases with increasing wavelength,
indicating reduced optical absorption in the near-

0.62

a

= ]
o -3
@ =]

o

FWHM (deg.)
a

g

=
o
N

1 2
Doping Level (%)
75

70 4

<
(5]

Dislocations density
lines/m? x 10
a
(=}

55

1 2
Doping Level (%)

infrared region. This behavior suggests that photons
with lower energy are insufficient to promote
electrons across the optical band gap, resulting in
lower absorption and higher transmittance [32], [33].

Figure 5 shows the absorbance spectra of the
undoped and Co-doped ZrO2 thin films. The undoped
film exhibits the lowest absorbance, whereas the
absorbance increases progressively with increasing
cobaltconcentration. This behavioris attributed to the
incorporation of cobalt ions into the ZrO2 lattice,
which introduces additional defect states and
localized energy levels within the band structure.
These states facilitate electronic transitions and
increase the probability of photon absorption, thereby
enhancingthe light-harvesting capability of thedoped
films [36], [37].
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Figure 2: Variation of structural parameters (FWHM, crystallite size, dislocation density, and lattice strain) with Co doping

concentration.

Table 1: Variation of structural parameters (FWHM, crystallite size, dislocation density, and lattice strain) with Co doping

concentration.

Specimen 20 (%) | (hkl) Plane FWHM () | E,(eV) | D(nm) | §(x10'%) (lines/m?) g(x 104
Undoped ZrO, 111 30.59 0.62 5.25 11.82 74.84 31.62
Zr0,: 1% Co 111 30.54 0.59 5.20 19.04 63.41 29.47
Zr0,: 3% Co 111 30.50 0.53 5.15 21.01 55.87 22.16

Table 2: AFM surface parameters of undoped and Co-doped ZrO: thin films.
Samples Average Particle size (nm) R, (nm) RMS (nm)
Undoped ZrO, 68.57 9.25 7.37
7r0,: 1% Co 43.20 8.41 5.45
Zr0,: 3% Co 36.04 3.78 2.65
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Figure 3: AFM surface morphology of undoped and Cu-doped Co30O4 thin films.

The absorption coefficient was determined from
the optical absorbance and film thickness [38]. The
calculated values indicate that cobalt doping
enhances the optical absorption of the films, which is
consistent with the observed increase in absorbance.
The improvement in optical absorption can be
attributed to the formation of defect-related energy
states and the modification of the electronic structure
caused by cobalt incorporation.
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Figure 4: Optical transmittance spectra of undoped and Cu-
doped Co0304 thin films.
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Figure 5: Optical absorbance spectra of undoped and Cu-
doped Co30a thin films.

Figure 6 presents the absorption coefficient
spectraofthe undopedand Co-doped ZrO2 thin films.
The absorption coefficient increases with increasing
cobalt concentration, indicating enhanced optical
absorption after doping. A sharp increase in the
absorption coefficientis observed near the absorption
edge, followed by a gradual decrease at higher
wavelengths. The absorption coefficient reaches
values of approximately 10* cm™ or higher,
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confirming the presence of strong direct electronic
transitions in the films. The enhanced absorption
observed in the Co-doped samples is attributed to
modifications of the electronic structure and the
formation of defect-related energy states that
facilitate photon absorption [39], [40].
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Figure 6: Absorption coefficient (o) as a function of photon
energy (hv) forundoped and Cu-doped Cos0x thin films.

The direct optical band gap was estimated using
the Tauc method [41]. As shown in Figure 7, the
optical band gap decreases with increasing cobalt
concentration. The band gap is reduced from 525 eV
fortheundoped filmto approximately 5.15 eV for the
film containing the highest cobalt concentration. This
reduction is attributed to the introduction of cobalt-
related defect states within the forbidden energy gap,
which create intermediate energy levels and facilitate
electronic transitions at lower photon energies. In
addition, cobalt incorporation increases structural
disorder, contributing to the observed band-gap
narrowing [42], [43].

The extinctioncoefficient was calculated from the
optical absorption data[44]. Figure 8 shows that the
extinction coefficient exhibits relatively high values
in the ultravioletregion and gradually decreases with
increasing wavelength. This behavior reflects the
strong absorption of high-energy photons by the
films. The persistence of nonzero extinction
coefficient values below the fundamental absorption
edge indicates the existence of defect- and impurity-
related electronic states introduced by structural
imperfections and cobalt incorporation [45].

The refractive index was determined from the
measured optical parameters [46]. As illustrated in
Figure 9, the refractive index increases with
wavelength for all samples, exhibiting normal
dispersion behavior. However, the refractive index
decreases with increasing cobalt concentration. This
reduction is attributed to changes in the electronic
polarizability and structural modification of the ZrO2
lattice caused by cobalt incorporation. These changes
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alter the interaction between light and the material,
resultingin a lower refractiveindex forthe dopedthin
films [47], [48].
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Figure 7: Tauc plots ((ahv)? versus hv) of undoped and
Cu-doped Co30, thin films.
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Figure 8: Extinction coefficient spectra of undoped and Cu-
doped Co30a thin films.
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Figure 9: Refractive index spectra of undoped and Cu-
doped Co30s4 thin films.

Figure 10 presents the dynamic resistance
response of the undoped and Co-doped ZrO2 thin
films upon exposure to 225 ppm NO2 at an operating
temperature of 125 °C. The observed resistance
changes are attributed to the interaction between NO2
molecules and the adsorbed oxygen species on the
film surface, which modifies the charge carrier
concentration and affects electrical conductivity. In
addition, this interaction alters the potential barrier at
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the grain boundaries, influencing charge transport
through the sensing layer. Among the investigated
samples, the film doped with 3 wt.% cobalt exhibited
the highest resistance, indicating that cobalt
incorporation significantly affects the sensing
behavior of the films and enhances their response
toward NO2 gas [49]-[51].
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Figure 10: Resistance response of undoped and Cu-doped
Co0304 thin films under NO: gas exposure.

The gas sensor sensitivity was calculated from the
measured resistance values [52]. Figure 11 compares
the sensitivity of the undoped and Co-doped ZrO2
thin films toward NO2 gas. The results indicate that
sensor sensitivity decreases with increasing cobalt
concentration. This behavior is attributed to enhanced
charge carrier recombination and changes in the
electrical properties of the sensing layer caused by
cobalt incorporation. The reduction in the number of
free charge carriers increases the electrical resistance
of the films and consequently lowers their sensitivity
to NO2 gas exposure [53].
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Figure 11: NO: gas sensitivity of undoped and Cu-doped
Co0304 thin films.
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4 CONCLUSIONS

Undoped and Co-doped ZrO: thin films were
successfully synthesized using the chemical spray
pyrolysis (CSP) technique, yielding uniform and
adherent coatings. Structural analysis confirmed the
formation of polycrystalline orthorhombic films with
apredominant (111) orientation. The incorporation of
cobalt enhanced crystallite growth and improved
overall crystalline quality, as indicated by increased
grain size along with reduced microstrain and
dislocation density. Morphological studies revealed
that Co doping significantly refined the surface
features, producing smoother and more compact films
with decreased particle size and surface roughness.
Optical characterization showed that all films
maintained high transparency in the visible region,
while the optical band gap decreased progressively
with increasing Co concentration. This band gap
narrowing is attributed to the formation of localized
defect states and impurity energy levels within the
band structure. Gas-sensing measurements toward
NO: indicated that Co doping increased the baseline
resistance of the films; however, the sensitivity
declined at higher doping levels.
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