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Abstract: This study examined the of Cr on nanostructured CuO thin films synthesized via chemical spray pyrolysis
(CSP). XRD analysis confirmed a polycrystalline CuO phase, with Cr doping resulting in increased crystallite
size and reduced dislocation density and microstrain, indicating improved crystallinity—especially at 3% Cr,
where crystallite size reached 17.37 nm. AFM analysis showed significant changes in surface morphology
with increasing Cr content, including reduced particle size and surface roughness, leading to smoother, more
uniform films. These structural enhancements suggest improved surface-related functionalities. UV-Vis
spectroscopy revealed a slight decrease in transmittance and an increase in absorbance in the visible range
with Cr doping. The optical band gap decreased from 1.96 eV for pure CuO to 1.84 eV at 3% Cr doping.
Additionally, variations in extinction coefficient and refractive index were observed. Pure CuO thin films
showed optimal NO: sensing at 120 °C, while 3% Cr doping increased resistance and reduced sensitivity due
to impaired charge transport. Increasing Cr doping in CuO reduces NO: sensitivity due to enhanced charge
carrier recombination, lattice disruption, and decreased mobility, weakening sensor response.

1 INTRODUCTION sol-gel techniques [18], thermal evaporation [19],

plasma-based ion implantation and deposition [20],
and pulsed laser deposition (PLD) [21]. Among these,
CSP is preferred for its simplicity, reproducibility,
and ability to produce uniform large-area films with
good properties [22], [23]. To enhance the properties
of CuO films, doping and annealing are commonly
applied [24], [25]. In this study, CuO thin films were
synthesized using CSP, and chromium (Cr) doping
was introduced to study its effect on physical
properties.

CuO is a semiconductor material that has been widely
synthesized and characterized due to its promising
applications in various technological fields [1], [2].
Both CuO and Cu:O are utilized in p-n junction
diodes [3] and as electrode materials in Li-ion
batteries [4], [5]. CuO thin films are also employed in
field-effect transistors, solar cells [6], [7], gas
sensors [8], and other electronic devices [9], [10],
thanks to their direct band gap, which typically ranges
from 2.1 to 2.6 eV [11]. Cupric oxide is composed of
non-toxic, earth-abundant elements, making it

suitable for sustainable energy and photovoltaic 2 EXPERIMENTAL
applications [12], [13]. Several fabrication methods

have been used to synthesize CuO thin films, Pure and chromium-doped CuO thin films were
including chemical spray pyrolysis (CSP) [14], RF synthesized using CSP technique (SPT). A lab-
magnetron sputtering [13], SILAR [15], chemical fabricated glass atomizer with a 1 mm nozzle was
bath deposition (CBD) [16], electrodeposition [17], used to spray a 0.1 M copper acetate solution
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[C4sHsCuOs4] onto glass substrates heated to 325°C.
Chromium chloride (CrCls), dissolved in redistilled
water with a few drops of hydrochloric acid (HCI),
served as the doping source to ensure solution clarity.
Optimized deposition parameters included a spray
rate of 0.2 ml per burst, a nozzle-to-substrate distance
of 30 cm, an 8-second spray duration, and a 1.5-
minute interval between successive sprays. Filtered
compressed air, maintained at 105 Pa, was used as the
carrier gas. The average film thickness was
approximately 325 + 25 nm, determined using the
gravimetric method by weighing the substrate before
and after deposition to estimate the deposited mass.
Optical properties, including absorption and
transmittance, were measured using a double-beam
UV/VIS spectrophotometer. Structural analysis was
done via X-ray diffraction (XRD), confirming phase
composition, while surface morphology was
investigated using AFM to evaluate topography and
grain structure. Gas sensitivity is commonly
evaluated using a cylindrical chamber with a radius
of 8.5 cm and a height of 15 cm.

3 RESULTS AND DISCUSSIONS

The XRD technique has been employed to investigate
the structure of sprayed CuO prepared under various
doping conditions for CuO:Cr thin films. Figure 1
presents the XRD patterns for the samples within the
scanning range of 20°-70°. The results confirm the
formation of a polycrystalline face-centered cubic
CuO phase, consistent with JCPDS card No. 041-
0254. The CuO phase exhibits three dominant
diffraction peaks located at 32.07°, 58.42°, and
65.47°, corresponding to the (110), (202), (200), and
(002) crystallographic planes. The films are highly
textured with a preferred orientation along the (200)
direction [24], [26]. Table 1 shows that with
increasing Cr concentration, the (110) peak slightly
shifts toward lower angles, indicating a modification
of the crystal lattice parameters. This shift is
attributed to the substitution of Cu?** ions by Cr ions

due to their comparable ionic radii, confirming
successful incorporation of chromium into the CuO
crystal lattice [26], [27].

The average crystallite size was estimated using
Scherrer’s method [28], [29]. For pure CuO, CuO
doped with 1% Cr, and CuO doped with 3% Cr, the
crystallite size increased from 13.27 nm to 17.37 nm.
This increase indicates that chromium doping
enhances crystalline quality by reducing structural
defects and promoting grain growth [30].

The dislocation density was calculated from the
crystallite size relation [31], [32]. As crystallite size
increases with Cr doping, the dislocation density
decreases from 56.45 to 33.64 x10 lines/m?. This
reduction reflects a lower defect density and
improved structural ordering in the doped films [33],
[34].

The microstrain was also evaluated [35], [36]. The
results show a decrease in strain values with
increasing chromium content, confirming improved
lattice stability and reduced internal distortions.
These results indicate that Cr incorporation enhances
the overall crystalline quality and structural integrity
of CuO thin films [37], [38].

AFM images (Figure 3) reveal a pyramidal
surface morphology. The particle size decreases from
77.0 nm for pure CuO to 67.7 nm and 41.2 nm for 1%
and 3% Cr-doped films, respectively. The surface
roughness parameters, including average roughness
and root mean square roughness, also decrease
significantly with increasing chromium content. This
reduction indicates smoother surfaces and improved
film uniformity [41], [42]. The variation of AFM
parameters with chromium concentration is shown in
Figure 3, and the -corresponding values are
summarized in Table 2.

UV—Vis absorption spectroscopy was used to
measure the optical transmittance of the films, as
shown in Figure 4. In the visible region, all films
exhibit high transmittance ranging between 80.6%
and 85.5%. Higher transmittance values are observed
at longer wavelengths, indicating reduced absorption
in the near-infrared region [43], [44].

Table 1: D, Eg, and structure parameters of the synthesized films.

Samples 2q() | (hkl) Plane FWHM (°) | Eg(eV) | D (nm) D‘Si"lcgﬂ‘]’i‘;ig/f;‘f“y g x 10

Pure CuO__ | 32.07 110 0.59 1.96 13.27 56.45 26.12
CuO:1%Cr | 32.11 110 0.55 1.90 15.17 43.54 22.84
CuO:3%Cr | 32.16 110 0.51 1.84 17.37 33.64 19.95
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Figure 1: XRD patterns of the synthesized films.
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Figure 2: Structural parameters vs. Cr doping.
Table 2: AFM parameters (Parm) of the synthesized films.
Samples Pay (nm) Ra(nm) RMS (nm)
Pure CuO 77.0 6.70 6.79
CuO: 2% Cr 67.7 3.23 6.34
Cu0:4% Cr 41.2 2.45 2.54
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Figure 3: Effect of chromium doping on the AFM surface morphology of thin films.
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The absorbance (A) of the films is mathematically

related to the transmittance (T) as described in the
literature [45], [46]. In this relation, the absorbance
depends on the ratio between the incident light
intensity and the transmitted light intensity.
As depicted in Figure 5, the pure CuO film exhibits
the lowest absorbance, while the CuO films doped
with 1% and 3% chromium show progressively
higher absorbance values. This increase in
absorbance is mainly attributed to the higher
chromium content, which enhances light absorption
by introducing additional electronic states and
structural defects within the CuO lattice [47], [48].
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Figure 4: A of the deposit films.
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Figure 5: T for the grown films.

The absorption coefficient (o) can be determined
using a relation that connects absorbance, film
thickness, and optical response [49], [50]. In this
expression, the absorption coefficient is directly
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proportional to absorbance and inversely proportional
to the film thickness.

The absorption coefficient values shown in Figure
6 indicate that a increases with increasing chromium
doping concentration. This increase becomes more
pronounced just beyond the absorption edge region,
where a sharp rise is observed before gradually
decreasing at higher photon energies. Notably, the
absorption coefficient reaches values equal to or
greater than 10* cm™, indicating strong light
absorption and suggesting the presence of direct
electronic transitions within the material. The
increase in o with chromium doping implies
improved photon absorption efficiency, which is
attributed to doping-induced modifications in the
electronic structure and the introduction of additional
defect states [51], [52].

The direct optical band gap was evaluated using
the standard Tauc approach [53], [54], which relates
the optical absorption behavior to photon energy. As
illustrated in Figure 7, the band gap decreases with
increasing chromium concentration. This reduction is
attributed to defect states introduced by chromium
doping, which create additional energy levels within
the forbidden gap between the valence and
conduction bands. Consequently, the band gap
decreases from 1.96 eV for pure CuO to 1.84 eV for
the highest doped sample. The incorporation of
chromium increases structural disorder and defect
density, which contributes to the observed narrowing
of the optical band gap [55], [56].
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Figure 6: o of the synthesized films.

The extinction coefficient (k) was calculated
using a standard optical relation that links absorption
coefficient and wavelength [57], [58]. This parameter
reflects the material’s attenuation of incident light.
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The extinction coefficient, presented in Figure 8,
shows a rapid increase in the ultraviolet region
followed by a gradual decrease at higher
wavelengths. This behavior is directly related to the
optical absorption characteristics of the material. The
extinction coefficient remains nonzero even for
photon energies below the fundamental absorption
edge [10], [59], indicating that additional absorption
processes occur due to defect states or impurities
within the films.
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Figure 7: (0hv)? Vs hv of grown films.

The refractive index (n) was determined using a
relation that includes both reflectance and extinction
coefficient [60], [61]. Figure 9 illustrates the variation
of the refractive index of CuO films as a function of
wavelength. The refractive index shows a general
dependence on wavelength for all chromium-doped
CuO thin films.

In addition, the refractive index decreases with
increasing chromium concentration. This reduction is
attributed to changes in electronic polarizability and
structural modifications induced by chromium
incorporation, which influence the propagation of
light through the material [14], [62].
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Figure 8: k of the prepared films.
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The gas sensing performance of the CuO-based
thin films was evaluated at an operating temperature
of 120 °C. As shown in Figure 9, the resistance
behavior of the films was measured upon exposure to
300 ppm of NO: gas. The undoped CuO films
exhibited the lowest resistance, indicating more
effective adsorption of NO2 molecules on the film
surface. This strong interaction promotes efficient
charge transfer between the gas molecules and the
semiconductor, resulting in enhanced sensor response
[18]. In contrast, the CuO films doped with 3%
chromium showed significantly higher resistance.
This behavior is attributed to modifications in the
electronic ~ structure induced by chromium
incorporation [8]. The presence of Cr likely
introduces localized states and trap centers, which
hinder charge carrier mobility and alter surface
adsorption characteristics. As a result, the doped films
become less conductive upon NO: exposure,
suggesting that chromium doping reduces gas sensing
performance by limiting charge transport and
modifying surface reactivity [25].
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Figure 9: n of the synthesized films.

The gas sensor sensitivity was evaluated using a
standard relation based on the change in resistance
between air and gas exposure conditions [63], [64].
As shown in Figure 10, sensitivity measurements
were carried out for pure CuO, CuO doped with 1%
Cr, and CuO doped with 3% Cr under different NO-
concentrations. A clear decreasing trend in sensitivity
is observed with increasing chromium content. For
instance, the sensitivity decreases from 39.6% to
6.9% at 100 ppm, from 41.5% to 8.2% at 200 ppm,
and from 43.6% to 10.3% at 300 ppm as Cr doping
increases from 0% to 3% [65], [66]. This reduction is
attributed to enhanced recombination of charge
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carriers, which weakens charge separation and
reduces the film’s response to NO2 [67].

The decrease in sensitivity is also explained by
structural and electronic changes induced by
chromium doping. Chromium incorporation distorts
the CuO crystal lattice and increases charge carrier
scattering, thereby reducing mobility. These
combined effects suppress charge transfer during gas
interaction, ultimately leading to lower sensor
performance [68], [69].
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Figure 9: Resistance variation over time for CuO and Cr-

doped CuO thin films during gas sensing operation.
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Figure 10: The sensitivity of CuO and CuO films doped
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4 CONCLUSIONS

This study demonstrated the successful fabrication of
pure and chromium-doped CuO thin films using spray
pyrolysis. XRD analysis confirmed a polycrystalline
CuO structure, with improved crystallinity upon Cr
doping, shown by increased crystallite size and
reduced dislocation density and strain. The
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incorporation of Cr** ions led to the formation of
oxygen vacancies, enhancing structural quality. AFM
results revealed that higher Cr concentrations reduced
surface roughness and particle size, producing
smoother, more compact films. Optical analysis
showed high visible-range transmittance and a
reduction in band gap from 1.96 eV to 1.84 eV due to
Cr-induced defect levels. Additionally, both the
extinction coefficient and refractive index decreased
with Cr doping, indicating altered optical behavior.
Pure CuO films showed better NO: sensing than Cr-
doped films, as doping increased resistance by
hindering charge transport and altering surface
adsorption. Increasing Cr doping in CuO films
reduces NO: sensitivity due to enhanced charge
carrier recombination, lattice disruption, and
decreased charge mobility.
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