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This study explores how different film thicknesses (250, 300, and 350 nm) of CdO thin films deposit by spray

pyrolysis (SP). XRD analysis confirmed the polycrystalline nature, demonstrating a preference for direction
towards the (200) plane. Crystallite size increased with thickness. AFM analyses revealed a reduction in
surface roughness and grain size with increased thickness, indicating smoother, more uniform films. Optical
analysis showed a decrease in both absorbance and bandgap energy (from 2.58 eV to 2.43 eV) as the film
thickness increased, due to improved crystallinity and sub-level formation in the band structure. Both
extinction coefficient and refractive index exhibited a decline as the film thickness increased, indicating
enhanced optical quality and reduced surface defects. Gas sensing performance was evaluated using NO: gas.
Thinner films (250 nm) exhibited higher sensitivity due to greater surface area and more active adsorption
sites. Sensitivity significantly decreased with increased thickness due to a reduced surface-to-volume ratio.

1 INTRODUCTION

CdO is a material that has the potential to be
employed as a transparent semiconductor due to its
high optical transmittance in the visible
area [1]-[4]. heat mirrors, and gas sensors are among
the numerous uses of CdO [5]-[11]. Multiple
fabrication methods were adopted to deposit CdO thin
films on various bases, including metalorganic
chemical bath deposition [9]-[14]. SILAR [10]-[12],
SP method [13], [14] vacuum evaporation [15], [16],
PLD [17], [18], magnetron sputtering [19],
reactive evaporation [20], [21], chemical vapor
deposition [22], [23], radio frequency magnetron
sputtering [24] and spin coating technique [25], [26].
Among these methods, SP stands out due to its
advantages of simplicity, operational safety, and cost-
effectiveness in both equipment and precursor
materials. In this method, the precursor solution is
sprayed onto a heated substrate using a carrier gas-
assisted  nozzle.  The  thermally  induced
decomposition of the droplets upon impact results in
thin film formation [14]. In this study, CdO thin films
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were deposited using SP technique, with the primary
objective of examining their physical properties.

2 EXPERIMENTAL

The implemented spray pyrolysis coating system
produced uniform CdO thin confirming the system's
deposition capabilities. The precursor solution was
prepared from 0.1 M CdCl. dissolved in a 1:1 mixture
of redistilled water and ethanol. To ensure solution
homogeneity, several drops of hydrochloric acid
(HCl) were introduced, with the total sprayed
precursor volume maintained at 50 ml throughout the
deposition process. The preparation process
employed the following parameters: the substrate was
heated to 450°C, and a distance of 29 cm was
maintained between spout and substrate to prevent
cooling. The deposition was performed at a constant
spray rate of 5 ml/min, utilizing N> as the carrier gas
to ensure thermal stability throughout the process.
Film thickness determination via gravimetric analysis
yielded a value of 340 = 20 nm. XRD analysis was
employed to conduct structural evaluation, with
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complementary surface morphological evaluation
conducted via AFM. Optical properties were
systematically investigated through transmittance and
absorption spectroscopy measurements performed
with a dual-beam. For optical characterization,
transmission and absorption properties were
measured using a computer-controlled double-beam
spectrophotometer covering 300-900 nm wavelength
range.

3 RESULTS AND DISCUSSIONS

The implemented spray pyrolysis coating system
produced uniform cadmium oxide thin films,
confirming the efficiency of the deposition process.
The precursor solution was prepared from cadmium
chloride at 0.1 molar concentration dissolved in a 1:1
mixture of distilled water and ethanol. To improve
solution homogeneity, a few drops of hydrochloric
acid were added, while the total sprayed volume was
kept constant at 50 milliliters during deposition.

The substrate temperature was maintained at
450°C, and a fixed distance of 29 cm was kept
between the spray nozzle and the substrate to avoid
unwanted cooling effects. The deposition was carried
out at a constant spray rate of 5 ml per minute using
nitrogen as a carrier gas to ensure thermal stability.
The film thickness determined by gravimetric
analysis was 340 + 20 nm. Structural analysis was
performed using X-ray diffraction, while surface
morphology was examined by atomic force
microscopy. Optical properties were studied using
transmittance and absorption measurements in the
wavelength range from 300 to 900 nm using a dual-
beam spectrophotometer.

Figure 1 shows the X-ray diffraction patterns of
the prepared cadmium oxide films. All samples with
thicknesses between 250 and 350 nm exhibit
characteristic diffraction peaks at 33.08°, 38.32°,
55.36°, and 65.89°, corresponding to the (111), (200),
(220), and (311) crystal planes of cubic cadmium
oxide (JCPDS card No. 05-0640). The most intense
peak at 38.32° indicates a preferred orientation along
the (200) plane, consistent with previous studies [17].

The crystallite size was calculated using the
Scherrer approach [27], [28]. The results show that
the crystallite size increases with film thickness from
10.90 nm to 12.75 nm [29], [30]. This increase is
attributed to a reduction in nucleation sites at higher
thickness, allowing existing grains to grow larger. As
the film becomes thicker, fewer nucleation centers
form, which promotes grain growth around existing
nuclei and results in coarser microstructures.
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The dislocation density, defined as the inverse
square of crystallite size, decreases with increasing
thickness from 84.16 to 61.51, indicating improved
crystalline quality and reduced defect concentration
[31], [32], [33], [34]. Similarly, the microstrain
decreases from 27.19, suggesting a gradual relaxation
of lattice distortions [35], [36]. The structural
parameters are summarized in Table 1, while the
variation of crystallite size and peak broadening is
illustrated in Figure 2. Overall, the reduction in
dislocation density and strain with increasing
thickness confirms improved crystal quality and
better atomic ordering in thicker films [15], [37].
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Figure 1: XRD patterns of the synthesized films.
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Figure 2: Spar of the grown films.

Figure 3 offers AFM topographic images of
deposited films at different thicknesses. The
micrographs demonstrate  high-quality surface
morphology characterized by uniformly distributed
pyramidal structures across the entire substrate area.
The increase in the prominence of this pyramidal
structure indicates an improvement in both
crystallinity and surface roughness as the doping
content increases. AFM analysis revealed a clear
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inverse relationship between film thickness and
particle size (Ps), with measured values of 83.2 nm
(250 nm thickness), 63.9 nm (300 nm), and 41.6 nm
(350 nm). Additionally, the average surface
roughness (Ra) values increased from 3.19 nm to 16.6
nm, while the root mean square (RMS) roughness
values rose from 4.81 nm to 10.19 nm with increasing
thickness. This enhancement in surface roughness
(Ra) is beneficial for applications such as solar cells

and photodetectors, as it can improve light absorption
and charge carrier interactions. The AFM parameters
(Apar) versus film thickness are shown in Figure s
3(a3), 3(b3), and 3(c3), and the corresponding
numerical values are listed in Table 2. This data
suggests that controlling thickness and doping level
effectively tunes the surface morphology, directly
influencing the films' functional performance [38].
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Figure 3: AFM topographic images of deposited films at different thicknesses.

Table 1: D, Eg, and Spar of the deposited CdO films.

Sample | 20(°) | (hkl)Plane | FWHM (°) | Eq(eV) | D (nm) | & (x10") (lines/m?) | g(x 10
250 nm | 33.08 200 0.75 2.58 10.90 84.16 31.86
300nm | 33.04 200 0.71 2.52 11.67 73.42 29.69
350 nm | 33.00 200 0.65 243 12.75 61.51 27.19

Table 2: Apar of the synthesized films.

Sample (nm) Ps (nm) Ra (nm) RMS (nm)
250 83.2 10.19 8.29
300 63.9 5.97 7.60
350 41.6 4.81 2.87
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The optical characterization was performed across
the 300-900 nm wavelength range. Figure 4 shows the
absorbance spectra, revealing distinct absorption
features that vary with film thickness, all deposited
films (250-350 nm thickness range) demonstrated
reduced absorbance (A) in the visible spectrum's
short-wavelength region (400-500 nm), suggesting
thickness-dependent ~ optical ~ behavior.  The
absorbance then sharply decreased further across the
longer wavelengths of the visible range before
gradually declining into the near-infrared (NIR)
region [39], [40]. This behavior indicates that thicker
films tend to be more transparent at higher
wavelengths, which could be due to improved
crystallinity and reduced scattering. The absorbance
of the thinnest film, measuring 250 nm, was higher
than that of the thicker films and gradually decreased
from the shorter wavelengths in the visible spectrum
toward the near-infrared region. The observed
reduction in optical absorbance with increasing
precursor thickness (250, 300 and 350 nm) may be
assigned to enhanced film densification, which
decreases photon scattering centers and consequently
lowers light absorption [33]. Optical transmittance
spectra (Fig. 5) were derived from absorbance

measurements using the fundamental
relationship [41], [42]:
A=2-1ogl0(%T). 1

The transmittance (T) spectra exhibited a
noticeable decrease as the film thickness increased.
This reduction can be attributed to the enhanced light
absorption and scattering within thicker films, which
limits the amount of light passing through the
material [43], [44].

The absorption coefficient () is evaluated via
the fundamental relationship [45], [46]:

a=1In (/T ©)

Figure 6 illustrates that the absorption coefficient
(o) increases as the doping concentration rises. This
trend is explained by the inverse relationship between
the absorption coefficient and transmittance values,
as described by (2). As doping concentration
increases, the material absorbs more light, reducing
transmittance and consequently raising the absorption
coefficient [47], [48]. This behavior suggests that
higher doping levels enhance the film's ability to
interact with and absorb incident light.

The energy gap (Ey)is calculated via (3) [49], [50]:

(ahv) = A(hv — Eg)% . 3)

Where (ahv)? against incident photon energy (hv),
Figure 7 reveals a systematic reduction in E,; from
2.58 eV t0 2.43 eV as film thickness increases to 350
nm, demonstrating thickness-dependent band
structure modification. This behavior is attributed to
the formation of sub-levels within the bandgap, which
effectively reduce the overall energy gap [39], [51].
These sub-levels can arise from defects, impurities, or
structural changes in thicker films, leading to a
narrowing of the bandgap. The observed bandgap
narrowing (2.58 to 2.43 eV) directly enhances the
material's photoresponse in the visible spectrum,
while the reduced carrier effective mass improves
electrical.

Absorbance (a.u.)
(-]
w

300 400 500 600 700 800 900
Wavelength A (nm)

Figure 4: A of the synthesized films.
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Figure 7: Egof CdO with different thicknesses.

The extinction coefficient (k) determined via the
fundamental optical relation [52], [53]:

_aA 4
=1 4)

Figure 8 illustrates the change of k via
wavelength. A rapid decrease in k is observed
between 500 nm and 700 nm. The low values of k
indicate that the film surface is smooth and
homogeneous [54], [55]. This is because k is related
to the amount of light absorbed and scattered by the
film; lower k values suggest minimal scattering and
absorption losses, which are typically associated with
uniform and well-ordered film surfaces. Such optical
properties are desirable for applications requiring
high transparency and minimal surface defects.

The refractive index (n) was calculated via optical
reflectance (R) bt (5) [56], [57]:

1
1+ R2
n=

T 5)
1—R2
Figure 9 presents the wavelength-dependent
refractive index dispersion for all film thicknesses
(250-350 nm), revealing significant optical
anisotropy correlated with deposition parameters. A
noticeable shift of the maximum (n) value toward
higher wavelengths is observed with increasing film
thickness. This shift is assigned to changes in the
film's microstructure and density as thickness

increases, which affect how light interacts with the
material [58], [59].
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The detection sensitivity was evaluated using a
standard relation based on the relative change in
electrical resistance between the gas-exposed and
reference states [60], [61].

In Figure 10, the relationship between time and
resistance for cadmium oxide films with different
thicknesses (250, 300, and 350 nm) at 225 ppm is
presented. The sensor was operated at a temperature
of 150°C. When exposed to nitrogen dioxide
molecules, oxidation reactions occur on the film
surface [62]. During this process, adsorbed oxygen
species release trapped electrons back into the
conduction band. As a result, the electrical resistance
increases, and a higher potential barrier is formed at
the grain boundaries [63], [64].

It was also observed that the film with a thickness
of 350 nm exhibited the highest resistance response
among all samples [65], [66].
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The sensitivity curves depicted in Figure 11
showcase how the thickness of CdO films (250, 300,
and 350 nm) affects their response to to NO,
exposure. The sensitivity is greatly affected by the
mechanism of recombination among charge carriers,
with a noticeable decrease as the thickness increases
[67], [68]. Across the range of thicknesses (250, 300,
and 350) nm, sensitivity dropped from 23.9 % to 6.0
% (75 ppm), 26.29 % to 8.2 % (150 ppm), and 28.1
% to 10.8 % (250 ppm). This diminishing sensitivity
can be attributed to the decrease in surface-to-volume
ratio as the CdO film thickness increases, resulting in

fewer  active  sites  available for  gas
interaction [69], [70].
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Figure 11: sensitivity (S) versus operating time of CdO thin
films.

4 CONCLUSIONS

A simple Spray Pyrolysis process was employed to
create CdO with thicknesses of (250, 300, and 350)
nm. XRD study revealed that all films have
polycrystalline structures and are in the main
orientation in the (200) plane. The grain size of CdO
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with thicknesses of (250, 300, and 350) nm are 10,90,
11,67 and 12,75 nm, respectively, whereas the strain
(%) parameter is 3186, 29,69 and 27,19. SEM images
show decreased grain size and compact structure in
thicker CdO films, with morphology variations due to
lattice defects. Thinner films demonstrated better
optical absorption and superior NO: gas sensitivity.
The energy gap was in the field of 2.58 to 2.43 eV in
CdO with thicknesses of (250 and 350) nm films,
while n and k decreased as thicknesses increased. The
optimal performance, especially for gas sensing
applications, was achieved at a film thickness of 250
nm. These findings suggest that controlling film
thickness is essential for optimizing CdO thin films in
many uses like gas sensors and optoelectronic
devices.
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