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Abstract: In this study, undoped and silver (Ag)-doped nickel oxide (NiO) thin films were successfully grown by 
chemical spray pyrolysis (CSP) technique. XRD revealed that all films are polycrystalline, exhibiting a 
preferred orientation along the (200) plane. The crystallite size increased from 15.62 nm to 24.47 nm with 
increasing Ag content, accompanied by a reduction in microstrain and dislocation density, indicating 
improved crystallinity. Atomic force microscopy (AFM) images showed a decrease in average particle size 
from 78.3 nm to 41.1 nm and a reduction in surface roughness upon Ag doping, suggesting a more 
homogeneous, compact surface morphology. Optical transmittance measurements indicated a slight reduction 
in transparency from 72.8% to 68.9% with doping.  The bandgap decreased from 3.56 eV to 3.43 eV. The 
refractive index and extinction coefficient decreased via Ag concentration, reflecting changes in the electronic 
polarizability and absorption behaviour. Gas-sensing measurements demonstrated that Ag doping 
significantly reduced the sensitivity to NH₃, with values decreasing from 48.96% for undoped NiO to 20.28% 
for 3% Ag-doped films at 300 ppm. 

1 INTRODUCTION 

NiO is a wide-bandgap (3.6-4.0 eV) transition-metal 
oxide semiconductor that has attracted considerable 
interest in diverse technological applications, 
particularly in gas sensing [1]-[4]. NiO exhibits 
remarkable physical properties, making it appropriate 
for applications such as supercapacitors and 
photocatalysis [5]-[8]. Its technological importance is 
further enhanced by its low cost, non-toxicity, and 
favorable physicochemical properties [9], [10]. The 
performance of NiO-based devices is strongly 
governed by their structural, morphological, and 
electronic characteristics, which can be effectively 
tailored through doping with foreign elements [11], 
[12]. Doping induces lattice distortions, modifies 
charge carrier concentration, and introduces defect 
states within the band structure, thereby enabling 
precise tuning of material properties for targeted 
applications [13], [14]. Various methods were 
employed for the fabrication of NiO thin films, like 
CBD [15], PLD [16], beam sputtering [17], RF 

sputtering [18], PECVD [19] and CSP [20]-[22]. CSP 
is a simple, cost-effective, and scalable deposition 
method suitable for large-area thin-film 
production [23], [24]. The present work aims to 
systematically synthesize undoped and Ag-doped 
NiO thin films (1% and 3%) using the CSP technique 
to study structural properties, surface parameters, and 
ultimately the selective gas sensing performance 
toward NH₃. 

2 EXPERIMENTAL 

The precursor solution was prepared by dissolving 
0.05 M of (Ni(CH₃COO)₂·xH₂O) in 100 mL of DI 
water to obtain a homogeneous aqueous solution. A 
dopant solution was prepared by dissolving 0.1 M 
silver nitrate hydrate (AgNO₃·xH₂O) in DI water. 
This solution was then incorporated into the precursor 
to achieve doping concentrations of 1% and 3% by 
volume. The deposition parameters were optimized at 
a base temperature of 400 °C. The distance between 
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base and the spray nozzle was maintained at 29 cm, 
the spray duration was set to 8 s, and the interval 
between successive spray cycles was 1.5 min. The 
film thickness was determined using the weighing 
method, yielding an average thickness of 
approximately (330 ± 25) nm. Transmittance spectra 
were computed via a Shimadzu UV-Probe 1650 
Japan. XRD estimated the structural properties, and 
the surface morphology was examined using AFM. 
Gas-sensitivity measurements were conducted in a 
cylindrical chamber with a 9 cm radius and an 18 cm 
height. 

3 RESULTS AND DISCUSSION 

Figure 1 illustrates XRD patterns of the deposited 
films. The observed diffraction peaks at 2θ = 37.26° 
and 43.89° are indexed to the (111) and (200) planes, 
respectively, corresponding to orthorhombic NiO in 
accordance with ICDD card No. 75-0197, confirming 
the polycrystalline nature of the deposited films. The 
preferred orientation along the (200) plane remains 
dominant across all samples, regardless of Ag doping 
concentration [25], indicating that the fundamental 
crystal growth mechanism is not significantly altered 
by Ag incorporation. This preferential growth can be 
attributed to the lower surface energy of the (200) 
plane, which makes it thermodynamically more stable 
during film formation [26]. 

The crystallite size (D) was computed from the 
diffraction peak's FWHM (β) and the X-ray 
wavelength (λ = 1.5406 Å) using the Scherrer 
equation [27], [28]. 
Table 1 summarizes the computed D values 
corresponding to the (200) plane. The results reveal a 

systematic increase in D with increasing Ag content, 
with values ranging from 15.62 to 24.47 nm. This 
trend is attributable to the enhancement of crystal 
growth and the reduction in lattice imperfections 
upon Ag incorporation, which facilitate grain 
coalescence and improve crystallinity [29]. 

Furthermore, the strain (ε), which reflects lattice 
distortions within the crystallites, was estimated 
using the standard relation between the diffraction 
peak broadening and the Bragg angle [30], [31]. 

As presented in Table 1, ε in NiO thin films 
decreases systematically from 21.62 × 10⁻⁴ for the 
undoped sample to 14.26 × 10⁻⁴ for the 3% Ag-doped 
films (Fig. 6). This reduction in strain indicates a 
progressive relaxation of lattice distortions with 
increasing Ag incorporation, which is generally 
associated with improved crystallinity and enhanced 
structural ordering within the film matrix. The 
decrease in microstrain can be explained by the 
partial accommodation of dopant ions within the NiO 
lattice, which reduces local lattice imperfections and 
relieves internal stress generated during film growth 
[32], [33]. 

The dislocation density (δ), which is inversely 
related to the square of the crystallite size, was 
calculated following [34]. 
The dislocation density decreases from 30.48 × 10¹⁴ 
lines/m² for the undoped sample to 15.51 × 10¹⁴ 
lines/m² for the film doped with 3% Ag. This 
reduction suggests an improvement in crystalline 
quality with increasing Ag content, as a lower 
dislocation density corresponds to fewer structural 
defects in the lattice [35]. Figure 2 shows the 
variation of FWHM, D, δ, and ε with respect to Ag 
doping, illustrating the effect of dopant content on the 
crystalline structure of the NiO films. 

 

.  
Figure 1: XRD patterns of undoped and Ag-doped NiO thin films. 
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Figure 2: Variation of structural parameters (FWHM, crystallite size, dislocation density, and microstrain) of Ag-doped NiO 
thin film. 

 
Figure 3: AFM surface morphology images of undoped and Ag-doped NiO thin films. 

Table 1: Structural parameters and optical band gap energy of undoped and Ag-doped NiO thin films. 

Sample (hkl) Plane 2 q (o) FWHM (o) Eg (eV) D (nm) δ (× 1014) (lines/m2) Ε × 10-4 
Undoped NiO 200 37.26 0.65 3.56 15.62 30.48 21.62 
NiO: 1% Ag 200 37.23 0.59 3.50 22.50 18.68 20.28 
NiO: 3%Ag 200 37.20 0.55 3.43 24.47 15.51 14.26 

 
Table 2: AFM surface parameters of undoped and Ag-
doped NiO thin films. 

Sample Pav (nm) Ra (nm) RMS (nm) 
Undoped NiO 78.3 6.73 7.75 
NiO: 1% Ag 66.0 4.27 6.82 
NiO: 3% Ag 41.1 3.28 4.08 

 
Figure 3 presents the AFM images of undoped 

NiO and Ag-doped NiO samples. The average 
particle size (Pav) and root mean square (RMS) 

roughness values were found to be 78.3, 66.0, and 
41.1 nm, and 7.75, 6.82, and 4.08 nm for undoped 
NiO, NiO:1% Ag, and NiO:3% Ag, respectively. In 
addition, the surface roughness (Ra)was reduced 
from 6.73 nm for the undoped sample to 3.27 nm for 
the 3% Ag-doped film with increasing dopant 
concentration [36], [37]. The AFM parameters 
(PAFM) are summarized in Table 2. This systematic 
decrease in Pav and surface roughness with 
increasing Ag content can be explained by the 
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impact of Ag incorporation on the nucleation and 
growth dynamics of the NiO thin films. 
Specifically, the presence of dopant ions modifies 
the surface diffusion processes and inhibits 
excessive grain coalescence, leading to the 
formation of finer and more uniformly distributed 
grains. Consequently, a smoother and more 
homogeneous surface morphology is obtained at 
higher doping levels [38], [39].The transmittance 
(T) was determined from the ratio of the transmitted 
light intensity (I) to the incident light intensity (I₀) 
[40]. 

The optical transmittance (T) spectra are 
illustrated in Figure 4. Undoped NiO thin film 
exhibits a high transparency of 72.8%, while the 
Ag-doped NiO film with 3% Ag concentration 
shows a slightly reduced transmittance of 68.9%. 
This decrease in optical transparency with 
increasing Ag content is attributable to enhanced 
light scattering and increased free carrier absorption 
induced by dopant incorporation, as well as the 
possible introduction of defect states within the 
band structure, which collectively contribute to 
higher optical attenuation in the visible region [41]. 

The absorption coefficient (α) was determined 
from the transmittance (T) and film thickness (t) 
using the following relation [42]. 
As illustrated in Figure 5, the relatively high values 
of the absorption coefficient (≥ 10⁻⁴ cm⁻¹) indicate 
strong optical absorption and efficient direct 
electronic transitions within the NiO thin films [43], 
[44]. The observed rise in α with Ag incorporation 
suggests an enhancement in photon absorption 
efficiency, which can be attributed to improved 
light-matter interaction and increased carrier 
concentration [44], [45]. 
 

 
Figure 4: Optical transmittance spectra of undoped and 
Ag-doped NiO thin films with different Ag 
concentrations. 

 
Figure 5: Absorption coefficient spectra of undoped and 
Ag-doped NiO thin films. 

 
Figure 6: Optical band gap energy of undoped and Ag-
doped NiO thin films. 

The extinction coefficient (k) was computed 
from the absorption coefficient (α) and wavelength 
(λ) [46]. 

Figure 7 shows k as a function of λ. k decreased 
with increasing Ag content, establishing that films 
absorb less light as Ag doping rises [47], [48]. 
Differences in the electronic structure and a lower 
density of accessible states for photon absorption 
are responsible for this behavior [49], [50]. 

The refractive index (n) was computed from the 
reflectance (R) of the film and the extinction 
coefficient (k) [51]. 

Figure 8 shows the variation of n with 
wavelength for the NiO films. It is observed that all 
NiO:Ag films exhibit a refractive index that varies 
systematically with wavelength, showing a clear 
dependence on the optical dispersion behavior of 
the material. In addition, n increases with increasing 
Ag content [52], [53]. This trend is attributable to 
the alteration of the film's electronic polarizability 
and density due to Ag incorporation [54], [55]. 
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Figure 7: Extinction coefficient spectra of undoped and 
Ag-doped NiO thin films. 

The detection sensitivity, often referred to as the 
sensor response, was determined from the relative 
change in resistance upon gas exposure, where Ra 
and Rg represent the sensor's resistance in air and in 
the presence of gas, respectively [56]. 

 
Figure 8: Refractive index spectra of undoped and Ag-
doped NiO thin films. 

 
Figure 9: Resistance response of undoped and Ag-doped 
NiO thin films under NH₃ gas exposure.. 

The gas sensor fabricated using porous silicon 
coated with undoped NiO on a glass substrate was 
tested under exposure to 300 ppm of NH₃ gas. 

Figure 9 illustrates the resistance-time response for 
both undoped and Ag-doped NiO thin films at an 
operating temperature of 150 °C. Upon exposure to 
NH₃, surface redox reactions occur between the gas 
molecules and adsorbed oxygen species, leading to 
the release of electrons from chemisorbed O₂⁻ ions 
back into the conduction band. This process 
increases the electrical resistance of the NiO films 
and enhances the potential barrier at grain 
boundaries, which strongly influences charge 
transport [57], [58]. Among all investigated 
samples, the NiO film doped with 3% Ag exhibited 
the highest resistance response [59]. This behaviour 
is attributable to increased surface area, the higher 
density of active adsorption sites, and the improved 
modulation of charge-carrier concentration induced 
by Ag incorporation [60], [61]. 

Figure 10 illustrates that the sensitivity to NH₃ 
gas decreases with increasing Ag doping in NiO thin 
films. For different doping levels undoped NiO, 
NiO:1% Ag, and NiO:3% Ag), the sensitivity shows 
a systematic reduction, decreasing from 46.75% to 
22.91% at 100 ppm, from 47.85% to 21.63% at 200 
ppm, and from 48.96% to 20.28% at 300 ppm, this 
decreasing trend is attributable to the change of the 
surface electronic structure and active adsorption 
sites upon Ag incorporation [62], [63]. 

 
Figure 10: NH₃ gas sensitivity of undoped and Ag-doped 
NiO thin films. 

4 CONCLUSIONS 

Undoped and Ag-doped NiO thin films were grown 
via CSP technique. A comprehensive investigation 
revealed the significant impact of Ag concentration. 
XRD analysis confirmed the orthorhombic 
polycrystalline structure with a dominant (200) 
orientation. Ag doping led to a systematic increase 
in crystallite size from 15.62 nm to 24.47 nm, 
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accompanied by a reduction in microstrain from 
21.62 × 10⁻⁴ to 14.26 × 10⁻⁴ and dislocation density 
from 30.48 × 10¹⁴ lines/m² to 15.51 × 10¹⁴ lines/m², 
indicating a significant improvement in crystalline 
quality. AFM imaging showed that Ag 
incorporation results in a smoother, more 
homogeneous surface, with the average particle size 
decreasing from 78.3 nm to 41.1 nm and the RMS 
roughness decreasing from 7.75 nm to 4.08 nm. 
Optically, Ag doping caused a slight reduction in 
transmittance from 72.8% to 68.9%, a decrease in 
the bandgap from 3.56 eV to 3.43 eV, an increase in 
the refractive index, and a decrease in the extinction 
coefficient. Gas-sensing measurements 
demonstrated a strong dopant-dependent 
selectivity: Ag doping significantly enhanced the 
sensor's response to NH₃. This opposite trend 
provides a clear pathway for developing highly 
selective gas sensors by simply controlling the Ag 
doping level in NiO thin films. Overall, Ag doping 
is an effective approach to tailor the physical 
properties of NiO thin films for optoelectronic and 
selective sensing uses. 
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