
Data-Driven Gas Sensing Performance of Sn-Doped NiO Thin Films 

Tahseen H. Mubarak1, Hiba Rashid Shakir2, Fikrat Hikmat Jasim3
, Shaymaa A. Hussein4,  

Nadir Fadhil Habubi3, 5, 6, Sami Salman Chiad3 and Yassin Hasan Kadhim7 
1Department of Physics, College of Science, University of Diyala, 32001 Baqubah, Iraq 

2Department of Optometry, Technical Medical Institute - Al-Mansur, Middle Technical University, 10001 Baghdad, Iraq 
3Department of Physics, College of Education, Mustansiriyah University, 10052 Baghdad, Iraq 

4Department of Medical Laboratory Techniques, Al-Manara College for Medical Sciences, 62001 Amarah, Iraq 
5Department of Radiation and Sonar Technologies, Alnukhba University College, 10001 Baghdad, Iraq 

6Department of Radiology Techniques, Al-Qalam University College, 36001 Kirkuk, Iraq 
7Department of Optics Techniques, College of Health and Medical Techniques, Al-Mustaqbal University, 51001 Hillah, Iraq 

prof.dr.tahseen@uodiyala.edu.iq, hiba.rashid@mtu.edu.iq, fikrat@uomustansiriyah.edu.iq, 

nadirfadhil@uomustansiriyah.edu.iq, shams@uotechnology.edu.iq, dr.sami@uomustansiriyah.edu.iq, 

yassin.hasan@uomus.edu.iq 

Keywords: Nio, Sn Doping, CSP, Gas Sensing, Structural Properties, Optical Properties. 

Abstract: This study explores the influence of tin (Sn) doping at concentrations of 0%, 2%, and 4% synthesized via 

chemical spray pyrolysis (CSP) at 400°C. XRD analysis verified the construction of a cubic NiO phase with 

strong peaks that match the (111), (200), and (220) planes. Sn incorporation enhanced crystallinity, as 

evidenced by a raise in grain size from 13.14 nm (undoped) to 17.51 nm (4% Sn), along with a decrease in 

dislocation density (from 58.53 to 45.71 × 10¹⁴ lines/m²) and lattice strain (from 29.63 to 25.37 × 10⁻⁴). Atomic 

force microscopy (AFM) analysis revealed a smoother film surface with increasing Sn content, indicated by 

a reduction in average surface roughness from 11.71 nm to 4.83 nm. Optical characterization showed a 

decrease in both the optical bandgap (from 3.86 eV to 3.75 eV) and transmittance (from 96.1% to 89.5%) as 

Sn concentration increased, attributed to defect-related absorption. Gas-sensing measurements revealed that 

undoped NiO exhibited the highest hydrogen sensitivity (29.56% at 225 ppm), which diminished to 12.3% 

for films doped with 4% Sn, likely due to enhanced charge carrier recombination. These findings emphasize 

the balance between improved structural and optical properties and reduced gas sensitivity, identifying 

undoped NiO as the most effective candidate for hydrogen sensing applications.

1 INTRODUCTION 

NiO films have gained significant research interest 

owing to their wide-ranging industrial uses [1], [2]. 

As a wide bandgap of (3.6-4.0 eV), NiO demonstrates 

excellent suitability for electronic and optical 

applications. Particularly noteworthy is its p-type 

semiconducting nature, which makes it highly 

desirable for optical window applications requiring 

efficient hole injection [3]-[5]. Nickel oxide films 

have a wide range of uses, including, electrochromic 

display devices [6], [7], anode material [8], and 

functional layer sensors [9]-[12]. Thin films of nickel 

oxide can be fabricated through various deposition 

techniques, each offering distinct advantages for 

different applications. Common preparation methods 

include pulsed laser deposition (PLD) [13], laser 

beam evaporation [14], and magnetron 

sputtering [15]-[17]. Additional approaches 

encompass laser ablation [18], thermal 

evaporation [19], [20], sol-gel processing [21], 

chemical vapor deposition (CVD) [22], [23], and 

chemical spray pyrolysis (CSP), [13], [24]. This 

diversity of fabrication methods enables precise 

control over film properties to meet specific 

application requirements. Among various fabrication 

techniques, spray pyrolysis has emerged as a 

particularly effective method for producing high-

quality NiO thin films. This simple and cost-effective 

approach enables large-area deposition with excellent 

uniformity while maintaining good electronic 

properties. CSP technique has demonstrated 

remarkable success in preparing various metal oxide 

thin films [25], making it an ideal choice for this 

investigation. In the present study, we employed CSP 
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to fabricate undoped NiO films as a baseline for 

examining how tin (Sn) doping influences the 

structural characteristics, morphological features, and 

optical properties of the deposited films. 

2 EXPERIMENTAL 

Tin-doped nickel oxide films were fabricated using 

CSP technique with precise control of deposition 

parameters. The precursor solution was obtained by 

dissolving 0.1 M nickel acetate (Ni(CH₃COO)₂) in 

100 ml deionized water, with tin nitrate (Sn(NO₃)₂) 

added to achieve doping concentrations of 2% and 

4%. Films were grown on substrates maintained at 

400°C under optimal circumstances: 6-second 

spraying intervals followed by 1.5-minute cooling 

periods, a deposition rate of 9 ml/min, a nozzle-to-

substrate distance of 28±1 cm, and air carrier gas at 5 

bar pressure. The resulting films exhibited uniform 

thicknesses of 300±20 nm as measured by Stellar Net 

TF method. Comprehensive characterization was 

performed using multiple analytical techniques. 

Crystal structure analysis was conducted via XRD 

(Shimadzu XRD-6000). Surface morphology was 

examined using AFM (SPM-AA3000, Angstrom 

Advanced Inc.). Optical properties were measured 

across 300-900 nm wavelengths using a Shimadzu 

UV-Vis spectrophotometer. Gas sensing performance 

was evaluated by monitoring resistance changes in a 

custom cylindrical test chamber (8.5 cm radius × 17 

cm height) under controlled hydrogen exposure. 

3 RESULTS AND DISCUSSIONS 

Figure 1 presents the X-ray diffraction patterns 

comparing undoped NiO with Sn-doped (NiO:Sn) 

films, clearly demonstrating structural modifications 

induced by tin incorporation. Three main diffraction 

peaks are observed at 2θ values of 37.92°, 43.83°, and 

62.74°, corresponding to the (111), (200), and (220) 

crystallographic planes. These peaks are in excellent 

agreement with ICDD card No. 04-0835 [26], 

confirming the formation of phase-pure NiO with a 

face-centered cubic (FCC) structure. 

The introduction of Sn dopants significantly 

modifies the crystalline properties of the films in two 

main ways. First, the increase in peak intensity with 

rising Sn concentration (from 2% to 4%) indicates 

improved crystallinity. This enhancement may be 

attributed either to dopant-assisted grain growth 

through improved atomic rearrangement during 

deposition, or to the occupation of interstitial sites by 

Sn ions, which enhances long-range ordering in the 

crystal lattice [27], [28]. Second, the observed shift in 

peak positions, particularly for the dominant (200) 

reflection, suggests a modification of lattice 

parameters caused by substitution of Ni²⁺ ions with 

slightly larger Sn⁴⁺ ions. This substitution introduces 

controlled lattice strain while preserving the overall 

cubic symmetry. 

The crystallographic properties of the films were 

quantitatively analyzed using standard XRD 

approaches. The crystallite size was found to increase 

progressively from 13.14 nm to 17.51 nm with 

increasing Sn content [29], [30], [31]. This trend 

indicates that Sn doping promotes crystal growth, 

likely by reducing nucleation density and enhancing 

atomic mobility during film formation. 

The dislocation density was also evaluated using 

a standard relation [32]. The values decreased from 

58.53 × 10¹⁴ to 45.09 × 10¹⁴ m⁻² as Sn concentration 

increased [32], [33]. This reduction in defect density 

suggests that tin incorporation improves crystalline 

quality by reducing lattice imperfections and grain 

boundary discontinuities. 

The lattice strain, evaluated using a standard 

XRD-based relation [33], shows a gradual decrease 

with increasing tin content. The strain values decrease 

from 29.63 × 10⁻⁴ to 25.37 × 10⁻⁴ [34], [35]. This 

reduction indicates strain relaxation within the crystal 

lattice, suggesting that Sn dopants help relieve 

internal stress in NiO films. This effect may arise 

from either substitutional incorporation of Sn ions or 

their accommodation at interstitial sites, leading to 

partial compensation of lattice distortions. 

Table 1: D, Eg, and Spar of prepared films. 

Specimen 
2 q 

(o) 

(hkl) 

Plane 

FWHM 

(o) 

Eg 

(eV) 

D 

(nm) 

δ (× 1014) 

(lines/m2) 

ε 

(× 10-4) 

NiO 37.92 111 0.78 3.86 13.14 58.53 29.63 

NiO: 2% Sn 37.88 111 0.73 3.82 15.81 51.09 27.02 

NiO: 4% Sn 37.83 111 0.67 3.75 17.51 45.71 25.37 
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The overall structural parameters, summarized in 

Table 1 and Figure 2, collectively demonstrate that tin 

doping improves the crystalline quality of NiO films. 

The reduction in FWHM, the increase in crystallite 

size, and the simultaneous decrease in dislocation 

density and lattice strain all indicate enhanced long-

range atomic ordering. These improvements are 

attributed to the ability of Sn dopants to influence 

nucleation behavior and grain growth dynamics 

during spray pyrolysis deposition. 

The surface morphology of both undoped and Sn-

doped NiO films was further investigated using 

atomic force microscopy (AFM), providing three-

dimensional topographical information that 

complements the XRD results. As shown in Figure 3, 

all films exhibit uniform, dense, and crack-free 

surfaces with homogeneous particle distribution, 

confirming high-quality film growth via spray 

pyrolysis. AFM analysis reveals significant changes 

in surface properties with tin incorporation. The 

average particle size decreases markedly from 87.4 

nm for undoped NiO to 46.5 nm for films doped with 

4% Sn, corresponding to a reduction of about 46.8%. 

In addition, surface roughness parameters also 

improve, with root mean square roughness decreasing 

from 5.86 nm to 3.16 nm for the highest Sn 

concentration. 

The particle sizes obtained from AFM are 

consistently larger than those calculated from XRD 

(Table 2). This difference is expected because AFM 

measures actual surface features, which may consist 

of several crystallites, whereas XRD determines 

coherent diffraction domains. Such discrepancies are 

widely reported in the literature [36], [37] and 

confirm the polycrystalline nature of the films, where 

each surface particle observed in AFM can be 

composed of multiple smaller crystallites detected by 

XRD [38]. 

Figure 1: XRD styles of deposit films. 

Figure 2: FWHM (a) D (b) δ (c) ε (d) of the grown films. 

Table 2: AFM parameters of deposit films. 

Specimen nm avP (nm) aR R. M. S. (nm)

NiO 87.4 11.71 7.76

NiO: 2% Sn 84.6 5.58 5.90

NiO: 4% Sn 46.5 4.83 2.39

The optical characterization of the films reveals 

significant doping-dependent behavior, as illustrated 

in Figure 4. NiO films exhibit high visible-light 

transparency of 96.1%, which gradually decreases to 

92.8% and 89.5% with 2% and 4% Sn doping, 

respectively [39]–[41]. The high transmittance in the 

visible region confirms good optical quality of the 

films, making them suitable for transparent electronic 

and optoelectronic applications. This reduction in 

optical transmission is associated with increased light 

absorption, as described by the standard relationship 

between absorbance and transmittance [43]. 

Figure 5 illustrates the dependence of absorbance 

on wavelength. The films show higher absorbance in 

the ultraviolet region and lower values in the visible 

range [42], [43]. In addition, increasing tin 

concentration leads to higher absorbance values. This 

behavior is attributed to increased optical density and 

the formation of localized states within the band 

structure, which enhance photon absorption, 

particularly in the UV region. 

The absorption coefficient, an important 

parameter describing light–matter interaction, was 

determined using a standard relation involving 

absorbance and film thickness [43]. Figure 4 shows 

that the absorption coefficient decreases with 

increasing Sn content and increases with wavelength. 
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Figure 3: AFM surface morphology of undoped and Sn-doped NiO thin films.

The obtained values exceeding 10⁴ cm⁻¹ indicate 

strong optical absorption and confirm the presence of 

direct allowed electronic transitions in the films [45], 

[46]. The decrease in absorption coefficient with 

higher Sn doping suggests reduced light–matter 

interaction, likely due to modifications in the 

electronic structure and a lower density of states 

contributing to optical transitions. 

The optical band gap was evaluated using the 

Tauc method [47], where the relationship between 

optical absorption and photon energy is analyzed. The 

corresponding plots are presented in Figure 7. The 

calculated band gap decreases from 3.86 eV to 3.75 

eV with increasing Sn content [48], [49]. This 

reduction is attributed to the introduction of impurity 

levels within the band gap and increased carrier 

concentration, which leads to band tailing and 

narrowing of the optical gap. Such band gap tuning 

through doping is beneficial for optimizing the optical 

properties of NiO thin films for applications such as 

photovoltaics. 

The extinction coefficient (k) describes the 

attenuation of an electromagnetic wave as it 

propagates through a material medium [50], [51]. The 

values of k were calculated using a standard optical 

relation involving the absorption coefficient and 

wavelength [52]. 

Figure 4: T of prepared films. 
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Figure 5: Absorbance of deposit films. 

Figure 6: α Vs hν of intended films. 

Figure 7: Eg of the prepared films. 

Figure 8 illustrates the variation of the extinction 

coefficient for undoped and Sn-doped NiO films. It is 

observed that the extinction coefficient decreases 

with increasing tin concentration [53], [54]. This 

parameter provides information about how much 

light is absorbed per unit distance within the material. 

The reduction in k with higher Sn doping suggests 

decreased light absorption, which may be attributed 

to improved crystallinity, reduced defect density, or 

lower free carrier absorption. This trend indicates that 

tin doping enhances the optical transparency of NiO 

films, making them more suitable for optoelectronic 

applications such as transparent electrodes, solar 

cells, and optical coatings. 

The complex refractive index was determined 

using a relation that incorporates both reflectance and 

extinction coefficient [55]. Figure 9 shows the 

spectral dependence of the refractive index for 

undoped and Sn-doped NiO films. The results 

indicate that the refractive index decreases with 

increasing Sn content [56]. This behavior is likely 

related to microstructural improvements such as 

enhanced crystallinity and reduced defect density. It 

may also be explained by a decrease in material 

polarizability due to the substitution of Ni²⁺ ions with 

Sn⁴⁺ ions [57]. 

Figure 8: Extinction coefficient and Vs hν for intended 

films. 

Figure 9: Refractive index Vs hν for intended films. 
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Figure 10 illustrates the change in resistance over 

response time. The observed reduction in resistance 

for all samples upon exposure to hydrogen gas (H₂) at 

a concentration of 225 ppm confirms that NiO 

behaves as a typical p-type semiconductor [18]. This 

behavior shows that hydrogen, acting as a reducing 

gas in this context, interacts with the film surface by 

donating electrons, which are captured by the 

material from the conduction band [58]. Additionally, 

the NiO film doped with 4% tin (Sn) exhibited the 

highest resistance, emphasizing the impact of doping 

concentration on the semiconductor properties of the 

films [13]. In p-type semiconductors, the primary 

charge carriers are holes. When exposed to a reducing 

gas like hydrogen, electron donation to the surface 

reduces recombination with holes, effectively 

increasing hole concentration. This leads to enhanced 

conductivity and thus lower resistance [58]. 

Figure 10: The resistance variation over time of the deposit 

films. 

The sensor response, or detection sensitivity (S), 

is defined using a standard relation based on the 

change in resistance between gas-exposed and air 

conditions [59], [60]. 

The reduction in sensitivity with increasing tin 

content, as shown in the sensitivity curves in 

Figure 11 after exposure to hydrogen gas, can be 

explained by the increased electrical resistance of the 

films. This increase in resistance is associated with 

recombination processes involving charge carriers, 

including electrons and holes released from adsorbed 

oxygen species on the surface. 

Specifically, the sensitivity decreases from 

29.56% to 4.5% at 225 ppm, from 28.4% to 13.3% at 

150 ppm, and from 27.3% to 12.3% at 75 ppm for 

undoped and Sn-doped NiO films, respectively. 

These results indicate that the doping concentration 

has a significant impact on the hydrogen gas sensing 

response, with higher Sn content leading to reduced 

sensitivity [60]. 

Figure 11: The sensitivity of the entended films. 

4 CONCLUSIONS 

The incorporation of tin (Sn) dopants significantly 

enhanced the crystalline quality of NiO thin films, as 

shown by increased grain size and decreased 

dislocation density and lattice strain. Surface 

characterization through AFM and SEM revealed that 

Sn doping promoted the formation of smoother, more 

uniform surfaces, with microstructural evolution 

from flat island formations to well-defined spherical 

nano-grains. Optical characterization showed a 

systematic reduction in bandgap energy from 3.86 eV 

to 3.75 eV, accompanied by a decrease in optical 

transmittance from 96.1% to 89.5%. These 

modifications were attributed to the introduction of 

defect states by Sn doping. Furthermore, the observed 

decrease in both extinction coefficient and refractive 

index indicated significant alterations in the optical 

interaction properties of the material. Regarding gas 

sensing performance, undoped NiO films displayed 

superior hydrogen sensitivity (29.56% at 225 ppm 

H₂), benefiting from their optimal surface-to-volume 

ratio. However, Sn-doped samples exhibited 

increased electrical resistance coupled with reduced 

sensitivity (4.5% for 4% Sn doping at 225 ppm), 

primarily due to enhanced charge carrier 

recombination processes. 
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