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This study investigates the influence of barium (Ba) doping on the structural and optical properties of nickel oxide (NiO) thin films
synthesized via spray pyrolysis . NiO films with Ba concentrations of 0%, 2%, 4%, 6%, and 8% were analyzed using XRD, FT-IR,
and UV-Vis spectroscopy. XRD results confirmed the formation of cubic NiO with a preferred (111) orientation. Increasing Ba
content led to a reduction in peak intensities and the introduction of lattice strain, indicating the insertion of Ba** ions into the NiO
lattice. Optical measurements showed high transparency of the films in the visible region, while the direct band gap decreased from
3.55eV to 3.13 eV as the Ba concentration increased. These findings highlight the potential applicability of Ba-doped NiO in various
optoelectronic devices.
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1. INTRODUCTION

In recent years, thin films have attracted significant attention due to their wide-ranging applications in electronics,
optoelectronics, and energy storage systems [1, 2, 3, 4]. Among the various materials employed in these technologies,
transparent conducting oxides (TCOs) have shown remarkable promise, as they uniquely combine electrical conductivity
with optical transparency an essential requirement for modern devices [3].

Nickel oxide (NiO) is a particularly attractive p-type TCO owing to its abundance, low cost, and favorable physical
properties [1, 2]. It crystallizes in a face-centered cubic (NaCl-type) structure and possesses a relatively wide band
gap, typically ranging from 3.25 to 4.00 eV. NiO exhibits high chemical stability, strong adhesion to substrates, and
good transparency across the visible spectrum [4, 5]. These characteristics make it suitable for a variety of applications,
including antiferromagnetic components [5], p-type transparent layers [6, 7], display technologies [8], photovoltaic devices
[9], and gas sensors [10].

Numerous deposition techniques have been employed to produce NiO thin films, notably sol-gel processing [11],
PECVD , PLD [12, 13], and magnetron sputtering [14, 15]. Among these, spray pyrolysis stands out as a cost-effective
and versatile technique. It offers simplicity, compatibility with large-area deposition, and does not require high-vacuum
equipment [16, 17]. Films fabricated by spray pyrolysis generally exhibit good uniformity and strong adhesion to glass
substrates, making this approach attractive for large-scale industrial applications.

Doping is a widely used strategy for tailoring the structural, optical, and electrical characteristics of NiO thin
films. Previous studies have shown that dopants such as Fe can significantly enhance performance by inducing lattice
modifications or generating new energy levels [18]. In this context, barium (Ba) is an interesting dopant candidate due to
its large ionic radius, which can influence the NiO lattice and potentially modulate its optoelectronic behavior.

The aim of the present study is to investigate the influence of barium doping on the structural and optical properties
of NiO thin films prepared via spray pyrolysis. By varying the Ba concentration, we examine how this modification affects
crystallinity, band gap energy, defect states, and optical constants. The results presented here are expected to contribute to
the development of NiO-based materials for advanced optoelectronic applications.

2. METHODS AND MATERIALS
2.1. Thin Film Preparation

Nickel oxide (NiO) thin films were synthesized using the spray pyrolysis technique with varying concentrations of
barium (Ba) as a dopant. The Ba doping levels examined were 0, 2, 4, 6, and 8 at.% relative to Ni.

The precursor solutions were prepared by dissolving nickel nitrate hexahydrate Ni(NO3), - 6H,O and barium nitrate
Ba(NOs3),, each at a concentration of 0.2 M, in distilled water. For the doped samples, the Ba nitrate solution was mixed
with the nickel nitrate solution in volumetric ratios corresponding to the desired Ba atomic percentages (at.%). Since
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both precursor solutions were prepared at the same molar concentration (0.2 M), the Ba atomic percentage is directly
determined from the volumetric mixing ratio and calculated as

VBa
— x 100 1
- - x (1)

Ba(at.%) =
Ba t VNt

where Vg, and Vy; denote the volumes of Ba and Ni precursor solutions, respectively. The resulting solutions were
continuously stirred and heated to 60°C to ensure complete homogenization.

Clean glass substrates were used for film deposition. The substrates were first cleaned with ethanol, followed by
rinsing with deionized water to remove surface contaminants. Deposition was performed using a spray nozzle positioned
30+ 1 cm above the substrate surface. Using a thermocouple and a digital temperature controller, the substrate temperature
was maintained at 500 + 10°C. The precursor solution was sprayed at a controlled flow rate of 2 mL/min.

During spray pyrolysis, thermal decomposition of the metal nitrates resulted in the formation of NiO films on the
glass substrates according to the reaction [19]:

2Ni(NO3), + 6 H,0 — 2NiO + 4NO, T +0, T +6H,0 1.

2.2. Characterization Methods

The structural characteristics of the deposited films were investigated using X-ray diffraction (XRD) with a benchtop
powder diffractometer (Proto Manufacturing AXRD) employing Cu Ko radiation (1 = 1.54184 A) at 30 kV and 30 mA.

To study the optical properties, including transmittance and band gap energy, UV-Vis spectrophotometry was
performed using a Shimadzu 3101 PC spectrometer covering a broad wavelength range from 200 to 1100 nm.

Fourier-transform infrared spectroscopy (FTIR) was carried out using a Shimadzu IR-Infinity 1 spectrometer in the
range of 400-2000 cm™! to analyze the vibrational modes and confirm the chemical bonding within the films.

The thickness ¢ of the deposited thin films was determined using optical methods based on transmittance data, with
the results summarized in Table 2.

3. RESULTS AND DISCUSSION
3.1. Structural Properties

3.1.1. X-Ray Measurement. The XRD patterns of both undoped and Ba-doped NiO thin films are presented in
Figure 1. Prominent diffraction peaks appear at 26 ~ 37.3°, 43.2°, and 62.8°, corresponding to the (111), (200), and
(220) planes of cubic NiO respectively,These are in good agreement with the ICDD PDF Card No. 47-1049, confirming
the formation of a face-centered cubic (Fm-3m) phase with a (111) preferred orientation. In the 4% Ba-doped sample,
an additional weak diffraction peak appears at 26 ~ 59.14°, which does not correspond to any characteristic reflection
of cubic NiO. This peak is therefore attributed to the formation of a secondary Ba-containing phase, likely arising from
excess Ba incorporation during film growth. With increasing Ba concentration, the intensity of the NiO diffraction peaks
decreases, indicating increased lattice distortion and a reduction in long-range crystalline order [20]. A slight shift of the
(111) peak position toward lower 26 angles is observed with Ba incorporation, reflecting changes in the lattice parameters
due to dopant-induced strain [21].

3.1.2. Crystallite Size and Structural Parameters. Using Bragg’s law and the Scherrer formula [22], the lattice
parameter and crystallite size were calculated and are summarized in Table 1. The variation of crystallite size (D) and
lattice parameter (a) as a function of Ba concentration is illustrated in Figure 2. At low Ba content (2 at.%), the crystallite
size increases, indicating an initial improvement in grain growth. A sharp reduction in crystallite size is observed at 4 at.%
Ba doping, which is attributed to increased lattice distortion and the onset of a secondary Ba-containing phase. With
further increase in Ba concentration (6 and 8 at.%), the crystallite size remains relatively reduced, reflecting enhanced
defect formation and dopant-induced strain. The lattice parameter shows a non-monotonic variation with Ba content,
confirming that Ba incorporation significantly affects the crystal structure of NiO thin films. These results demonstrate
that excessive Ba doping degrades the structural quality of NiO films.

The non-monotonic evolution of crystallite size can be explained by the significant ionic radius mismatch between
Ba* (135 pm) and Ni** (69 pm) ions. At low Ba concentration (2 at.%), partial substitution of Ni2* by Ba>* may introduce
moderate lattice distortion that enhances atomic diffusion during film growth, promoting grain coalescence and increasing
crystallite size [23]. With further increase in Ba content, the large ionic size of Ba?* generates substantial lattice strain
and defect formation within the NiO matrix. When the Ba concentration approaches approximately 4 at.%, the solubility
limit of Ba in NiO is likely reached, leading to dopant segregation at grain boundaries and the appearance of a secondary
Ba-containing phase [24]. This segregation restricts grain growth and results in crystallite size reduction. Therefore, the
structural behavior reflects a competition between diffusion-assisted grain growth at low doping levels and strain-induced
grain refinement at higher Ba concentrations.
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Figure 1. XRD patterns of Ba doped NiO thin films
at different Ba concentrations.
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Table 1. Structural parameters of undoped and Ba-doped NiO thin films, including diffraction angle (26), interplanar
spacing (dpx1), lattice constant (a), crystallite size (D), dislocation density (d), and microstrain (g).

Sample 260 dnil (hkl) a FWHM D 1) Microstrain
(deg) | (A) (A) (deg) | (nm) | (10" line/m?) (&)
NiO 37.249 - (111) - - - - -
(ICDD PDF | 43.276 - (200) 4.177 - - - -
No. 47-1049) | 62.879 - (220) - - - - -
37.377 | 2.404 (111)
Ba:NiO 0% | 43.434 | 2.083 (200) 4.164 | 0.3306 | 25.36 1.54 0.00427
63.113 | 1.473 (220)
37.339 | 2.407 (111)
Ba:NiO 2% | 43.335 | 2.088 (200) 4.168 | 0.2204 | 38.18 0.683 0.00285
64.387 | 1.275 (220)
Ba:NiO 4% | 38.684 | 2.329 (111) 4.032 | 1.2210 | 691 20.9 0.0152
59.142 - Secondary phase - - - - -
37.317 | 2.409 (111)
Ba:NiO 6 % | 43.291 | 2.111 (200) 4173 | 09742 | 8.65 13.4 0.0130
62.817 | 0.042 (220)
38.027 | 2.368 (111)
Ba:NiO 8% | 44.057 | 2.055 (200) 4,102 | 0.8502 | 9.92 10.2 0.0110
63.499 | 1.465 (220)

3.2. FTIR Spectroscopy

Figure 3 displays the Fourier-transform infrared (FTIR) spectra obtained from both undoped and Ba-doped NiO
thin films in the range of 400-2000 cm™!. A prominent absorption band between 414-449 cm™! corresponds to Ni-O
stretching vibrations, confirming the presence of NiO. An additional band near 755-760 cm™! is attributed to general
metal-oxygen (M-O) bending vibrations [25].

These spectral features validate the formation of NiO and suggest that Ba doping does not fundamentally alter the
Ni—O bonding environment, although minor shifts may indicate subtle structural perturbations.
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Figure 3. FTIR spectra of undoped and Ba-doped NiO thin films.

3.3. Optical Properties

3.3.1. Transmittance and Absorption. Figure 4 presents the transmittance spectra for all samples across the
wavelength range of 300-900 nm. The undoped and lightly doped films (2% and 4%) exhibit transmittance values
exceeding 60%, indicating high transparency. In contrast, films with higher Ba concentrations (6% and 8%) show reduced
transparency, attributed to increased light absorption arising from dopant-induced defect states located near the conduction
band edge.
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Figure 4. Transmittance spectra of NiO:Ba thin films. NiO:Ba films.

The absorption coefficient @ was determined from the optical data of the thin films, taking into account both
absorbance and film thickness. As illustrated in Figure 5, the absorption coefficient @ increases progressively with rising
Ba doping levels. This behavior indicates that the incorporation of barium enhances the films light absorption, which can
be associated with modifications in the electronic band structure. The observed trend reflects the formation of additional
energy levels or localized states within the material as Ba content increases, thereby facilitating greater photon absorption
and effectively altering the optical response of the NiO thin films.

3.3.2. Energy of the Band Gap. The optical band gap E, was estimated using the Tauc relation:
(ahv)" = A(hv — Ey), )

where « is the absorption coefficient, v is the photon energy, A is a proportionality constant related to the transition
probability, E, is the optical band gap energy, and n depends on the nature of the electronic transition. For direct allowed
transitions, n = 2 was used. Assuming a direct allowed transition for NiO, the band gap values were determined by
extrapolating the linear region of the v plots to the energy axis, as shown in Figure 6. The band gap decreases from
3.55 eV (undoped) to 3.13 eV for the 8% Ba-doped film, indicating the formation of defect-related localized states and
band tailing. This redshift in the absorption edge is a typical consequence of dopant-induced structural disorder.
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Figure 6. Tauc plots for band gap energy determination.

3.3.3. Urbach Energy (Ey). The Urbach energy Ey, which quantifies the extent of the tail of localized states in the
band gap, was determined from the slope of the linear region in the In(«) versus photon energy Av plot.
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As shown in Figure 7 and Table 2, Ey increases with Ba doping (except at 6%), indicating that structural disorder
and defect density become more pronounced at higher dopant concentrations. An inverse correlation is observed between
E, and Ey, consistent with typical behavior in disordered semiconductor systems.
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Figure 7. Urbach plots of NiO:Ba thin films.

Table 2. Values of thickness #, optical band gap energy E,,and Urbach energy Ey; of the undoped and Ba-doped NiO thin
films

t(nm) | Eg(eV) | Ey(eV)
Pure NiO:Ba | 150.85 3.55 0.235
NiO:Ba(2%) | 155.81 3.54 0414
NiO:Ba(4%) | 117.34 3.49 0.442
NiO:Ba(6%) | 246.81 3.42 0.341
NiO:Ba(8%) | 805.81 3.13 0.413

3.3.4. Extinction Coefficient and Refractive Index. The extinction coefficient k was determined from the absorp-
tion coefficient @ and the wavelength A as outlined in [26]. As shown in Figure 8, k increases with Ba doping, reflecting
enhanced optical absorption.

Similarly, the refractive index n was calculated based on the reflectance R and the extinction coefficient, following
the method described in [26]. Figure 9 shows that the refractive index n increases at lower photon energies and sharply
decreases beyond approximately 3.4 eV, likely due to interband electronic transitions. The 8% Ba-doped sample exhibits
anomalous behavior, which may be attributed to excessive defect formation.

3.3.5. Dielectric Function. The real (¢,) and imaginary (g;) parts of the dielectric constant were calculated using
the following relations [26]:

g = n* — k2 3)

&g =2nk “4)

Figure 10 and Figure 11 illustrate the variation of the real (¢,) and imaginary (g;) parts of the dielectric constant as a
function of photon energy (hv) for different Ba concentrations. For lower doping levels (2% and 4%), both components
generally increase with photon energy and Ba content. However, at the highest doping concentration (8%), both &, and
g; exhibit a significant decrease, particularly in the high-energy region above 2.5 eV. Throughout most of the measured
range, the real part €, remains larger than the imaginary part &;, suggesting that light propagation is the dominant process
compared to energy loss in these films. These results indicate that Ba doping effectively modifies the dielectric response,
though the trend non-linearly depends on the Ba concentration.
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Figure 8. Effect of doping on extinction coefficient (k).

Figure 9. Effect of doping on refractive index (n).
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4. CONCLUSIONS

NiO thin films, both undoped and Ba-doped, were successfully synthesized by the spray pyrolysis technique. X-ray
diffraction analysis confirmed the formation of a single-phase cubic NiO structure with space group Fm3m, characterized
by dominant reflections along the (111), (200), and (220) planes. All films exhibited a preferred orientation along the
(111) direction. The incorporation of Ba significantly influenced the structural properties of NiO, as evidenced by changes
in peak intensities, lattice parameters, and crystallite size.

A detailed structural analysis revealed that low Ba doping slightly improves crystallinity, whereas higher Ba con-
centrations induce lattice distortion and structural disorder. The crystallite size shows a non-monotonic dependence on
Ba content, increasing at low doping levels and decreasing markedly at higher concentrations due to enhanced strain and
defect formation. In the 4% Ba-doped sample, the appearance of an additional weak diffraction peak was attributed to
a secondary Ba-containing phase, indicating the solubility limit of Ba in the NiO lattice under the present deposition
conditions. These results demonstrate that excessive Ba incorporation deteriorates the structural order of the films.

FTIR measurements confirmed the formation of Ni—O bonds in all samples, indicating successful oxide formation.
Optical transmittance spectra in the 300900 nm range revealed high transparency for all films, with a maximum trans-
mittance of approximately 88% observed for the 4% Ba-doped sample. The optical band gap exhibited a gradual redshift
with increasing Ba concentration, which is attributed to the introduction of defect-related localized states and increased
structural disorder.

Furthermore, key optical constants, including the absorption coeflicient, extinction coefficient, refractive index, and
dielectric functions, were systematically evaluated and found to be strongly dependent on Ba doping. These variations
further confirm the role of Ba incorporation in modifying the optical response of NiO thin films.

Overall, this study demonstrates that Ba doping provides an effective approach to systematically modulate the
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structural and optical properties of NiO thin films. While moderate Ba incorporation can enhance certain optical
characteristics, excessive doping leads to structural degradation. These findings highlight the potential of Ba-doped NiO
thin films for optoelectronic applications such as transparent electrodes, photovoltaics, and gas sensors. Future work will
focus on electrical and optoelectrical characterization to further assess their suitability for device applications.
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BIIJIUB JIETYBAHHA BAPIEM HA CTPYKTYPHI TA OIITUYHI BJIACTUBOCTI
TOHKUX ILIIBOK NiO
Moxawmen Beryi', Meopyk I'ynai'?
\@axyavmem mounux nayx, epyna gomonixu, docaionuypkuii RiOPo30in po36UNKY EIOHOBAIOEAHOT eHeP2eMUKU 8 NOCYUAUBUX 30HAX
(UDERZA), Ynisepcumem Env-Yeo, Env-Yeo, Anscup
2Pakynvmem mounux Hayx, aabopamopis LEVRES, Yuisepcumem Env-Yeo, 39000 Env-Yed, Ancup

Y 1bOMy HOCIIIKEHHI JIOCIIKYEThCS BILIUB JIeryBaHHs OapieM (Ba) Ha CTPYKTYpHi Ta ONTHYHI BJIaCTHBOCTI TOHKHX IUIIBOK OKCHIY
Hikemo (NiO), CHHTe30BaHHUX 3a JOMOMOTr0I0 po3MuIoBaIbLHOTO Hiposnisy. [Lnieku NiO 3 konnenTparieo Ba 0%, 2%, 4%, 6% ta 8% 6y
[IPOaHaJIi30BaHi 3a JOIOMOroI0 peHTreHiBebKoi audpakuii, [Y-crnexTpockomii 3 nepersopeHHAM Pyp’e Ta YP-BUAUMOI CIEKTPOCKOMI.
Pe3ynbratit peHTreHiBChKOi Andpakiiii miaTBepaum yrBopeHns Ky6iuroro NiO 3 nepeBaxnoio (111) opieHTatti€w. 30iIblIeHHS BMICTY
Ba npu3Beso 10 3MeHIIeHHs iHTeHCUBHOCTI MiKiB Ta MoABy AeopMartii penniTky, o BKa3ye Ha BIPOBAKeHH: ioHiB Ba>t y pemiTky
NiO. OntuyHi BUMipIOBaHHsI [TOKA3aJIi BUCOKY ITPO30PICTh IUTIBOK Y BUIMMIii 00/1acTi, TOAI SIK IIMPHHA 3a00POHEHOI 30HM 3MEHILIMIACS
3 3,55¢eV 5o 3, 13 eV 3i 30iibiueHHaM koHueHTpauii Ba. Lli pe3ysabraTti nifkpecioTs NOTeHLiHY MOXJIUBICTb 3acTocyBaHHsA NiO
JIEroBaHOro Ba B pi3HUX ONTOENEKTPOHHUX IIPUCTPOSIX.

Kurouosi cioBa: monki naieku; NiO; posnunoeanvhuti nipoaiz; I49-cnexmpockonis 3 nepemeopennsim Qyp’e; penmeeniecoka Ou-

dpaxuis
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