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Abstract

Thin films of pure nickel oxide (NiO) and Aluminum-doped nickel
oxide (NiO-Al, 2%) were prepared and studied using pulsed laser
deposition on glass substrates. X-ray diffraction (XRD) analysis
revealed that Aluminum doping induces a slight increase in the
average crystallite size from approximately 37 nm for the pure samples
to about 42.6 nm for the doped films, while maintaining high

homogeneity and a smooth surface with vertical roughness not
exceeding 31 nm. Field-emission scanning electron microscopy (FE-
SEM) results showed that the average grain size of the pure NiO film
was 37.82 nm, whereas the doped NiO-Al (2%) film exhibited a larger
grain size of 47.65 nm.

Optical characterization indicated an enhancement in absorbance, with
absorption coefficients for both pure and doped films reaching values
of oo 2 10* cm - This confirmed that the electronic transitions in the
films were of the allowed direct type. The optical band gap of the pure
NiO film was determined to be 3.92 eV, while that of the doped NiO-
Al (2%) film decreased to 3.60 eV. The film thickness was measured to
be 158 nm. This reduction in band gap is attributed to the introduction
of intermediate energy levels within the band gap by Aluminum
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dopants.

These findings demonstrate that NiO-Al (2%) thin films combine a
homogeneous nanostructure, high-quality smooth surfaces, and
enhanced, tunable optical response. Consequently, they are promising
candidates for advanced applications such as photodetectors, gas
sensors, solar cells, and optoelectronic devices with adjustable
performance.
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Introduction

Thin films of pure nickel oxide (NiO) and Aluminum-doped nickel oxide (NiO-Al, 2%) were
prepared and studied using pulsed laser deposition on glass substrates. X-ray diffraction
(XRD) analysis revealed that Aluminum doping induces a slight increase in the average
crystallite size from approximately 37 nm for the pure samples to about 42.6 nm for the
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doped films, while maintaining high homogeneity and a smooth surface with vertical
roughness not exceeding 31 nm. Field-emission scanning electron microscopy (FE-SEM)
results showed that the average grain size of the pure NiO film was 37.82 nm, whereas the
doped NiO-Al (2%) film exhibited a larger grain size of 47.65 nm.

Optical characterization indicated an enhancement in absorbance, with absorption
coefficients for both pure and doped films reaching values of a > 10* cm * This confirmed that
the electronic transitions in the films were of the allowed direct type. The optical band gap of
the pure NiO film was determined to be 3.92 eV, while that of the doped NiO-Al (2%) film
decreased to 3.60 eV. The film thickness was measured to be 158 nm. This reduction in band
gap is attributed to the introduction of intermediate energy levels within the band gap by
Aluminum dopants.

These findings demonstrate that NiO-Al (2%) thin films combine a homogeneous
nanostructure, high-quality smooth surfaces, and enhanced, tunable optical response.
Consequently, they are promising candidates for advanced applications such as
photodetectors, gas sensors, solar cells, and optoelectronic devices with adjustable
performance.

1. Interaction of the laser beam with the target material: where the high energy absorption
excites the surface of the target.

2. Dynamic Extraction and Extraction of Atoms: Atoms and molecules are uprooted from
the surface of the target by the energy gained.

3. Transport and deposition of atoms on the substrate: The uprooted particles are spread
within the vacuum chamber to be deposited on the surface of the substrate.

4. Thin film nucleation and crystal growth: The deposited atoms begin to clump and
crystallize to form a homogeneous thin film on the surface of the substrate[15].

The practical part
(2-1). Preparation (Maxing out)

99.9% pure nickel and Aluminum powders were used. Use Aluminum as an additive in the
ratio of total weight to nickel, which is the base material in the ratio of . After adding the
Aluminum to the nickel, the ingredients were mixed in an agate mill for 30 minutes. Then it
was placed in a steel mold and pressed for 5 minutes when pressed, after which it was dried
in the oven.

(2-2). Method and Deposition

High-purity nickel and Aluminum powder (99.95%) was used. The glass substrates were
cleaned using deionized water (DI), methanol, acetone, and isopropyl alcohol. Substrates
were then placed on the sample holder inside the evaporation chamber, and nickel powder
mixed with Aluminum was deposited at a weight ratio (2 wt%). The powder was heated in a

https://researchvision.us/index.php/symmetria 271 Page



https://researchvision.us/index.php/symmetria

Vol.3 | No.1 | 2026 Symmetria : Journal of Advanced Physics and Mathematical Review

tungsten boat under approximately pressure. After the deposition process, the thin films
were first taken out of the machine, and then placed in a thermal oxidation furnace at a
temperature of (400 °C) for two hours, in order to obtain pure NiO films inlaid with
Aluminum (Al-doped NiO).).

An Nd: YAG laser beam with a wavelength of 1064 nm, a frequency of 6 Hz, a number of 300
pulses, and a laser energy of 400 mj, at an angle of 45°, was used inside the deposition
chamber under vacuum pressure of Torr. The glass substrates were placed on a stand against

the surface of the target. The thin films were then subjected to a thermal annealing process at
400°C for one hour.

To characterize the prepared thin films, X-ray diffraction (XRD), Field Emission Scanning
Electron Microscopy (FE-SEM), and Atomic Force Microscopy (AFM ) were used and the
absorption spectra of the thin films was measured using a visible ultraviolet-vis spectrometer
(UV-Vis ) within the 300-1100 nm wavelength range.

Results and discussion
1- Synthetic properties
(1-1) Diffraction of X-rays :

The results of the XRD X-ray diffraction showed that the 2% Aluminum graft did not alter the
basic crystal phase of NiO, suggesting the formation of a solid solution. Subtle changes in the
positions of the peaks (if any) reflect a change in the lattice constant due to the difference in
the ionic radius. Any expansion of the peaks. The absence of additional peaks negates the
existence of separate phases in large quantities. The crystal size using the NiO angle data
shows the peaks at angles (260~ 37, 43,36 ) The corresponding levels (220), (200) and (111)
respectively correspond to the standard nickel oxide card with serial number JCPDS No. 47-
1049. The sharp and narrow peaks indicate a high degree of crystallization of the material, the
result shows that the width of the mid-peak has increased after FWHM. The grain volume
rate was calculated using the Sharar equation of equation (1) and it was found that the
measured granular volume values of the pure thin film fall within the range (16.225-109.016)
and the granular size of the marred thin film falls within the range (13.62-55.05).

NiO-Al (2%) The Aluminum-grafted sample retains approximately the same locations as the
main peaks and this is consistent with studies [16,17]. As illustrated in Figures( 1, 2, and 3 )

(1-2) Scanning electron microscopy results:

By studying the surface morphology (FESEM) of the prepared (158 , the pure NiO sample
has a homogeneous nanogranular structure with an average granular size of about 37 nm,
with a narrow size distribution and a uniform spherical shape. These morphological
properties make the material a promising candidate for applications that depend on surface
phenomena and nanosize. [17].

The NiO-Al (2%) sample exhibits a nanogranular structure with an average grain size of
about 42.6 nm, which is slightly larger than the pure sample, suggesting the effect of
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Aluminum grafting on growth kinetics. The morphology is homogeneous and porous,
making the material good for applications based on surface interactions and optical
properties.

This image shows a sample with a nano grainy structure but a much larger grain size (~150
nm) than seen in previous samples, with high porosity and a less homogeneous volumetric
distribution. This suggests that the sample was prepared under different conditions (possibly
higher annealing temperature or different grafting ratios).

Using the cross-section technique in the scanning electron microscopy, the thickness of the
thin film was measured and it was found that the contours of the thin film were regular and
moderately deposited, and it was found that the thickness of the thin film was equal to
(158)nm. As illustrated in Figures( 4, 5, and 6)

Dave=0.9/\/f3cose ................ (1)

Where A =1.54 A is the (X-ray) wavelength (Ka-line), # (also called FWHM) is the full-width
at half-maximum (in radians),f is Bragg's diffraction angle

(1-3) Atomic Force Microscope Results: (AFM)

Atomic force microscopy technique was used to study the topography and topography of the
prepared thin film surfaces, the extent to which the number of pulses and distortion ratios
affect the properties of the prepared thin film, and to give statistical values for grain size and
surface roughness based on the square root of the root mean square, where the AFM data of
the NiO-Al (2%) sample are shown The thin film has a very smooth surface over an area of
242 x 242 pum, with a total vertical contrast of only about 31 nm. This reflects high
homogeneity and excellent smoothness, making the sample suitable for applications that
require high-quality surfaces. These results are consistent with SEM images that showed
compact nanograins, and also enhance the reliability of previous optical absorption
measurements.

The pure NiO sample exhibits an ultra-smooth surface structure with high homogeneity, with
a total vertical contrast of about 24.3 nm over an area of 4.56 x 4.56 um. This confirms the
quality of the film and its usability in optical and electronic applications. In comparison, the
Aluminum grafted sample exhibits slightly greater roughness (~31 nm over a wider area),
reflecting the effect of grafting on granular growth without compromising the overall quality.
These results are consistent with SEM images A comprehensive understanding of the effect of
grafting on the morphological characteristics of NiO thin films is strengthened, and this is
consistent with the research [18]. As shown in Figure (7)

2-Optical Properties:

The absorption coefficient of the prepared thin films was calculated through equation (2), and
the results showed that the best absorption was within the visible area of (300-700) nm of the
electromagnetic spectrum, i.e. the absorption increased, and the energy gap is larger, which
means that the thin film has high permeability and uses reagents and in the manufacture of
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solar cells, and the results showed that the absorption coefficient increases with the increase
in the photon energy of the prepared thin films and is of the type of direct transmission
allowed, and this indicates that the absorption process occurs in the range. Optical and the
possibility of electronic transitions between the valence and conduction beams, Aluminum
inlaying leads to a reduction in the energy gap and also control the optical properties and the
absorption coefficient of the material can be controlled significantly using light excitation. The
higher the excitation energy, the higher the absorption intensity, especially at the high
energies of the falling photon. This behavior makes the material used in photodetector
applications and this is consistent with the study [18]. As illustrated in Figures (8, 9, and 10)

(Ri(ADAP)V2 Iy ....... (2).[ D'
Conclusions

Through our findings from this research, it was concluded that pure NiO films have a
super homogeneous nano-granular structure with a very smooth surface, making them an
excellent basis for studying the grafting effect with the addition of 2% Aluminum, thus
increasing the size of the grains slightly and the optical properties improving rapidly,
especially under the photoactive effect while maintaining high surface quality, and also
Controlling the preparation conditions such as annealing temperature is very important to
avoid large granule growth that may impair performance.
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Figure 1: XRD Results of Pure and Impregnated Aluminium Oxide Films on Glass
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Figure 2 shows the granular size of the pure nickel oxide membrane impregnated with
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Figure 3 shows the intervals between the pure and aluminium nickel oxide thin film
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Figure 4 shows the FESEM images of the pure aluminum oxide thin film
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Figure 5 shows FESEM images of nickel oxide membrane impregnated with aluminum

. - | EEEE cross
Py o ¢ 'y

Frequency

100 120 140 160 180 200 220 240 260 280
12/242022 HV  mag = |det p € 1pm Diameter of nano Particle size
2:24:34 PM 30.00 kV 80 000 x|ETD 6. 0.5mm inspect f 50-FEI Company

Figure (6) shows the thickness of the thin membrane with the cross-section.
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Figure (7) shows the AFM images of the pure nickel oxide membrane and amalgamated
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Figure 8) shows the change in the absorption coefficient

—@— Pure NiO
—a— NiO-Al(2%)

Absorbence (a.u)
=
a

0.2

0.0

T T
200 400 600 800 1000
Wavelength nm.

Figure 9 shows the absorption spectrum
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Figure 01 shows the optical energy gap values of pure and amygdalized aluminum oxide
membranes
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