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In order to develop coatings to optimize the functioning of the solar panels, this study examines how laser
energy affects the morphology, size, and optical properties of gallium oxide (Ga>O3) nanoparticles prepared through
the use of pulsed laser deposition. The precursor powder is pressed into small particles, which are referred to as
Ga,0s pellets, and the thin films are deposited on the glass substrates prepared with extreme care onto the glass
surface using Nd :YAG laser pulses. The nanoparticles preferred crystallographic orientation and phase
composition is determined by using X-ray diffraction analysis. Ultraviolet visible spectroscopy is then applied to
determine their transmittance, absorbance and optical band-gap. Fringes of optical interference are measured to
arrive at the thicknesses of the films and a double-beam spectrophotometer gives the correct values of the optical
constants. The topography is analyzed using atomic force microscopy and more specific height maps are created to
assess the dispersion and homogeneity of grains - between which is vital in the obtaining of a homogenous light
absorption and low scale of reflectance. It is observed in the experimental findings that a strong preferential
orientation exists along the (111) plane, and that there are monoclinic crystal structures which develop in the films.
The intensity of diffraction peaks is enhanced by increasing the energy of deposition. At the same time, a growth in
the thickness of the film increases internal forces and simultaneously decreases the size of crystallites. High
transmittance and low absorption in the ultraviolet region are indicated by optical measurements, and the band-gap
is becoming narrower with thickness, with direct-band-gap semiconductor behaviour. In general, the research
provides an explanation of the morphology, structure, and optical characteristics of the Ga;O3 nanoparticles, which
are essential materials to understand how to create the best possible coating on solar panels in order to improve
their energy-converting efficiency and service life.
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INTRODUCTION about 4.6 eV, which allows it to absorb solar
radiation, especially those found in the
ultraviolet region [4], and thus makes it an ideal
material to use in photovoltaic systems [5, 6].
Ga;0; is also described by high electron
mobility, which is the movement of charge
carriers in the crystal lattice at a high speed
under the action of an external electric field
[7, 8]. This characteristic allows efficient charge-
carrier movement inside the property created
when photons are absorbed that eventually leads
to high conductivity and an appropriate
collection of charge that all contribute to the
overall functionality of a photovoltaic module. In
addition, Ga,;Os has a high chemical stability that
ensures that it does not degrade its structure in
adverse environmental factors. As a result, the

Solar power is a promising renewable energy
source, which can fulfil the rising world energy
needs and reduce the environmental costs related
to the production of conventional energy
sources. The traditional photovoltaic systems,
which are otherwise known as solar panels,
utilize solar irradiance to produce electrical
power. In the recent decades, scientists have
been striving to improve performance as well as
durability by applying different surface coating
[1]. Gallium oxide (Ga,Os3) nanoparticles are one
of them and have received considerable
academic interest because of their unique optical
and electronic characteristics [2, 3]. The second
phase of Ga;Os; contains a broad bandgap of
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introduction of Ga;Os; surfaces on the solar
panels can significantly increase the time of
operation, ensure protection against degradation,
and increase the life of the devices [4, 9].

In the recent past, laser-style methodology
has emerged as an inseparable instrument in the
production and customization of nanomaterials.
In particular, pulsed laser deposition (PLD)
allows finely tuning the size, crystallinity and
surface structure of the nanoparticles, which
enhances the performance of the GayO3
nanoparticle coating of photovoltaic devices. An
extreme interpretation of the impact of the
incident laser energy on the properties of
nanoparticles is needed to optimise its useful
potential [10, 11].

In spite of the promising qualities of Ga,Os3
coatings, modern fabrication methods can hardly
reach the desired conversion efficiencies.
Traditional deposition methods may produce
patchy layers and be able to restrict only a
limited set of possibilities when it comes to the
properties of the nanoparticles. Consequently,
the entire range of advantages of Ga,Os such as
high energy-conversion efficiency and increased
transmittance can be unachieved [11, 12].

The current study aims at explaining how
laser power affects the geometrical and optical
properties of Ga>O3; nanoparticles as they apply
to photovoltaic coatings. This work is the first
use of PLD to the selective modulation of the
properties of the Ga,O3; nanoparticles, which are
to be used as solar panels, by systematic
variation of the laser energy used in the
deposition and in study of the resulting crystal
structure and optical behaviour. The laser-based
approach to nanomaterials syntheses and tuning
is among the futures of the tailor-made
production of nanomaterials-based coatings with
a higher capacity to improve photovoltaic
efficiency and performance. The following goals
can be stated regarding the research:

e Investigate the influence of laser energy
on the structural and optical properties of Ga,O;
nanoparticles.

e Perform X-ray diffraction (XRD)
analysis to determine their preferred orientation
and crystallographic phase.

e Use UV—Vis spectroscopy to study their
transmittance, absorbance, and optical bandgap.

e Optimize Ga,O; coatings for improved
performance in solar panel applications.
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The results of this research have a practical
implication to solar-energy industry. The control
of the Ga,0O; coatings through the controlled
laser strength is a route that manufacturers can
take to increase the efficiency of energy
conversion and overall device operation, and
enhance the ability to endure extreme
environmental  conditions, increasing the
working lifetimes. The commercial rollings of
these optimized solar panels will facilitate the
development of sustainable, environmentally
non-toxic grids of power and reduce the reliance
on fossil fuels, as well as contribute to the
overall climate change effects.

EXPERIMENTAL METHODOLOGY

We compressed Ga,O3; powder (99.9 %
purity, Sigma-Aldrich) with a hydraulic press
(Specac) into pellets of 0.2 cm in thickness and
1.5 cm in diameter at a pressure of 6 tons for
15 minutes. Glass substrates were cleaned with
distilled water to eliminate dust and debris. They
were then ultrasonically cleaned in alcohol for
15 minutes to eliminate oxides and grease. They
were dried with pressurized air. The substrates
were cleaned with ethanol using an ultrasonic
cleaner working at 50 W for 10 minutes and then
with deionized water in the same apparatus at
50 W for additional 10 minutes. Finally, we
dried the substrates at 60 °C for 15 minutes to
remove any impurities and residues.

Thin films of the prepared Ga;O; were
deposited onto the glass substrates using a PLD
system equipped with a Nd:YAG laser, operating
at a wavelength of A=1064nm and energy
levels ranging from 300 to 700 mJ. For each
sample, 100 laser pulses were directed onto the
target surface at a 45° angle and a frequency of
6 Hz. A separation of 10 cm was maintained
between the laser and the target. The deposition
was conducted in a vacuum environment at a
pressure of 13107,

The thickness of the film was measured
using a scanning optical reflectometer
(Filmetrics F20, USA) and the thickness was
found to be between 15nm and 70 um; the
deposited film itself was about 200 nm. The
shape and particle size of the Ga;Os thin films
were observed under a scanning electron
microscope (Tescan VEGA3), an atomic force
microscope (AA-3000, Angstrom Advanced
Inc., USA), and the X-ray diffraction (XRD). An
X-ray diffractometer was utilized at a
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wavelength of 1.5406 (0.75 K) as required by the
American Society for Testing Materials (ASTM)
criteria. Composition analyses were done too.
The Thin-film diffraction was measured in the
range of 2° to 60°, where structural parameters
were obtained. A UV Vis spectrophotometer
(T60) was used to measure optical values within
the wavelengths of 190-1100 nm; the spectra
obtained were used to calculate optical values,
transmission spectrum, absorption coefficient,
and bandgap E,. A spectrofluorophotometer
(RF1501, Shimadzu) was used to measure
photoluminescence of the fabricated films with
an excitation of 310 nm. Photoluminescence data
was then used to determine the energy gap using
the wavelength at which the peak emission
occurred.

RESULTS AND DISCUSSION

As a  wide-bandgap  semiconductor
(approximately 4.8 eV), GaOs; has attracted
much interest because of its optical transparency
in the UV range and its high thermal and
chemical stability. These features make it
suitable for harsh environmental conditions,
which are common in solar deployments.
Compared with other oxide semiconductors like
ZnO and Ti0O;, Ga;O3 is more stable and retains
good conductive properties over a long period of
time; hence, it proves to be a better option to
enhance the durability of solar panel coating
materials and increase their efficiency.

Fig. 1.

The SEM images of the specimens produced
at the laser energies of 300, 400, and 500 mJ are
shown in Fig. 1. It has been shown that the
particle sizes, morphologies and surface textures
are notably heterophedous. Nanoparticles in the
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SEM images of thin films produced using laser energies of (a) 300, (b) 400, and (c) 500 mJ

300 mJ specimen were between 44.1 and
69.7nm with an uneven distribution on the
surface. The major characteristics were spherical
or almost spherical and therefore the mechanism
of growth was quite similar to the formation of
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relatively uniform spherical structures; however,
the size difference implies inhomogeneous
distribution of energy in the process of
nucleation and growth. The darker area on the
square of the background could be because of a
surface artifact or a local effect of the laser
exposure. In contrast, the sample consisting of
400 mJ had a more homogenous particle
distribution with dimensions ranging between
24.1 and 75.7 nm. The mean particle size of this
specimen was lower compared to 300 mJ
sample, but there were some bigger particles.
Besides, the shapes were more diverse, the
particles taking cubic or almost cubic shapes.
The higher laser energy seems to provide a more
precise control of the particle size and also it
provokes new morphological variations. The
background was again found to have a darker
square and this could be a result of sample
preparation or scanning conditions.

The 500 mJ samples showed the particle
sizes between 57.2 and 91.4 nm, which indicates
that they tended to have larger particle sizes
compared to 300 and 400 mJ samples. The size
distribution of particles was less concentrated

and the density on the surface was less. The
intensified laser energy must have provided
more energy to grow the particles stimulating the
production of bigger particles and more inter-
particle spacing. Although the sizes were larger,
the particles were still mostly spherical in shape
with few showing slight aberration in shape.
Therefore, raising the laser energy of 300 to
500 mJ gave higher particle size and spacing
with  morphology and homogeneity of
distribution changing — a finding that is in good
agreement with earlier studies [21].

X-ray diffraction (XRD) is another common
method of characterizing samples of GaOs,
allowing characterization of crystal structure,
phase composition, orientation, texture, lattice
parameters, crystallite size and strain [13]. This
kind of information is useful in the optimization
of production and processing strategies [14].
Fig. 2 shows XRDs of thin films of Ga,O3; made
using pulsed laser deposition (PLD). The
diffraction peaks were identified and listed
according to their correlation with the JCPDS
card no. 962004988.
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XRD patterns of Ga,Os thin films formed via PLD at ambient temperature using a Nd : YAG laser

(A =1064 nm) with energy levels between 300 and 500 mJ

X-ray diffraction traces of the irradiated
specimens with laser energies of 300, 400 and
500 mJ indicate that there is a significant
increase in the crystallinity and microstructural
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homogeneity. There is an increasing pattern in
the intensities of the diffraction peaks, which
reach their highest with increasing laser fluence,
reaching their peak at 500 mJ. This tendency is
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an indicator of a high level of crystalline order
and a high level of structural organization of the
material. Notably, the locations of the diffraction
peaks are not moved, which points to the fact
that the basic crystalline structure is maintained
over the entire energy spectrum [12]. Moreover,
the higher the energy, the smaller is the full
width at half maximum (FWHM) of the
diffraction peaks, which indicates the increase in
the size of the crystallites and an attendant

decrease in microstrain. Thus, the reduced grains
and smaller widths of the peaks would mean that
there are less lattice defect and dislocations,
which would make the crystal structure more
prominent. In short, an increase in energy will
enhance the quality of the crystal faces [15]. The
measured values of the structural parameters,
such as the grain size, the density of dislocations
and the remaining stress, are summarized in
Table 1.

Table 1.  Structural characteristics of the prepared thin films
Laser ener Peak FWHM rain siz Density of disl ion

my o T T aistocationgmmy  Stresse
24.30 201 1.80887 421 0.0157 0.1104
29.48 —401 1.1806 6.92 0.0075 0.0875

300 30.71 -202 0.8692 9.18 0.0028 0.0607
33.95 -111 2.84213 3.56 0.0231 0.152
60.38 020 0.91476 12.9 0.0017 0.0316
24.05 201 1.92124 3.83 0.0194 0.1405
29.52 —401 1.17521 7.55 0.0071 0.0864

400 30.71 -202 1.14731 7.87 0.0063 0.0848
34.02 —111 2.89476 3.46 0.0236 0.1872
54.15 203 3.81702 2.67 0.0508 0.1888
60.50 020 0.9621 11.94 0.0017 0.0285
2425 201 1.58854 5.12 0.0048 0.889
29.46 —401 0.84814 9.68 0.0014 0.351
30.72 —202 0.58936 13.98 0.0007 0.239
34.04 —111 1.34406 6.18 0.0034 0.504
35.53 111 1.04847 7.96 0.0021 0.381

500 36.90 401 0.91393 9.16 0.0016 0.326
43.54 —-112 0.95902 8.92 0.0017 0.289
46.18 =312 0.58171 14.85 0.0006 0.167
54.31 203 0.87918 10.15 0.0014 0.194
60.60 020 0.8824 10.43 0.0013 0.178

The structural characterization of the the density of dislocations was 0.0231

samples irradiated with laser energy of 300, 400,
and 500 mJ illustrates significant improvements
of material properties with a rise in the energy.
The sizes of grains at 300 mJ varied between
3.56 and 12.9 nm with the smallest grains being
linked to the (111) plane and the largest one to
(020) plane. High FWHM at this energy signifies
smaller crystallites and high-degree of
microstrain whereas the dislocation density is
greater indicating an enhanced number of lattice
imperfections [4]. In the case of the (111) plane,
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dislocations/nm. When the laser energy was
increased to 400 mJ, the grain sizes were 2.67 to
11.94 nm; the FWHM decreased slightly, a
possible increase in crystal size and smaller
microstrain [16]. However, the density of
dislocations was still significant, especially in
the plane (203), which indicates the existence of
outstanding lattice defects. The stress level also
increased with the highest level being recorded
in (111) plane. Under 500 mJ, there was a
significant increase in the structural properties of
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the material: grain sizes increased (5.12—14.85 nm)
and the (312) plane increased in size
significantly. The FWHM values also reduced
significantly, which indicates big crystallites and
reduced microstrain. Density of dislocations
reduced significantly and it was lowest at (312)
plane which implies a decrease in lattice defects.
The values of stress were not very high, but
overall they were less than 400 mJ. The gradual
increase of the laser energy (300-500 mJ)
therefore has a major effect on the enhancement
of crystallinity, grain size, and structural
integrity of the material.

Transmittance, absorbance, and optical
bandgap were used to analyze the optical
properties of the GayO; thin films [17].
Transmittance is the percentage of incident light
that is transmitted through the material and the
absorbance is used to measure the quantity of
light absorbed at a wavelength [18]. The optical
bandgap can be determined, which can be used
to classify the films as direct or indirect
semiconductors [13]. The insights are essential
to comprehend the photonic properties of the
Gay0; thin films and in developing them in
applications of  optoelectronics/photovoltaic
utilization. Figs. 3 and 4 show the transmittance

100 -
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Transsmition %
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0:||||||||||||||||||.

and absorbance of the thin films
wavelength.

The optical absorbance spectra of Ga,0s thin
films made with laser energies of 300, 400, and
500 mJ are shown in Fig.4. We observe a
significant reduction in absorbance throughout
the UV-Vis spectrum with increasing laser
intensity. The energy of the laser pulses during
deposition affects the film’s density and
thickness, which determine its absorbance. Films
deposited with high energy levels typically
demonstrate reduced absorbance, indicating a
more homogeneous and less dense structure.
This pattern may also suggest that increased
laser energy results in fewer defects inside the
material [19, 20].

Fig. 5 shows that the optical energy bandgap
of Ga,0; thin films grows with the laser energy.
The films produced using a laser energy of
300 mJ had an energy bandgap of 4.6 eV, but
those deposited with 400 mJ had a bandgap of
4.75 eV, and those deposited at the maximum
laser energy of 500 mJ had the widest bandgap
of 4.8 ¢eV. This indicates that a higher laser
energy leads to a reduced number of sub-
bandgap states and localized faults within the
Ga,0; lattice, improving the crystallinity of the
films and their optical performance [19].

against
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Fig. 3.

Plot of the optical transmittance of Ga,Os thin films made using PLD with a Nd:YAG laser at room

temperature. The laser had a wavelength of approximately 1064 nm and energy ranging from 300 to 500 mJ
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Fig.4.  Plot of the optical absorbance of Ga,Oj; thin films made using PLD with a Nd : YAG laser at room
temperature. The laser had a wavelength of 1064 nm and an energy ranging from 300 to 500 mJ
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Fig.5.  Tauc plot showing the optical energy bandgap characteristics of Ga,Oj; thin films deposited via PLD at

room temperature. The films were deposited using a Nd : YAG laser with a wavelength of 1 = 1064 nm

and energy ranging from 300 to 500 mJ

CONCLUSION

This work examined how variations in laser
power alter the shape, morphology, and optical
properties of Ga,Os3 nanoparticles deposited via
PLD, with the goal of understanding their
potential as a coating for solar panels. An XRD
analysis showed that the thin films tended to be
oriented along the (111) plane, meaning that the
crystal lattice was aligned in a consistent
manner. The observation of monoclinic crystal
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structures confirmed that the thin films were
crystalline. It was found that the diffraction
peaks grew with the laser energy, indicating that
the latter had a strong impact on the crystal
shape and orientation of the Ga,Osz nanoparticles.

However, additional parameters, including
substrate temperature and deposition duration,
might also affect the crystallographic
characteristics.

The optical effects indicated the viability of
Ga;O3 thin films for solar panel applications.
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The films were largely transparent within the UV
spectrum, which implies that they can effectively
transmit daylight. As the layer thickness
increased, the optical bandgap narrowed. This
shows that thicker films have lower energy
thresholds for light absorption, an indication of
semiconductor traits. These optical
characteristics are promising for their application
in optoelectronics and photovoltaics.

This study concentrated on a limited number
of laser energy levels; future experiments ought
to look at a wider range of parameters to
maximize the characteristics of Ga,O3; coatings.
Also, other variables of deposition, including the
temperature of the substrate and atmosphere,
should be considered. The results in this article
might guide the developments to improve the

coating. Through optimization of laser energy
deposition procedures, solar panel manufacturers
can have a greater power conversion efficiency
and long life. The findings also indicate
opportunities of developing Ga,O; based
materials to suit other optoelectronic devices
other than solar cells. The future study needs to
focus on assessing the performance of different
dopants on the properties of Ga,O3 coating and
how they may affect the performance of solar
panels. Also, exploring the interactions between
Ga;O3 coats and various solar cell architectures
and designs may result in tailored panels that are
optimized to address particular usage and
environmental factors. Such coatings can help to
make energy in the future a lot cleaner and more
sustainable.

performance of the solar photovoltaic GaxOs

BruiuB s1a3epHoi eHeprii Ha BJIACTHUBOCTI HAHOYACTUHOK OKCHAY TaJilo0 JAJIsl HOKPUTTS
MOBEPXHi COHAYHUX MaHeJeH
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Y yvomy Oocnioswcenni poszensdacmovcs 6naug naszepHoi emepeii Ha mopghonociio, po3mipu ma OnmuyHi
61ACMUBOCMI HAHOYACMUHOK OKcudy 2anito (Gax03), npusnauenux Ot NOKPUMMSs NOGEPXHI COHAYHUX naneneu. Y
POOOMI QOCHIONHCYEMBCA BNAUE PI3HUX PIBHI6 JA3epHOI eHepeil nid uac npoyecy 0CA0NCeHHs HA KPUCMATNIUHY
CMPYKmMypy, MOPGONO2iI0 NOBEPXHI MA ONMUYHI 61ACMUEOCMI HAHOYACMUHOK. Penmeeniecoka ougparxyis (XRD)
susHauae bOaoicany opicumayito ma Kpucmanocpagiuny @azy. Cnexmpockonis ¢ Y@ ma eudumiti obnacmi
00CIOHCYE NPONYCKAHHS, NOSTUHAHHA MA WUPUHY ONMUYHOI 3a00poHenol 30nu. JocniodcenHs cnpsmosane HA
nokpauenus nokpummis Ga>O3z 01 niosuujerHs eqeKmueHOCmi 6 MexHOLO02IAX CMal020 NepemeopeHts eHepeii.
Excnepumenmanvua memoodonocisa oxonntoe upobHuymeo Hanoyacmunok Ga;03 ma Xxapakmepucmuky MOHKUX
nnigok. I panynu Ga;Oz cunme3yromvbcs 3 NOPOUIKY OKCUOY 2Ali10, A CKIAHI NIOKIAOKU OYUULYIOMbCA Md 20MYIOMbCA.
Nd:YAG-nazep euxopucmosye imnynvcHe naszepue ocaodxcentsa (PLD) Ona naneceHHs MOHKUX NAIBOK HA NIOKIAOKU.
Onmuuni inmepgepenyitini cmyeu gusHauaroms mosuwjuny naigku, mooi ax ACM oyinioe wopcmkicme noepxHi.
Onmuuni Xapakxmepucmuxy GUMIPIOIOMbCsL 3 OONOMO2010 0BONPOMEHe8020 chnekmpogomomempa. Pezyismamu
BKA3VIOMb HA BUpAdICeHe BUPIGHIOBAHHS 63006dc niowunu (111) ma uaseHicmb MOHOKMIHHUX KPUCMALIYHUX
cmpykmyp y moukux niuiekax Ga:0;z. 36invuienns enepeii 0caddicents noCUNIOE IHMEHCUSHICMb NiKig. 30inbuieHHs
MOBGWUHU NII6KU NIOBUWYE HANPY2Y MA 3MEHULYE pO3MIp Kpucmanimie. Onmuune 00CIIONCEHHs GUABTIAE NIOGUYEHE
NPONYCKAHMSI ™A NOAUHAHHA 6 YIbmpagionemosomy Oianda3oui. 3MeHuleHHs WUpuHu 3a00pPOHEHOT 30HU
8i00y8acmuvcs 3i 30LIbWIEHHAM MOSWUHU WAPY, WO CEIOYUMb NPO NpsMi HANIBNPOBIOHUKOGI enacmusocmi. Lle
docnioxcentss 0ae YiHHY IH@opmayiio npo mopgonoeio, apximekmypy md ONMUYHI  XAPAKMEPUCMUKU
Hanouacmunox Ga0s. Le 0038013€ Ham po3pobaamu NOKpawjeHi NOKpumms O COHAYHUX NaHenell, Wo CHpuse
no0anIbUOMY BUKOPUCIAHHIO eHepeil.

Knrouosi cnosa: nazepna enepeisi, HAHOUACMUHKU OKCUOY 2ATi0, MOHKONIIBKO8e NOKPUMMS, COHAYHI naHe,
iMNYIbCHe Ia3epHe 0CAONCEHHS, PO3MIP KpUCmanimie
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