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1 Introduction

ABSTRACT

Demands for cheaper solar cells have led researchers to less complex, low-temper-
ature, vacuum-free thin-film deposition processes, like spray pyrolysis and sol—-
gel spin coating. Previous studies of 3-Ga,O; thin-film deposition have used aque-
ous solutions of gallium nitrate which have strong tendencies to form hydroxide
precipitates. This leads to the blockage of spray gun nozzles. To avoid precipita-
tion, tetrahydroxogallate (III) ammonium was used as a novelty precursor in this
study for the synthesis of 3-Ga,O;. In the spray pyrolysis technique, the precursor
was deposited on sapphire substrates at 200 ‘C, with a carrier gas pressure of
200 kPa. The same precursor, with added monoethanolamine to enhance viscos-
ity, was used in the spin coating method. A polycrystalline 3-Ga,Oj; structure was
obtained by post-annealing films at 750 “C in ambient air. The spin-coated films
with thicknesses ranging from 165 to 354 nm exhibited an average crystallite size
of 17.78 nm and an optical band gap range between 4.80 eV and 4.95 eV. Films
produced by spray pyrolysis had thicknesses ranging between 158 and 255 nm,
an average crystallite size of 17.55 nm, and a band gap ranging between 4.69 eV
and 4.93 eV. From Raman spectroscopy, the molecular vibrational modes A, and
B, were detected, featuring three blue shifts and two red shifts. Films showed a
UV-blue region originating from oxygen and gallium vacancies in the lattice, an
important characteristic for good photodetectors and vital for solar cell passiva-
tion. When utilizing (3-Ga,O; as dielectric coating, the refractive index between air
and solar cells is reduced, enhancing solar energy absorption. Similar results were
obtained for both synthesis techniques confirming the reliability of the methods.

abundant energy sources, is widely believed to be a
promising way to address these challenges. Conver-

Energy crisis and environmental pollution are some of  sion of these energies into electricity and utilization is
the main global challenges that hinder economic devel-  considered an effective way to address this global con-
opment. Renewable energy, including but not limited ~ cern. Consequently, the research calling for materials
to solar, geothermal, and wind energy, as clean and  that can enhance the conversion of renewable energy
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into electrical energy is a step in the right direction
[1-3].

Semiconductor materials stand out uniquely in this
research endeavor. Narrow band gap semiconductors
like silicon find applications in producing solar energy
cells although they are not yet very efficient. On the
other hand, wide band gap semiconductors are par-
ticularly suitable in the wind and geothermal energy
conversion to electricity and high-power optoelectron-
ics, given their common characteristics of high break-
down voltage, high thermal stability, low-ON-state
resistance, low leakage current, and to some extent,
good thermal conductivity [4]. To achieve improved
wide band gap semiconductors, other classes of semi-
conductors, including metal oxides, have also been
investigated [5].

Wide band gap semiconductors (WBGS) are
resorted to since they allow power electronic compo-
nents to be smaller, faster, more reliable, and more effi-
cient while still allowing devices to operate at much
higher temperatures, voltage, and frequencies than
those normally associated with semiconductors [6].
Until now, gallium nitride and silicon carbide of the
WBGS have been studied extensively, but their physi-
cal properties have not met the application demands in
high-power optoelectronic applications and excessive
thermal energy experienced in geothermal and wind
energy conversion to electricity. 3-Ga,O; has emerged
to be the ideal WBGS for high-power optoelectronic
applications and geothermal and wind energy conver-
sion to electricity due to its physical properties, includ-
ing high thermal resistance, high breakdown voltage,
and low leakage current, among others [6]. They can
also be applied in dielectric coatings of solar cells and
their passivation to minimize reflection and corrosion
thereby increasing their stability and hence lifespan
[2, 7-11].

The synthesis method and starting precursors in the
production of thin films affect the properties of the
final thin-film materials [7, 12]. Previously employed
processes in the production of (3-Ga,O; like chemical
vapour deposition and halide vapour epitaxy required
a vacuum and fume chamber as the process involved
hazardous fumes [13]. Some like metal-organic
chemical vapour deposition and chemical dip coating
require more than one oxidizing agent like water, oxy-
gen, and nitrous oxide making the process complex.
Thermal vapour deposition relies heavily relied on a
vacuum for the process to be successful [16]. There-
fore, the synthesis of $-Ga,O; by spray pyrolysis and
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sol-gel spin coating methods will remedy some of
the disadvantages mentioned as these techniques are
vacuum-free solution-based processes.

Previous studies synthesized $-Ga,O; by hydrous
dissolving gallium nitrate in water. This solution had
a strong tendency to form gallium hydroxide. The gal-
lium hydroxide tended to precipitate and therefore
caused blockage of spray gun nozzles. This could only
be avoided by creating an acidic solution of stabilizing
Ga®* ions by acetylacetonate which has low solubility
in an aqueous solution [14]. To avoid precipitation of
the start-up precursor and the cumbersome process,
tetrahydroxogallate (III) ammonium was used as a
novelty precursor in this study for the synthesis of
B-Ga,O;.

Depending on the growth conditions and crystal
structure, Ga,0O; can function as either an insulator
or an n-type wide band gap semiconductor [13]. This
research explored the viability of spray pyrolysis and
spin coating techniques as potential synthesis methods
for 3-Ga,O3;. We compared the structural and optical
properties of the thin films produced using these syn-
thesis techniques and consequently established the
optimal concentration of gallium nitrate in the precur-
sor based on the optical and structural property values
obtained to be a benchmark for future research. This
optimization of precursor concentration is another
novelty of this research.

2 Methodology
2.1 Sample preparation

The 3-Ga,O; was prepared by dissolving hydrated
gallium nitrate salt (Merck) in 20 ml of 32% concen-
trated ammonium hydroxide (Merck) to produce
the precursor tetrahydroxogallate (III) ammonium
which has a high pH of 11.93 [15]. The prepared pre-
cursor had varying concentrations of 0.02 M, 0.03 M,
0.04 M, 0.05 M, and 0.06 M of hydrous gallium nitrate
in tetrahydroxogallate (III) ammonium of which by
mole concept translated to 5.0 at%, 7.5 at%, 10.0 at%,
12.5 at%, and 15.0 at% of gallium nitrate in the precur-
sor (herein referred to as precursor concentration). The
precursor solution was stirred using a magnetic stirrer
at 25 C and 150 rpm for 1.5 h to achieve a homoge-
neous solution. To ensure complete dissolution, the
precursor was kept at room temperature for 24 h and
was then directly used for spray pyrolysis. For sol-gel
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Fig. 1 Spin coating steps: a Liquid
. s . dispenser
solution deposition, b spinner /
acceleration, ¢ continuous
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evaporation and film thinning
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spin coating, the precursor’s viscosity was increased
by adding monoethanolamine (C,H,NO) and left for
24 h to allow the formation of colloids [16].

The heterogeneous reaction involved in the pro-
duction of 3-Ga,0; originated from the reaction of
hydrated gallium nitrate with concentrated ammo-
nium hydroxide, resulting in the formation of tetrahy-
droxogallate (II) ammonium and ammonium nitrate.
The decomposition of this compound produced beta-
phase gallium oxide and nitrogen gas [15].

The tetrahydroxogallate (III) ammonium does not
form precipitates that could otherwise lead to nozzle
clogging and inhomogeneous film deposition during
spray pyrolysis [15]. The samples deposited on the
sapphire substrate using spray pyrolysis and sol-gel
spin coating were optically and structurally character-
ized, and the results were compared.

2.1.1 Spin coating deposition

The spin coating deposition was carried out on flat
1-cm? sapphire substrates, and the process was
divided into four stages: deposition, spin-up, spin-off,
and evaporation, as illustrated in Fig. 1. The precursor
solution was dropped in the center of the stationary
substrate. It was subsequently accelerated at an angu-
lar acceleration of 3.598 rad/s? to a spinning revolution
of 3000 rpm for 30 s [15]. The samples were then dried
in the oven at 40 ‘C for four minutes before applying
an additional layer at room temperature. The process
was repeated five times to achieve a good film. Post-
annealing was conducted at 750 ‘C in ambient air for
15 min to obtain the desired (3-Ga,O;.
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Fig. 2 Schematic diagram of the spray pyrolysis setup

2.1.2 Spray pyrolysis deposition

The spray pyrolysis technique is typically used to
deposit the materials in thin-film form. The deposi-
tion setup consisted of a spray gun connected to the
nitrogen carrier gas line, a hot plate, and a thermo-
couple. The schematic view of this setup is shown
in Fig. 2.

The 3-Ga,0O; was deposited pyrolytically onto
a 1-cm? sapphire substrate. The precursor solu-
tion of tetrahydroxogallate (III) ammonium and
the nitrogen carrier gas were passed through the
spray nozzle at 0.035 L per minute deposition rate.
To maintain an average hot plate temperature of
200 °C, spraying was carried out in two bursts per
second with a three-second interval between each
successive set of two bursts [16, 17]. In total, four-
teen bursts were used for all depositions, while the
carrier gas pressure was maintained at 200 kPa.

@ Springer
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Post-annealing was then conducted at 750 C in
ambient air for 15 min to obtain the desired 3-Ga,Os.

2.2 Sample characterization
2.2.1 Structural characterization

The imaging of the microstructure and morphology
of films were determined using a Scanning Electron
Microscope (FEGSEM: Zeiss 540 Ultra) operating at
2.0 kV. Energy-Dispersive X-ray Spectroscopy (FEG-
SEM: Zeiss 540 Xbeam) was utilized to identify the
element composition of samples, percentage weight
of elements, and stoichiometry of synthesized films,
making it possible to identify dominant elements.
X-ray diffraction was employed to investigate the
crystal structure by determining the orientation
and crystallite size of the material. This was carried
out using a Bruker D2 Phaser X-ray diffractometer
(XRD) with CuK, radiation, a 1.5406 A source, and
scanning speed of 0.05° per second for 20 at 15°-60°
range.

From the XRD spectrum, the average crystallite
size (D) is calculated using Williamson-Hall’s for-
mula of equation:

Pcost) = % + 4esing, (1)

where g is the full-width-at-half-maximum (FWHM)
of the diffraction peak intensity at the diffraction
angle 20, k is the Scherrer constant (k = 0.9), A is the
wavelength A = 1.5406 A, and ¢ is the strain. For spray
pyrolysis films, the peak position (20) at 21.09° (- 201
orientation) and 27.78° (400 orientation) were used,
whereas for spin-coated films, 20.97° (- 201 Orienta-
tion) and 27.78° (400 orientation) were used.

The plot of cos 6 against sin 6 gave the slope
(4¢) and the intercept (kA/D) from which strain and
crystallite size were calculated, respectively. Lattice
parameters 4, b, ¢, and y were calculated from the
same orientations, (- 201) and (400), to confirm the
monoclinic structure of 3-Ga,0O;.

For the Raman spectroscopy, a WITec alpha 300
RAS + confocal Raman microscope with 532-nm
excitation was employed. This technique was used
to identify the vibrational modes of the molecules
when compared to calculated local density approxi-
mation (LDA) and previous experimental data of the
[-Ga,O5 functional groups.
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2.2.2 Optical characterization

Film thickness (d) was measured using a Tencor
Alpha Step 2000 Profilometer. Transmittance and
absorbance measurements were conducted at near
normal incidence in the wavelength range from 200
to 800 nm using Cary 100 Bio UV-vis spectroscopy.
The absorption coefficient («) is subsequently deter-
mined using Beer-Lambert’s formula (2):

« =23032, (2)
d

where A represents the optical absorbance obtained

as the peak absorbance value of the spectra and 2.303

is the conversion factor from a decimal to a natural

logarithm [16]. Similar results were obtained from

transmittance spectra (3):

a= %(‘104%10%)/ 3)

where T is the peak transmittance value of the
obtained spectra [18].

The relation between the absorption coefficient (a)
and the photon energy (hv) is described in Eq. (4):

(ahoys = A(ho - Ey ). (4)

This equation was used to determine the optical
band gap (E,), where A is a constant and n depends
on the type of transition. In this case, a direct transi-
tion occurs, so n =" [19].

From Elq. (4), the absorption coefficient varies as

(hv - Eg> 2 Plots of (ahv)? versus photon energy (/1)

in the high absorption region with extrapolations of
the curves to (hv) axis at (ahv)® = 0 gave direct energy
band gap, E, [19].

3 Results and analysis
3.1 Structural analysis

This included SEM imaging structure and morphol-
ogy, EDX elemental composition and percentage,
XRD plane orientations and crystallite size, and
Raman molecular vibrational modes of various
sprayed and spin-coated films.
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Spin coated SEM imaging Spray pyrolysis SEM imaging

Fig.3 SEM of spin-coated and pyrolytically sprayed thin
films of B-Ga,O; at varied concentrations a 5.0 at%, b 7.5 at%,
¢ 10.0 at%, d 12.5 at%, and e 15.0 at%, after post-annealing at
750 °C
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concentrations, but with similar surface features for
the same concentration. EDX spectroscopy confirmed
that gallium and oxygen dominated the samples with
some aluminum, likely originating from the sapphire
substrate. This trend was similar for films obtained
from both spin coating and spray pyrolysis.

The morphology of the initial 5.0-at% spin-
coated film has smaller agglomerates compared
to the sprayed films of the same concentrations,
where the agglomerates were larger. In subsequent
films with higher concentrations, the morphologies
were not significantly different. At concentrations
of 7.5 at% and higher, the agglomerates are larger
than those observed in 5.0 at%, but there is not a
significant change in the morphology for the higher
concentrations.

3.1.2 Orientation, lattice parameters, and vibrational
modes

XRD analysis was used to determine the orientation
and crystallite size of the material. The diffractograms
exhibited the monoclinic structure of 3-Ga,O;. The
peak intensity of gallium oxide deposited by spray
pyrolysis was higher compared to the spin-coated
films, but the orientations of planes were consistent,
as demonstrated in Fig. 4 at (- 201) and (400).

The XRD patterns of both the sprayed and spin-
coated films displayed a shift to lower angles relative

Fig. 4 X-rays diffractograms 100000 200000 - " 9
) Spin coated at¥%-Ga05 - 0ot [Pyrolytically sprayed at A:B-Ga20§ — 50 at:Az
of a spin-coated and b pyro- B g S Sapphire substrate | = | 75 atf.
lytically sprayed p-Ga,O, 800001 = = Swpphing= | —— 100 at% 150000 - s g — }22;’{$’
i i 3 —1n5aW 3 S 3 _ 2 Sat%
deposited on sapphire and = + 1500t & < R ERy — 15.0at%)
. ~ —_~ - =z Iz >
post-annealed at 750 °C in & 600004 = S|z g2 a £ om0 ER
. . i =z <l =] = 2
ambient air E N
&; 40000 - W = S
M ]
= ] 50000 ——
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0 Jb e 01
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Angle 20 (Degrees) Angle20 (Degrees)
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3.1.1 Morphology and elemental analyses

The SEM image in Fig. 3 revealed porous structures
in both spin-coated and pyrolytically sprayed thin
films, displaying different grain sizes for various

to the theoretical JCPDS data (No. 11-370). In this
study, the (400) peak (at angle 20 =28°) had the high-
est intensity, whereas, in JCPDS data (No. 11-370), the
(-202) peak (at angle 26 =32°) had the highest inten-
sity. However, both experimental and theoretical

@ Springer
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Fig. 5 Plots of the Williamson—Hall formula for a spin-coated and b pyrolytically sprayed $-Ga,O; films from which crystallite size (D)

and the strain (¢) were determined

Table 1 Calculated average

p-Ga,0; a (nm) b (nm) ¢ (nm) 7 )
structural parameters of
-Ga,05 and previous Spin coated 1.249 0.310 0.590 103.71
theoretical/experimental Pyrolytically sprayed 1.221 0.304 0.580 103.82
results Experimental Ref [17] 1.234 0.308 0.587 103.90
Theoretical Ref [18] 1.255 0.308 0.589 103.67
Previous experiment [18] 1.222+0.002 0.304 +£0.001 0.580+0.001 103.70

values exhibited a (400) peak to have a higher intensity
than the (-201) peak. The absence of a (-202) peak from
the XRD patterns indicates that there is some preferred
orientation in the films.

The FWHM (B) obtained from the (-201) and (400)
peaks were used to calculate the average crystal-
lite sizes (D) using the Williamson—Hall formula of
Eq. (1). For spin-coated and pyrolytically sprayed
samples, the calculated average crystallite sizes were
17.7748 + 0.5 nm and 17.5487 + 0.5 nm, respectively.
The strain of the films was also determined by apply-
ing Eq. (1) to Fig. 5, yielding average strain values of
1.377 x 107 and 2.266 x 10~ for spin-coated and pyro-
lytically sprayed samples, respectively.

The difference in the strain can be attributed to the
temperature of the substrates at the time of film depo-
sition. Since the pyrolytically sprayed samples were
prepared at higher substrate temperatures (200 C)
compared to spin-coated films (prepared at room tem-
perature, i.e., 28 C) for the same precursor concentra-
tion, this could have contributed to higher strains in
pyrolytically sprayed films.

@ Springer

From Fig. 5, the nonlinear points were an indication
of non-uniform film distribution in spin coating tech-
niques compared to pyrolytically sprayed films. It was
also noticed that the 10-at% precursor concentration
exhibited the largest crystallite size and lowest strain.
Away from this concentration, the films demonstrated
smaller crystallite size and higher strain. This can be
attributed to the fact that lower precursor concentra-
tions of 5.0 at% and 7.5 at% had less particle layer
overlap compared to 10.0-at% films. But as the par-
ticle layers build up as in 12.5 at% and 15.0 at%, high
nuclear-electron attraction increases which causes par-
ticles to reduce in their atomic radii and increase strain
in the structure. This led to optimal concentration for
crystallite size and strain of films at 10.0 at%.

Further, the lattice parameters for (3-Ga,O; films
were determined and are shown in Table 1. These were
compared to values for films reported by others [17,
18]. The results were consistent with the theoretical
and experimental results, confirming the monoclinic
B-Ga,Os,.

The Raman spectroscopy was employed to comple-
ment XRD analysis in characterizing —Ga,O; [20].
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Fig. 6 Raman spectra of spin-coated and pyrolytically sprayed p-Ga,0O; post-annealed at 750 °C
Table 2 LDA calculated and experimental functional groups data vibrational modes of $-Ga,0; on sapphire substrate
Sample No 1 2 3 5 6 7 8 9 10 11 12 13 14 15
Mode Symmetry A, B, B, A, A, A, A, B, A, A, B, A, B, A, A,
LDA calculated wavenumber (cm™") [20, 21] 104 113 150 160 207 317 348 356 414 469 474 601 624 635 732
Experimental data wavenumber (cm™') [20, 21] 111 114 147 169 199 318 346 353 415 475 - 628 651 657 763
This Work wavenumber (cm™}) - - - - - 387 402 428 459 586 - - - 758
Wavenumber shift (cm™) - - - - — 441 +49 +13 -16 - - - - =5

The Raman spectra for both spin-coated and pyrolyti-
cally sprayed samples are presented in Fig. 6.

The Raman peaks in the spin-coated films appeared
at the same wavenumber positions as those in spray
pyrolysis, but the intensity was higher for the spin-
coated samples. Five vibrational modes of 3-Ga,O;
were identified as A, and B, at wavenumbers
386.9 cm™, 427.5 cm™, 459.1 ecm™, 586.1 cm™', and
758.6 cm™!. Additionally, the spray pyrolysis sample
with the 10.0-at% solution concentration exhibited the
sixth vibrational mode at wavenumber 402.7 cm™..
These findings were consistent with previously cal-
culated LDA data and experimental data on 3-Ga,O;
functional groups [21, 22]. The peaks that were not
consistent with the LDA data such as one at wavenum-
ber 586.1 cm™ (Table 2) were identified to be associ-
ated with bending and stretching modes in the sap-
phire substrate and defects in samples.

The peaks at wavenumbers 386.9 cm™, 402.7 em™},
and 427.5 cm™' exhibited a blue shift, whereas
459.1 cm™! and 758.6 cm™ exhibited a red shift com-
pared to the LDA functional group data. The peak
586.1 cm™! showed no shift with respect to experimen-
tal data of LDA functional group data. A significant

number of defects have been linked to the red shift,
while blue shifts were observed in other cases [22].

These results provided evidence that the samples
under investigation consisted of 3-Ga,O; in agreement
with functional group data of previous studies. Fur-
thermore, the samples were found to be stable under
the X-ray beam and green laser used in Raman spec-
troscopy during our investigation.

3.2 Optical analysis

UV-vis spectroscopy was used to analyze transmit-
tance and absorbance spectra in the wavelength range
of 200 nm—-800 nm. The graphs in Figs. 7 and 8 were
analyzed alongside the film thicknesses that were
measured using a profilometer.

From Fig. 7, when considering the absorbance at a
wavelength of 600 nm, absorbance values for samples
synthesized by spin coating ranged between 4.5% (or
0.045) and 13.0% (or 0.13), whereas those pyrolyti-
cally sprayed films ranged between 0.6% (or 0.006)
and 4.2% (or 0.042). The samples prepared by spray
pyrolysis demonstrated lower absorbance compared

@ Springer
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Fig. 7 Absorbance spectra of $-Ga,0O5 deposited by (a) spin coating and b spray pyrolysis at various concentrations
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Fig. 8 Transmittance spectra for the various concentrations of f-Ga,O; deposited by a spin coating and b spray pyrolysis

to spin-coated samples, as depicted in Fig. 7. The same
trend was observed in the transmittance spectra, as
depicted in Fig. 8 for both spin-coated and pyrolyti-
cally sprayed samples.

In the wavelength range of 600 nm—-800 nm, the
spin-coated materials exhibited transmittance levels
between 93% and 98.5%, whereas sprayed samples
transmitted light in the range of 97% and 99%, as
shown in Fig. 8. In both cases, it can be noted that
the sample with 10 at % concentration demonstrated
the lowest absorbance and highest transmittance.
From Figs. 7 and 8, at UV-vis wavelength range
of 600 nm-800 nm, the high transmittance and low

@ Springer

absorbance is an indication that the particles in the
[-Ga,0; had very few bonds with vibrational energy
that corresponded to the frequency of incident light
at the point of matter-light interaction. High absorb-
ance by spin-coated films compared to pyrolyti-
cally sprayed of the same precursor concentration
is attributed to non-uniform film distribution in the
former caused by the acceleration of substrate during
spinning and defects in crystals that absorb certain
frequencies.

Film thicknesses were measured using profilom-
etry. These values were used to calculate absorp-
tion coefficients from Beer-Lambert’s formula from
Eq. (2). These two parameters were then used in
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Fig. 9 Tauc plots used to determine the optical band gaps of -Ga,O; deposited by a spin coating and b spray pyrolysis

Table 3 Spin-coated films absorbance at 600 nm, average layer literature results [23], which fall within the range

thickness, and energy band gap of 4.66 eV to 4.99 eV.
at% p-Ga,0;  Absorb- Thickness d (nm)  Band gap Eg

ance A V)

(a.u) 4 Summary of results
5.0 at% 0.130 164.99 4.95

The summary of the samples’ properties was com-

7.5 at% 0.103 167.24 491 . .

10.0 at% 0.045 28113 480 pared for spin-coated and pyrolytically sprayed sam-
12'5 % 0.085 298.31 4'87 ples, as shown in Tables 5 and 6, respectively. The
15'0 :t‘; 0'1 3 354'12 4.89 XRD peak ratios of peak (400)-to-peak (- 201) and

Raman spectra peak ratios at wavenumbers 428 cm™
to 759 cm ! were also determined.

The higher XRD and Raman spectra peak ratios
observed in spin-coated films compared to pyrolyti-
cally sprayed films indicate a greater degree of parti-
cle alignment along (400) direction, suggesting a more
uniform structure in pyrolytically sprayed films than
spin-coated films. The spin-coated films have a wider

Table 4 Spray pyrolysis films absorbance at 600 nm, average
layer thickness, and energy band gap

at% p-Ga,0; Absorbance  Thickness d (nm) Band gap

A@w Eg (V) FWHM, B, for the (400) peak, implying a larger crystal-
5.0 at% 0.042 158.21 4.93 lite size in comparison to the pyrolytically sprayed films.
7.5 at% 0.037 170.35 4.87 The determined optical band gaps fell within the range
10.0 at% 0.006 200.29 4.69 of the previous studies, ranging from 4.66 eV to 4.96 eV.
12.5 at% 0.008 231.67 4.82 The synthesized films exhibited molecular vibrational
15.0 at% 0.023 255.20 4.85 modes of 3-Ga,O; namely A, and B, as confirmed by

Raman spectroscopy. Overall, the structural and opti-
cal properties of samples synthesized by spin coating
closely resembled those synthesized by spray pyrolysis.

Eq. (4) to plot the graphs shown in Fig. 9, from which
the optical energy band gaps were determined.

The results obtained are tabulated in Tables 3 and
4 indicating optical energy band gaps ranging from
4.69 eV to 4.95 eV. These results agreed with the

@ Springer
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Table 5 Summary of properties of spin-coated thin films

J Mater Sci: Mater Electron (2023) 34:2221

Precursor  XRD peak ratio FWHM Crystallite ~Raman Spectra  Film Transmittance ~ Absorbance Optical
(at% Con.) (400): (—201) (400) g size D (nm) Peak Ratio at thickness d at 1>780 nm atA=600nm band gap Eg
(Rad) wavenumbers (nm) (%) (%) eV)
428 cm™! and
759 cm™!
5.0 1.32 0.0084 17.7571 1.54 164.99 87.02 13.0 4.95
7.5 1.58 0.0083 17.7753 1.54 167.24 89.24 10.3 491
10.0 1.41 0.0085 17.8868 1.52 281.13 96.09 4.50 4.80
12.5 1.56 0.0081 17.7424 1.51 298.31 90.70 8.50 4.87
15.0 1.82 0.0084 17.7123 1.54 354.12 87.59 11.8 4.89
Table 6 Summary of properties of pyrolytically sprayed thin films
Precursor  XRD peak ratio FWHM Crystallite  Raman Spectra  Film Transmittance ~ Absorbance Optical
(at% Con.) (400):(—201)  (400) g size D (nm) Peak Ratio at thickness d at A>780 nm atA=600nm band gap Eg
(Rad) wavenumbers (nm) (%) (%) eV)
428 cm™! and
759 cm™!
5.0 1.24 0.0078 17.5518 1.53 158.21 94.62 4.20 4.93
7.5 1.39 0.0081 17.5623 1.55 170.35 95.73 3.70 4.87
10.0 1.33 0.0083 17.5792 1.51 200.29 98.44 0.60 4.69
12.5 1.36 0.0084 17.5347 1.40 231.67 96.78 0.80 4.82
15.0 1.37 0.0079 17.5154 1.49 255.20 96.35 2.30 4.85
5 Conclusion to prior studies previously mentioned concerning

[-Ga,O; thin films were successfully synthesized from

tet

rahydroxogallate (III) ammonium by sol-gel spin

coating and spray pyrolysis techniques. The results
and analysis in this study demonstrated that the struc-
ture and morphological characteristics analyzed by
EDS, SEM, XRD, and Raman spectroscopy confirmed
the formation of $-Ga,O; with crystalline structures
obtained after annealing at 750 C in air.

An important contribution of this research is the

identification of tetrahydroxogallate (III) ammonium

as

a novel starting precursor solution for synthesiz-

ing (-Ga,O; through uncomplicated, cost-effective,
and vacuum-free synthesis techniques; namely, spray

py

rolysis and sol-gel spin coating. These methodolo-

gies have not been previously explored for this purpose.

The 10 at% concentration of gallium nitrate in

ammonium hydroxide produced the best result in

bo

A

th spray pyrolysis and spin coating compared

Springer

[B-Ga,O;. This study has shown that 10 at% of tetrahy-
droxogallate (III) ammonium is the optimal precursor
concentration. These results form the basis for further
structural and optical investigations of -Ga,Os. To the
author’s knowledge, this optimization has not been
done before and neither has tetrahydroxogallate (III)
ammonium been applied as a precursor in the synthe-
sis of 3-Ga,O; by any synthesis technique.
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