Al-Mustansiriyah Journal of Science

ISSN: 1814-635X (print), ISSN:2521-3520 (online)

Volume 32, Issue 4, 2021 DOI: http://doi.org/10.23851/mjs.v32i4.997

Cactus-like Gallium Oxide Nanostructure for Gas Sensor

Applications

Khalid H. Jebur, Nadheer J. Mohammed”

Department of Physics, College of Science, Mustansiriyah University, Baghdad, IRAQ.

Article Info

Received
25/05/2021

Accepted
27/05/2021

Published
20/11/2021

*Correspondent contact: nadheerphys@uomustansiriyah.edu.ig

ABSTRACT

Pulsed laser ablation technique in distilled water (PLAL) was employed to prepare colloid of
spindle-like B-Ga, O3 nanostructure and then deposit on the quartz substrate by the drop-casting
method to produce cactus-like p-Ga,O3 nanostructures at 90°C. The Nd-YAG Q-Switched laser
is the method to formation nanostructure from a gallium metal target by using a wavelength 1064
nm, the repetition rate of about 5 Hz and the fluency of laser about 5.57 J/cm? All the
investigations of the Transmission electron microscope (TEM) and Scanning electron microscopy
(SEM) showed that the formation of spindle-like B-Ga,O°® and cactus-like B-Ga,Os
nanostructures, respectively. X-ray diffraction (XRD) of the cactus-like p-Ga,O3 nanostructures
was investigated with a crystallite size of about 9.78 nm. The formation of cactus-like B-Ga,0;
nanostructures is the result of transformation from the prepared spindle-like B-Ga,O;
nanostructures with the optimum fluency of laser of about 5.57 J/cm?,

KEYWORDS: Gallium oxide Ga,O3 nanoparticles; distilled water; laser ablation;
nanostructure.
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INTRODUCTION

Gallium oxide Ga,0; exist in a different form, o—,
B— v — &, 6— and x—phase [1]. Out of all the
available forms, B-form is the most popular
polymorph of Ga,0;. B-Ga,O3 is the only stable
polymorph out of all the forms over a wide
temperature range till its melting point1795 °C.
The remaining polymorphs are unstable and
transform into the form at temperatures above
750-900 C°]J2[ . Gallium oxide (Gaz20s) is a wide
band gap (~5 eV) semiconductor material, wide
band gap semiconductors present advantages over
the polymers currently used for UV detection
because of their intrinsic visible blindness,
temperature stability, and enhanced radiation
hardness [3] and is a promising candidate for novel
applications in optoelectronic devices such as field
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effect transistors (FET) [4], gas sensors [5]. We
propose a simple and inexpensive thermal
oxidation process to produce GazOs thin film and
nanoparticle using by pulsed laser ablation in
distilled water (PLAL) technique on quartz
substrate because the influence of the oxidation
parameters[6].

The present work enables us to obtain new
nanostructures of 3-Ga>Oz in an easy and low-cost
method. These structures can be controlled and
increase the surface reaction by controlling the
laser fluency and substrate temperature used
accessing nanostructures of cactus-like B-Ga2O3
nanostructures with a high surface reaction that can
be used in a gas sensor application.
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EXPERIMENTAL

Gallium oxide nanostructures were prepared using
a gallium metal target (99.99%, purity) placed at
the bottom of a quartz vessel containing 2 mL of
distilled water, where a nanoscale solution was
produced using an Nd-Yag laser of wavelength
1064 nm, frequency 5 Hz and laser fluency about
5.57 Jlcm?. The quartz vessel was in a state of
rotation at a rate of 6 rpm in order to avoid the
drilling effect produced by 1000 laser pulses,
where the distance between the laser lens and the
metal target is 10 cm. The solution was precipitated
on a glass substrate at 90 °C to obtain a film of
nanoscale material as shown in Figure 1 [7].
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Figure 1. PLAL technique to produce a spindle-like -
Ga,0O3 nanostructures.

As aresult of ablated gallium metal, the suspension
of spindle-like B-Ga»Oz nanoparticles clusters have
a yellow color. This suspension precipitated on
substrate of pre-prepared quartz, where they are
placed on a hot plate with a precipitation
temperature of 90 °C after which we obtain a new
structure of cactus-like B-Gaz0z3 thin film by the
drop casting method, as shown in Figure 2.
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Figure 2. Drop casting method to produce cactus-like -
Ga,03 nanostructures thin film on a quartz substrate at
90°C.

RESULTS AND DISCUSSION

The crystallinity of the cactus-like B-Ga>O3 thin
film prepared at the laser fluency and substrate
temperature of about 5.57 J/cm? and 90°C,
respectively, can be investigated by the X-ray
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diffraction (XRD) spectra with the polycrystalline
structure as shown in Figure 3. All the observed
peaks indicated to the formation of B-GaxOs
orthorhombic phase with (002), 004), and (006),
when compared with the JCPDS card no. 00-043-
1012 of B-Ga, O3 monoclinic phase with (-201), (-
402), and (-603).
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Figure 3. X-ray diffraction patterns of cactus-like p-
Ga0s3 nanostructure thin films at the laser fluency 5.57
Jlem?

The calculations of the crystillite size achieved by
the Scherer equation [8], as follow:

D=0.94 )/ cos 6 1)

where (D) is the crystallite diameter, (0) is the
diffraction angle, (f) is the FWHM of diffraction
peak, 1 = 1.5406 A is the wavelength of Cu Ka
radiation and K = 0.94 is a Scherer’s constant. The
results of the calculations showed the formation of
thin film with a crystallite size equal to about 9.78
nm.

The roughness factor has a great influence on the
properties of the prepared film in terms of the
application in which it was used. At the laser
fluency 5.57 J/cm?, we notice through the AFM
images in Figure 4 the formed film has a high
roughness (R) reaches about 40.84 nm that can be
used in gas sensor applications.

x, 62 M

Figure 4. The AFM images of cactus-like B-Ga,O3
nanostructure thin films prepared at laser fluency
(5.57J/cm?).
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Obtaining a spindle-like B-Ga,O3 nanostructure
from ablated gallium metal in distilled water was
accomplished at an optimum laser fluence of about
5.57 J/lcm?. As the fluency of the laser has a strong
effect on controlling, the shape of the nanomaterial
when the target is irradiated and its material melted
to transform into groups of nanoparticles, which
then coalescence by the influence of the
surrounding medium to produce spindle-like [-
Ga, 03 nanostructures. As shown in Figure 5 of
TEM images.
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Figure 5. The TEM images of spindle-like B-Ga,0O3
nanostructure colloids at laser fluency (5.57 J/cm?).

Where the colloidal solution of the spindle-like -
Ga, 03 nanostructure was then deposited on quartz
substrate at a temperature of 90 °C by the drop-
casting technique to produce cactus-like p-Ga03
nanostructures and as seen from SEM images in the
Figure 6.
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Figure 6. The SEM images of cactus-like B-Ga,O3
nanostructure thin films prepared at laser fluency
(5.57J/cm?).

The transmittance spectrum for the cactus-like B-
Ga203 nanostructure thin film at the laser fluency
5.57 Jlcm? is depicted in Figure 7. Above the
absorption edge as in the spectrum of absorbance,
then the transmittance is reach to more than 80%,

suggesting that the assumption of little reflection or
scattering. The transmittance at wavelength longer
than the absorption edge 200 nm, seems to increase
the transmittance, which could be due to decreased
scattering or reflection from the cactus-like pB-

Ga03 nanostructure thin  film  which are
crystalline.
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Figure 7. UV-vis transmittance and absorbance spectra

of cactus-like B-Ga;Os nanostructure thin films at laser
fluency 5.57J/cm?.

The Tauc model [9] was applied to calculate the
optical energy gap for Ga>Oz from the eq. (2):
ahv = B(hvEg)™ 2)

where () absorption coefficient, (B) the transition
constant is equal to one, (n) equal (1/2) for the
allowed direct transition. The optical bandgap of a
semiconductor film is an important indicator for
voltage electronic device applications. The energy
gap was determined by extrapolating the linear

state of the plot of (ahv)? versus (v) on the energy
axis, as shown in Figure 8.
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Figure 8. The energy gap of cactus-like f-Ga203
nanostructure thin films at laser fluency 5.57 J/cm?..

The bandgap of Ga20s recorded is 5.18 eV which
is larger than 4.84 eV [10]. A large bandgap
enables a strong electric field making it possible
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to use a thinner device for a given voltage. The
thinner the device, the lower is the on-resistance
and thus high efficiency.

Sensing properties
The performance and efficiency of gas sensors are
characterized by various parameters, including
response, recovery time and sensitivity. The sensor
response S (%) is defined as the ratio between the
resistance difference with and without the gas
molecules and the original resistance value of the
sensor. The sensitivity of the prepared sensor of the
cactus-like B-Ga203 nanostructure at laser fluency
5.57 Jlcm?, was taken place after measuring the
thin film resistance in the absence of gas, and then
measuring the resistance in the presence of gas as
a function of time by applying the equation)3(:
Ry, — R, o

R, * 100%
Where Raq is the original resistance of the sensor in
air, Ry is the resistance of the sensor when exposing
to the gases and S is the sensitivity of the sensor
[11]. All the variables of the sensitivity were
recorded as shown in Table 1.
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Table (1): The variables of sensitivity which was
recorded at different concentration of ethanol (0.5, 0.4,
0.25 and 0.1 ppm) for the prepared film at laser fluency

5.57 Jlcm? of cactus-like p-Ga,O3 nanostructure

Concentration Response | Recovery | Sensitivity
(ppm) time (s) time (s) (%)
0.5 70.5 59.3 28 %
0.4 70.5 78.3 21%
0.25 157 67 15,6 %
0.1 86 24.6 7.8 %

As shown in Figure 9, the investigation of the
ethanol sensing performance of the cactus-like B-
Ga03 nanostructure thin films was recorded.
Different concentrations of ethanol were exposed
to the prepared sensor ranging about (0.5, 0.4, 0.25
and 0.1 ppm).
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Figure 9. The response of cactus-like p-Ga20s
nanostructure sensor to different concentrations of

ethanol gas at laser fluency 5.57J/cm?,
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This sensor exhibited a high sensitivity to ethanol
at 0.5 ppm and the sensitivity sensor was 28% at
the working temperature of about 246 °C as shown
in Figure 10.
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Figure 10 The sensitivity of the cactus-like B-Ga;Os
nanostructure thin films sensor to ethanol ranging from
0.1 to 0.5 ppm for 10 min.

CONCLUSIONS

In summary, we have synthesized a new
nanostructure of spindle-like B-Ga>Oz in an easy
and low-cost method. These structures of spindle-
like B-Ga0z nanostructures thin film can be
controlled and increase the surface reaction at the
optimum laser fluency and substrate temperature of
about 5.57 J/cm? and 90 °C, respectively, wich
were used accessing nanostructures of cactus-like
B-Ga20s nanostructures with a high surface
reaction that can be wused in a gas sensor
application. A highly sensitive and inexpensive
ethanol gas sensor fabricated on a quartz substrate
and operated at 247 °C. Where the sensor depends
on the formation of a new cactus-like B-Ga20s
nanostructure to be highly sensitive reaching 28%
when exposed to a small amount of ethanol of
about 0.5 ppm. This makes the sensor very useful
for the application in analyzing breath for
diagnosing intoxicated drivers in addition to the
more traditional use of sensitive workplace
monitoring of gas leaks.
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