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Synthesis of indium oxide nanowires on quartz substrate for gas

sensor
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In this paper, Indium oxide nanowires (In,O3 NWs) were successfully synthesized on quartz substrate pre-coated

with gold nanoparticles (Au NPs) using chemical vapor deposition (CVD). The nanowires were characterized

via x-ray diffraction (XRD), scanning electron microscope (SEM), Ultraviolet-Visible (UV-VIS) spectrophotome-

ter. The sputtered of Au NPs on quartz were analyzed by atomic force microscopy (AFM). The structural,

morphological, and optical properties were investigated. The XRD structure reviled a single crystal, with cubic

crystal, with preferred orientation along (222). The SEM revealed nanowires growth. The obtained band gap

value of 3.6 eV confirmed the formation of In,O3 nanostructures. Regarding to the characteristics of In,O3

NWs, it was fabricated as an ethanol gas sensor at 10-1500 ppm and an optimized temperature of 210 °C. The

minimum ethanol gas response of Ra/Rg = 1.6 was obtained at a concentration of 10 ppm. The corresponding

response and recovery time were achieved at the lowest concentration of 10 ppm is 10 s and 10 s respectively.

So, the InpO3 NWs film synthesized via CVD can be considered as a good ethanol gas sensor device at low

concentration. InpO3 NWs growth and gas sensing mechanism were also explained.
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1. Introduction

Air pollution is a major problem in today’s world, a lot of
people around the world breathe polluted air, without even
thinking about the damage causes the lungs and the earth
planet in general. Therefore, interest in the production of
gas sensors has increased where; these sensors are charac-
terized by their modest cost, high stability, nontoxicity, and
their ability to detect a large number of toxic and volatile
gases under various conditions [1, 2].

Metal oxide semiconductor (MOS) sensing devices in-
cluding Fe,O3 [3], TiO; [4], ZnO [5], SnO; [6], CuO [7], and
InyO3 [8], etc., have been extensively studied in the past
few decades. Among these MOS, Indium oxide (InpO3) has
got attention because of its unique physical and chemical
properties, such as high electron affinity [9], high optical re-
flectance in the infrared region, high optical transmittance
(greater than 90% ) in the visible region of the electromag-
netic radiation spectrum [10], and with a high electrical
conductivity of the order of 10 (Q.m)™ [11].

Iny O3 is extensively used in several applications such as
optoelectronic devices [12], supercapacitors [13], lithium-
ion batteries [14], solar cells [15], and gas sensors [16].
Iny O3 is a promise n-type semiconductor with a body cen-
ter cubic and hexagonal corundum structures and a wide
direct band gap of 3.55-3.75 eV [17]. To improve the proper-
ties of gas sensors, it is very important to study the design
of the shape and the size of the sediment. Thus, the syn-
thesized In,O3 having different morphologies and sizes,
such as nanobelts [18], nanosheets [[19], nanotubes [20],
nanowires [21], nanorods [22], nanocubes [23], etc.. These
morphologies are usually produced by many techniques
such as pulsed laser deposition [24], hydrothermal [25],
thermal evaporation [26], chemical vapor deposition (CVD)
[27], etc. The CVD is a powerful technique to synthesize
several nanostructure morphologies of In,O3 by changing
the temperature as an example [28].

Many researchers investigated the formation of In,O3
nanowires at elevated temperatures (1300-1500°C) [29, 30].
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However, the synthesis of In,O3; nanowires at a tempera-
ture below 1000 °C is to be achieved, because it does not
need costly equipment, low power consumption required
and easy handling. The change in resistance of metal oxide
sensors obtained when the surface of these sensors exposed
to specific gas molecules [31].

In,O3 NWs has been previously used for gas sensor
fabrication towards various reducing and oxidizing gases
such as ethanol [32], acetone [33], H,S [34], H, [35], NO,
[36]. The growth and sensing mechanism of In,O3 NWs
are also included within these articles.

In an n-type semiconductor, with oxidizing gases, the
electrons will be withdrawn from the conduction band of
the semiconducting material that is used as a gas sensor,
resulting in a decrease in the conductivity of the metal
oxide. On the other hand, in the presence of reducing
gases, these gases react with oxygen molecules present at
the surface of the semiconductor metal oxide resulting in an
increase of the electrical conductivity of the sensing metal
oxide [25].

Well known to improve the response and recovery times
of InyO3 nanostructures sensors; their nanostructures size
must be reduced or doping with convenient metal nanopar-
ticles [35]. In addition, it is possible to obtain a material
with a high sensitivity to gas sensing by controlling the
morphology and structure of the material. These materials
should exhibit a large surface to volume ratios [37].

In this work, InyO3 nanowires were synthesized via the
CVD technique at 900 °C using flow N, gas. The fabricated
ethanol gas sensor based on In;O3 NWs film on the quartz
substrate at an optimal working temperature. The sensor
confirms good sensitivity and low response and recovery
time at 10 ppm ethanol gas.

2. Experimental

2.1. CVD preparation of In,O3 NWs

The indium oxide nanowires were synthesized by chemical
vapor deposition (CVD) using 99.9% pure In,O3 powder
as source material. The experimental diagram for In,O3
nanowires growth is shown in Fig. 1. The right side (outlet)
of the quartz tube was connected to a water bubbler and
the left side is connected to the nitrogen gas flow through
a flow meter. A powder of 0.5 g was loaded on a small
alumina boat (10 cm long) and positioned at the end of the
miniature quartz tube of 2.5 cm diameter and 20 cm long,
which is inserted in the center of the horizontal tube furnace
keeping the alumina boat at the center of the furnace. A pre-
cleaned quartz substrate (1.5x1.5 cm?) coated with 50 nm
of gold films were positioned on 3 cm high of the powder.
After loading the substrates, a constant flow of N, gas was

fixed at 200 sccm. The growth temperature was raised to
900°C with a heating rate of 30°C/min. After maintaining
the temperature at 900°C for 1h. The tube furnace was
cooled down to room temperature naturally and a pale
yellow material was found on the quartz substrates. The
final product was characterized by AFM, XRD, SEM and
UV-VIS spectrophotometer.
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Fig. 1. CVD diagram for InpO3 nanowires grown on

quartz substrates.

2.2. Characterization

The Iny;O3; nanostructures were characterized by atomic
force microscope (AFM /SPM AA3000), X-ray diffraction
(Shimadzu XRD-6000, X-ray diffractometer) using Cu Ka
radiation (A = 1.54056 A) 26 ranges from 20° to 80°. The
morphology of the produced indium oxide nanostructure
was investigated via scanning electron microscopy (SEM-
Tescan Vega II- Cheek). Ultraviolet-Visible (UV-VIS) spec-
trophotometer (Shimadzu / UV-visible-2450 spectropho-
tometer) was used to calculate the bandgap energy of syn-
thesized In,O3 NWs.

2.3. Gas sensor fabrication and measurements

The InyO3 NWs on the quartz substrate have been syn-
thesized by chemical vapor deposition technique (CVD).
These 1D nanostructures were fabricated for the ethanol gas
sensor. The electrical contact was made on the top surface
of the sensing materials by depositing two aluminum pads
electrodes using physical vapor deposition (PVD). This sen-
sor device fabrication is shown in Fig. 2a. The fabricated
sensor device was mounted on the top of a homemade mea-
surement stage as shown in Fig. 2b. This homemade stage
is consisting of a miniature nickel-chromium heater placed
at the backside of the quartz substrate. The operating tem-
perature was measured by a k-type thermocouple fixed in
the middle of the heater. The substrate temperature was
controlled through an AC variable voltage to the heater coil
to maintain at a desired operating temperature. Typically,
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Fig. 2. Schematic diagram of (a) the fabricated sensor
device, (b) Homemade measurement stage, (c) Gas sensor
setup.

the miniaturized measurement stage was placed in a sealed
chamber and the sensing experiments were conducted at
the required conditions. Conductometric measurement
through the two pointed electrodes was used to measure
the resistance variation through the experiments. Figure 2¢
shows the homemade measurement stage inside the main
gas chamber. The electrical measurements were conducted
through wires connected to across feed-trough to the Keith-
ley and Fluke electrometers. These are monitored by a
computer through an interface. The gas sensor response
was defined as S = R,j;r /Rgas, where Rair and Rgas are the
resistances of the sensor in air and gas respectively.

3. Results and discussion

3.1. Structural properties

The gold nanoparticles as a catalyst material were sputtered
on quartz substrate using DC sputtering technique with
thicknesses of 50 nm. Before this deposition process, the
chamber of the system was evacuated to 10 mbar. After
that, the Au film removed from the system and it was
annealed at 500°C in an argon atmosphere for 1h. Fig. 3
shows the 2D and 3D images of atomic force microscope
(AFM) topography for a thin layer of Au nanoparticles.
The grain size, average roughness (Sq), and the root mean
square (RMS) roughness for the 50 nm of Au sputtered on
quartz substrate are 95 nm, 0.57 nm, 0.68 nm, respectively.

The crystal structure of the synthesized In,O3; NWs
on quartz substrate pre-coated with Au film is analyzed
through the XRD pattern. Fig. 4 shows a typical XRD
pattern of the grown In,O3 NWs obtained for 26 scans be-
tween 20° and 80°. The diffraction peaks at 26 = 30.64°,
35.49°, 51.05°, 60.73°, corresponding to the (222), (400), (440)
and (622) planes of InpO3 NWs, which can be indexed to
the body-centered cubic structure for InpO3 with a lattice
constant of a=b=c=10.117 A according to the standard card
of the crystallography open database (COD card no. 96-
231-0010). The calculated value of the lattice constant in
this work is 10.0858 A, for the strongest diffraction peak
at 26 =30.6844°, which is corresponding to the (222) reflec-
tion plane. It is in a good agreement with this standard
reference. Other diffraction peaks located at 26 =38.3456°,
43.9744°, 64.9 and 77.488° are corresponding to the (111),
(200), (220), and (311) planes of Au respectively, which are
consistent with the standard card of the Crystallography
Open Database (COD card no. 96-90-3039).

The crystallite size (D) for InpO3 NWs was calculated
using Sherrer’s formula:

D = 0.94A/ Bcos6 1)

Where A is the wavelength of the x-ray Cu-Ka radiation
(A=1.5418 A) source. B is the full width at half maximum
of the diffraction peak corresponding to 26, 0 is the Bragg
diffraction angle. The calculated value of the crystallite size
from Fig. 4 for the predominated diffraction peak at (222)
reflection plane of InpO3 NWs was equal to 31.8 nm.

3.2. Morphological properties

Fig. 5 shows the SEM images of In,O3 NWs grown on
quartz substrate coated with 50 nm of gold particles as a
catalyst. A high density and homogenous distribution of
vertically aligned nanowires with spherical gold particles
sited at the NWs tips revealed by different magnifications
of SEM images. The gold droplet size at the tips of the
wires is larger than the diameters of the wires in Fig. 5. The
AFM analysis confirmed these results.

3.2.1. Growth mechanism of In,O3 NWs

When the source material of In,O3; semiconductor subli-
mates at high temperature zone forming Sn metals vapor
and oxygen molecules passing over a pre-coated layer of
gold substrate as a catalyst. The gold particles forming a
liquid droplet during the heating process. This droplet of
Au will reach a saturation state when the source material
vapors keep coming towards the substrate. During the
supersaturating of Sn into Au droplet, a solute precipitates
out from the droplet forming solid one-dimensional In,O3
nanowires. The gold spot can be localized at the top end
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(b)

Fig. 3. 2D (a) and 3D (b) AFM images of Au NPs sputtered on quartz substrates with a thickness of 50 nm.
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Fig. 4. XRD diffraction pattern of InyO3 grown on quartz, coated with an Au film of 50 nm.

Fig. 5. SEM images for InpO3 NWSs on quartz substrate
coated with (50 nm) Au at different magnifications.

growing nanowires called tip growth process. This can be

followed the vapor- liquid- solid (VLS) mechanism.
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Fig. 6. (a) UV-Vis absorption spectra of InyOj film de-
posited on quartz substrates. (b) Eg = 3.6 eV.

3.3. Optical properties

Fig. 6a shows a typical UV-Vis absorption spectrum of
InpO3 NWs grown via CVD on quartz substrate pre-coated
with gold catalysts. It exhibits an intense peak in the UV
region centered at ~230 nm and other peaks with low inten-
sity at 285 nm and 375 nm. The peak at ~230 nm is due to
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interband transition of indium electrons from a deep level
of the valence band (indicating the formation of indium
oxide nonstructural, which was confirmed by SEM results),
while peak below to 550 nm is due to interband transition
of indium electrons from upper level of the valence band.

T {max) =210°C
M

35 o
S500ppm

Sensitivity [Ra/Rg)

05 - |

1] T T T T ]
50 100 150 200 250 300

Operating temperature ( °C)

Fig. 7. Sensitivity versus temperature of synthesized
In; O3 film via CVD technique.

The optical bandgap energy (Eg) of the as-synthesized
nanoparticles are obtained from the UV-Vis spectra by us-
ing a well-known Tauc’s relation [38], which is given by
aht = A (h? - Eg)". Where ht is the photon energy, A is
a constant, which is a measure of crystalline order in the
deposited films, and n = 0.5, 1.5, 2 or 3 for allowed-direct,
forbidden-direct, allowed-indirect, and forbidden-indirect
electronic transitions, respectively. In this case, the bandgap
energy (Eg) has been estimated by assuming an allowed
direct electronic transition between the highest occupied
state of the valence band and the lowest unoccupied state
of the conduction band. Fig. 6b shows the dependence of
the absorption coefficients («h®)? on photon energy (h¥) for
the prepared films. The energy bandgap (Eg), of the film,
was obtained by extrapolating the linear portion (part) of
the plot of (ah®)? against photon energy (h9) to (xh®)? =0.
The bandgap of as-deposited In,O3 NWs is 3.6 eV.

The bandgap of the synthesized InyOj is lesser than
the bandgap of bulk In,O3 (3.75 eV), which is due to the
occurrence of a weak quantum confinement effect [39]. In
this work, the obtained value of the energy gap is closed to
the presented values in article [40].

3.4. Gas sensor properties

The operating temperature of the sensor was found when
exposing the sensor to 500 ppm of ethanol at different op-
erating temperatures. Fig. 7 shows the responses of the
sensor increased by increasing the operating temperature.
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Fig. 8. Typical gas sensing responses (R, /Rg) of the In,O3
sensor at high and low ethanol concentrations (a and b
respectively) and at the operating temperature of 210 °C.

The maximum response value around 3.5 was observed at
the operating temperature of 210 °C. This high response of
InyO3 NWs film prepared by a CVD technique is attributed
to a high surface to volume ratio.

A typical gas response versus time at high and low
ethanol concentrations is demonstrated as shown in Figs.
8a and b, respectively. In both sets of curves, the gas re-
sponse starts to increase after the ethanol gas injected into
the reaction chamber and reaches a saturation level, and
then decreased when the sample is exposed to the air. They
have an identical behavior in a sensing response. It was
found that the gas response is equal to Ra/Rg = 3.5 at a
moderate ethanol concentration of 500 ppm and at an op-
timized temperature of 210 °C as shown in Fig. 8a. This
is a higher response than the value reported for indium
oxide thin film at 400 ppm [40]. The minimum ethanol
gas response of Ra/Rg = 1.6 was also obtained at a con-
centration of 10 ppm and at an optimized temperature of
210 °C as shown in Fig. 8b. This is also higher than the
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reported value for individual InyO3 NWs prepared by the
carbothermal reduction method [41].

Fig. 9 demonstrates the sensitivity variation versus the
ethanol concentrations in the range of 10-1500 ppm at an
optimized operating temperature of 210 °C. The inset of
this figure shows a magnified curve for the low ethanol
concentrations. Both curves at high and low ethanol con-
centrations having similar behavior. Therefore, it could
be confirmed the principle of high sensitivity at a high
concentration of gas and vice versa. Thus, this sensor mate-
rial is considered as a promising candidate for ethanol gas

sensing.
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Fig. 9. Sensitivity versus different ethanol concentrations
of InpO3 film operating at an optimized temperature of
210 °C. (Inset represents the low concentration data).

The response and recovery time are important param-
eters for evaluating the sensor. The response time (tresp)
is defined, as the time required achieving 90% of the total
resistance change when the ethanol gas is introduced into
the chamber. The recovery time, (trecov), is the time that
required reaching 90% of the total resistance change when
the target gas is turned off, and the air is re-introduced into
the chamber. Fig. 10 represents the response and recovery
time characteristics versus ethanol gas concentrations. The
response and recovery time curves were increased slowly
as the ethanol gas concentrations increased as shown in
Fig. 10a. The response and recovery time values at high
ethanol concentrations of 500-1500 ppm are 15-30 s and
30-80 s, respectively. Fig. 10b shows low ethanol concentra-
tions of 10-30 ppm given lower response and recovery time
values of 10-15 s and 10-30 s, respectively. Moreover, the
minimum response and recovery time values at the lowest
concentration of 10 ppm are 10 s for both of them as shown
in Fig. 10b. This is considered as ultimate parameters for
the In,O3 NWs film synthesized via CVD.
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Fig. 10. Response and recovery time versus ethanol gas
concentrations of In, O3 film operating at an optimized
temperature of 210 °C. (Inset represents the low concen-
tration data).

4. Conclusion

In a summary conclusion, the InpO3 NWs were synthe-
sized on quartz substrates coated with a gold film of 50 nm
thickness, via CVD technique using In,O3; powder, which
was evaporated at 900 °C for 1h with the N, gas flow only.
The XRD pattern was confirmed the crystalline structures
of a well oriented single crystal along direction of [222]
with small gold. The SEM images reveal the formation of
InyO3 nanowires. The large droplet of gold at the end of the
wires. The results of gas sensor’s performance for ethanol
vapor provide high sensitivity at an optimized working
temperature. Based on the response towards ethanol gas
for different concentrations has been studied and the min-
imum response was found at 10 ppm with fast response
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and recovery time of 10 s and 10 s, respectively. In our
investigation, high sensitivity of fast response and recovery
time are found to be at an operating temperature of 210 °C.
These facts confirm that In,O3 NWs film produced via CVD
technique for 500 ppm ethanol is an effective method for
ethanol gas sensing applications at a concentration range
from 10 ppm - 1500 ppm.
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