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ABSTRACT

Recently, gas-sensing devices have been applied popularly in a ton of distinct areas, such as
environmental monitoring, breath analysis, food storage, and detectors for both indoor and
outdoor hazardous gases. Many efforts have been studied the novel generation sensor that
consists of the advantages, i.e. low power consumption, low-cost, and flexibility. One of the
potential strategies to deal with this issue is self-heating. In this study, the self-heated In,O3
nanofibers-based gas sensor was synthesized and fabricated via a chemical vapor deposition
(CVD) combined with drop casting the as-prepared In,O; nanowires on the IDE electrode. The
sensor indicates a high response toward H,S at the supplied power of 1200 pW (Rg /Ra ~ 1.35).
This is attributed to the length of single In,O3 nanowires (NWs), which provides a great pathway
for electron transfer. The remarkable enhancement performance of the sensor is considered the
first — step in the development of smart sensing devices.
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1. INTRODUCTION

In metal oxide gas sensors, the chemical reactions and physical phenomena demand
thermal activation, and therefore, external heaters are an essential part of commercial gas
sensors [1]. The modification of the working temperature provided by the heater makes
the sensor exhibit different characteristics to target gas at various temperatures [2]. For
example, Vanish Kumar et al. [3] investigated the pristine In.O3 and Mg-doped In203 in
the range temperature of 150 °C + 300 °C upon exposure to 10 ppm H-S. The correlation
of operating temperature and selectivity of the In.Oz nanocube gas sensor toward H.S
and NOg, as reported in ref [4]. Namely, at room temperature, the In20s-nanocube-based
sensor exhibited good selectivity to H>S with a high response (1461 for 60 ppm H>S),
meanwhile, the sensor shows excellent response toward NO, with an operating
temperature of 100 °C. Many researchers revealed that the gas sensor based on metal
oxide operates normally at a high temperature of 200 °C + 450 °C [5]. Typically,
commercial metal oxide gas sensors used in mobile or wireless networks consume a
power supply of ten to hundreds of mW [6]. Due to the consumption of numerous
energies generated by the heater, the flexible, long-term stability and application
potential of the gas sensor is an obstacle. Therefore, the development of sensing devices
that consist of advantages, i.e. low temperature, high sensitivity, and high selectivity, is
crucial to enhance its application.

In the start-of-the-art sensing devices, many efficient ways are used to generate and
control the level of working temperature of a sensor. For instance, the micro-
electromechanical system (MEMS) technology can bring the power down to less than 30
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+ 50 mW [7] to reach temperatures up to 50 °C. However, the expensive equipment and
complex fabrication process are still challenging in practical usage.

Over the last decade, self-heated gas sensors have gained interest due to the lower
power consumption without an external heater and microheater [8]. The primary issue of
self-heating gas sensors is applying the suitable bias voltage, which is sufficient for
generating Joule heating inside the sensor, otherwise increasing its temperature [9].

Many studies revealed that the length of 1D nanomaterial (up to hundreds of microns)
combined with a small diameter (approximately ten nanometres) plays a resistance
pathway for electron transfer [10]. In addition, the weak thermal coupling with the Si
substrate and Pt electrodes caused the Joule heat dissipation easier [11]. The sensors
reach relatively high temperatures going through electrical tests even with the small
amounts of electrical power dissipated during the electrical probing [12]. To date, the
self-heating gas sensors based on oxide semiconductor nanowires are being deeply
studied. Jin-Young Kim et al. [13] fabricated successfully pristine and Pd-functionalized
CuO nanowires in detecting H.S gas. The self-heating tests showed that the Pd-
functionalized gas sensor indicated the highest response to HzS in the case of low
applied voltage (~ 5V). The CuO functionalized SnO2-ZnO core-shell nanowire gas
sensor exhibited a higher response to H»S gas due to the self-heating effect after applying
an external voltage at room temperature [14]. In Vietnam, several groups of researchers
successfully prepared a self-heated gas sensor to detect hazardous gases. For instance,
the self-heating networked Ag doped-SnO, nanowires sensor integrated into a portable
module selectively detected H>S at low power consumption [15]. The H2S gas sensing
properties are tested at different self-heating powers of 2 + 10 mW. The result showed
that the sensor obtained an excellent response of 21.2 to 0.5 ppm H3S at a low heating
power of 2 mW, and it is damaged in the case of increasing heating power of over 20
mW. Up to now, there are a few publications related to In2Os nanowire-based self-
heating gas sensors. Here, we focus on the development of a self-heated gas sensor based
on In2O3 nanowires by the combination of chemical vapor deposition on the gold
substrate and drop-coating the In2O3 nanowires on the sensing surface of the sensor.

2. EXPERIMENTAL SECTION

2.1. Synthesis of 1n203 nanowire by the chemical vapor deposition method

In this work, In2Os nanowires have been synthesized by the CVD method, namely
In2O3 nanowires are grown on Si substrate pre-deposited thin film of Au. Chemicals
agents used in the process include commercial powder, isopropanol solvent. All
chemicals are analytical chemicals with a high purity of 99.9%. The Al>O3 ceramic boat
containing approximately 0.1 g Indium powders was placed in the center of a quartz
tube, as shown in figure 1. The 1x1 cm Gold coated Si substrate was also placed in the
middle of the Al,O3 ceramic boat in a horizontal furnace.

At first, the entire CVD system was introduced with the high purity N2 with a flow
rate of 300 sccm for 5 min to purge the air in the quartz tube. To transport the indium
vapor, the furnace was quickly heated up to 810 °C for 15 minutes with a heating rate of
36 °C.mint and kept at that temperature for 20 minutes. Increasing temperature aims to
sufficient thermal for the evaporation of Indium material. The CVD process was carried
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out at a temperature of 810°C, and the vacuum pressure was down to 10-2 Torr, oxygen
gas flow of 0.5 sccm was introduced into the tube in 20 min to occur the chemical
reaction and form In.Os nanowires. Gray-white layers were observed on the Si substrate
after finishing the CVD system. To enhance crystallite properties after the growing
process, this Si substrate is annealed at 350 °C within 3 hours. After thermal treatment,
the substrate is placed in a sample-containing tube, which includes 20 ml of isopropanol
solvent and sonicated in the bath for 30 s. The obtained In2Oz solution is used in the
sensor fabrication.

The morphologies and microstructure of the In.Oz NWs were observed by field
emission scanning electron microscopy (FESEM) and X-ray powder diffraction spectra
with Cu Ko radiation (A = 1.54056 A). The 26 range was from 10° to 70° with a scan
step of 0.02°.

1. Synthesis of
In,0; nanowires

4. Heat annealing
350°C, 3 hours

2. Ultrasonic
vibration

uuuuuuuu

3. Drop-coating

Figure 1. CVD system used for the growth and fabrication
of self-heated In,O3 nanowires gas sensor.

2.2. Fabrication of self-heating In203 gas sensor

Figure 2. Sensor after drop-coating In2O3z NWs solution and annealing.
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The In203 nanowires solution was then drop-casting on the Pt electrode surface,
afterward, it was a soft break on the heating plate and thermal treatment at 350 °C for 3
hours to reach stability. The sensor characteristic is investigated at the different applied
voltages at room temperature (~ 25 °C) without the need for an external heater. Details
about gas measurement are reported elsewhere [10]. The response is carried out by
introducing the gas into the chamber in several hundred seconds by mixing the target gas
and dry air (total flow rate of 400 sccm), whereas it is filled by the dry air to refresh the
chamber. The sensor response is determined by the ratio of transient resistance in the
case of the presence or removal of the target gases (S = Rg/Ra). We also calculated the
power consumption of the sensor using the following formula: P = U?/R, where U is the
bias voltage and R is the sensor resistance at the measured point.

3. RESULTS AND DISCUSSION

3.1. Morphology and crystallinity analysis of the as-prepared In203 nanowires

Figure 3(A) shows the low magnification FE-SEM micrograph of as-prepared In203
NWs on the Au substrate. It is observed that the pristine In,O3 NWSs has branch structure
with different diameter. In addition, the nanowires are grown randomly orientation
without contamination. The diameter of In.O3 NWs was determined at about 200 nm in
figure 1(B). The length of In,O3 NWs is attributed to the Joule effect, which generates
thermal for enhancement of gas response.

Figure 3. FE-SEM image of In2O3 nanowires grown on the Au substrate at (A) low

magnification and (B) high magnification.

To confirm the substance composition and crystallinity structure of the as-synthesized
INn203 NWs, XRD characterization was examined. As shown in figure 3, the measured
diffraction peaks matched well with the standard spectrum of the cubic phase of In,Os3
(JCPDS No. 71-2194) with a lattice constant of 10.12 A [16]. The diffraction peaks
characterized at 26 of 21.14°, 30.08°, 35.02°, 37.21°, 41.54°, 45.25°, 49.06°, 50.60°,
55.62°, 58.77°, 60.08°, 61.73°, and 63.28°, corresponding to (211), (222), (400), (411),
(332), (431), (521), (440), (611), (622), (633) crystalline planes, respectively [17]. The
sharp and high-intensity peaks demonstrated good crystallization. It can be seen that
there are no impurities from other peaks. The particle size of In.O3 was determined at
about 42.6 nm from the diffraction peak via the Debye Scherrer formula [18].
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Figure 4. XRD pattern of the In,03 Figure 5. FE-SEM image of In203
nanowires after annealing at 350 °C for nanowires on Pt electrode surface.
2h in airflow.

From the above analysis, the In,Os NWs have successfully synthesized and have
promising properties in the H2S gas sensor.

3.2. Gas sensing properties of In203 NWs

The gas-sensing properties of the as-prepared sensor were studied at different HzS
concentrations in the self-heating mode at a room temperature of 25 °C. The heating power
was determined by the formula: P = U?R, where U is the applied voltage of the sensor,
and R is the based resistance of the sensor. To understand the gas sensing properties, the
heating power is increased by changing voltage, however, these sensors can be damaged in
the case of the applied voltage up to a critical value. In our work, the sensor is tested with a
maximum power of 1200 uW (maximum applied voltage of less than 3 V).
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Figure 6. The transient response of self-heated In>O3 gas sensor versus time at different
power of 600, 800, 1200, 1400 uW (A) and the function of response with concentration
H>S gas (B).
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Figure 6(A) shows the transient response characteristics of the In.O3 sensor when
testing with H>S gas with four applied powers. The dynamic response tends to decrease
after exposure to various concentrations in the range of 0.5, 1, 2.5, and 5 ppm. This
demonstrated the nature of the n-type semiconductor of In,Oz nanowires. Namely, when
the sensor is exposed to reducing gas (i.e. H2S), the gas molecules adsorb on the surface
of nanowires and occur in a chemical reaction, leading to an increase in the electron
density of the conduction band. Otherwise, the resistance of the sensor tends to decrease.
The response of the sensor increased with an increase in supplied power in the measured
range of 600 + 1400 pW. The maximum response of the sensor to 5 ppm H>S gas at
1400 pW was about 1.35, and the response decreased with a decrease in concentration
gases (Ra/Rg ~ 1.1 at 600 pW). The variation of gas response of the sensor at different
power heating is attributed to the self-heating effect. The higher the temperature
generated by an applied voltage, the easier thermal excitation, as shown in figure 6(B).

As table 1 shows, we have significantly reduced the operating voltage of the sensor to
about just 5V, the concentration of testing H»S gas greatly decreased. However, the response
still stays about the same as previous studies ITIMS with the same approach method.

Table 1. Comparison with previous study at ITIMS with the same approach method.

. Heating Operating
Material Method power (W) Response voltage (V) Ref
1.4 (200 ppm
SnO; CvD 90 H,S) 40 [19]
1.2 (1000
In203 CvD 1060 opm HzS) 15 [20]
CVD/Drop 1.2 (5 ppm This
1n20s casting 1200 H2S) S study
138
5ppm H,5 —C—@250°C
—— (@ 1400 pW
16 = (Gas out
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Figure 7. Response characteristic of In,Os — nanowires gas sensor toward 5 ppm H.S at
250 °C and self-heating with a power consumption of 1400 4W.

Compared to the external thermal, the self-heating In,O3 sensor with an applied power
of 1400 pW exhibited a high-speed response to 5 ppm H.S with the response and recovery
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time of 43 s and 236 s, whereas its value reaches about 242 s and 437 s in term of 250 °C.
Anyhow, the In,Oz sensor showed a lower response in the case of operating at room
temperature (figure 6). This is caused by the number of generated oxygen species on the
surface of the In,O3 nanowires at room temperature being smaller than that of 250 °C.

The sensing mechanism of the self-heated In2O3 gas sensor is adsorption/desorption
on the surface of nanowires. The heating region provided thermal energy, which is
sufficient to activate the oxygen species (02, O°, O%), resulting in band bending and
forming the depletion region.

OZ(gas) te © Oz_(ads) (1)

OZ_(ads) te o 05(_61615) (2)

The chemisorbed oxygen species act as acceptors and capture electrons, and there is
an increase in the resistance of In2O3 nanowires. When the In,Oz nanowires were

exposed to H,S gas, the target molecules reacted with the previously adsorbed oxygen
into SO2 and H-0, as following equations [21].

H,S + 3 é‘(_ads) © 2H,0 + 250;4q5) + 3xe” 3)

The captured electron will be released back to the conduction band. Hence, there is a
decrease in the resistance of the InoO3 nanowires. The resistance of the sensor turns to
initial baseline resistance after introducing fresh air.

4. CONCLUSIONS

In this work, we focus on the fabrication and testing of the H2S gas characteristic of
the self-heated In2O3z nanowires sensor via a one-step CVD technique and drop-casting
on the IDE electrode. The obtained In2Os nanowires were distributed randomly with a
diameter of approximately 200 nm. The XRD pattern shows that the crystalline structure
of In203z indicates a cube phase without impurity of the peak. The self-heated In.O3 gas
sensor was measured at room temperature (~25 °C) with different applied power toward
H2S gas. The sensor response was 1.33 to 500 ppm HzS at an optimal power of 1200
MW, which is sufficient to activate the reaction for the detection of reducing gas. This
performance was better than the state-of-the-art microheater gas sensor. The sensor is a
potential candidate for applications related to H.S detection, such as breath exhaled
analysis and environmental monitoring.
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TOM TAT
Cam bién khi day nano Indi Oxit tiéu thu niing lweng thap
wng dung trong phat hién khi dgc

Gan ddy, cdc thiét bi cam bién khi dang dwoc sir dung réng rdi trong rat nhiéu
linh viee nhu theo doi chdt lwong méi trieong, phan tich hoi tho, lwu triv thuc phcfm
hay phat hién khi doc trong nha va ngoai moi truong. Cac nghién ciu da n6 5 liee dé
tao ra cam bién thé hé méi véi wu dzem la tiéu thy dién nang thap chi phi thap
linh hoat. Mot trong nhitng cdch tiép cdn tiém nang dé gidi quyét van dé nay la
dira trén nguyén Iy tw dot néng cia vat liéu. Trong nghién ciru ndy, cam bién khi
dira trén soi nano In203 tir gia nhiét diege tong hop va ché tao théng qua qud trinh
ling dong hoi héa hoc (CVD) két hop véi phwong phdp nhé phii cdc ddy nano
In203 dé chuan bi trén dién cuc IDE. Cam bién cho thcfy phan hoi cao doi véi H2S
& mirc cong sudt dwoc cung cdp la 1200 uW (Rg /Ra ~ 1,35). Piéu nay la do chiéu
dai cia cac ddy nano InQs don lé (NW) tao ra mét kénh dan tuyét voi cho qud
trinh truyén dién ur. Hiéu sudt ndang cao vuot troi cua cam bién duwoc coi la budc
ddu tién trong qud trinh phat trién cdc thiét bi cam bién thong minh.

khéa: Ty dét néng; Dy nano In203; CVD.
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