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ABSTRACT
Using the sol-gel dip coating method In,O3 nanocrystalline thin films were prepared. Starting precursor was used as
Indium (iii) chloride, acrylamide, N, N, bis methylene. As the prepared film was heated at a different temperature in
the range of 350-500°C. The films were studied by using X-ray diffraction technique, Atomic force microscopy,
and Energy dispersive X-ray analysis. The sensing ability of the samples with respect to HoS gas was investigated
and presented. The results show that the materials can respond to the H,S gas rapidly but the recovery time was in
the range of 34-91second.
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INTRODUCTION

In order to protect the environment from toxic pollutants, it is important to monitor the byproducts of the
combustible and process of gases. The conventional methods used for the gas sensing application
includes, gas chromatography, far infrared spectroscopy, mass spectrometry, semiconductor oxide sensors
etc. Amongst them, the use of semiconductor sensors is a very viable alternative as it is rugged, reliable
and can be fabricated to operate at the different temperature ranges. It is possible to detect multiple
species using arrays of sensors. The present scenario is the development of sensors that can detect parts
per billion (ppb) levels of certain species at room temperature. In recent years, materials like Tin Oxides,
Indium Oxide, Indium Tin Oxide etc, have gained the attention of several workers owing to the possible
application in gas sensing devices, photovoltaic cells, photo conducting devices, display devices, lithium
batteries etc.

Among the transparent conducting oxides, Indium Oxide is one of the significant materials which
containing 80 atoms or 16 formula units.! In,O3 exhibits excellent electrical and optical properties, which
renders it as a suitable candidate for photovoltaic, display and photo conducting applications.? In,Oj3 thin
films find application in liquid crystal devices, antireflection coating®, and optoelectronic and
electrochromic devices.* In,Oj; thin films have high optical transmittance, electrical conductivity so it is
suitable for many device applications.’” Several conventional physical methods and chemical methods
have been employed for the deposition of In,Oj3 films.%!'! In this paper, we have used the acrylamide dip
coating technique for the deposition of In,O; films. It is well known and its method of low-cost
instrumentation for the efficient deposition of films. Indium Oxide is a widely used material for gas
sensor applications and high sensitivity, chemical inertness, inexpensive material, material stability and
relatively low operating temperature with a fast response time though poor selectivity to the gases since it
is sensitive to almost all the gases. The selectivity can be achieved by doping with noble metals,
fabrication technologies, and other physical parameters.

EXPERIMENTAL
Hydrogen Sulphide (H2S) is a colorless gas with the smell of rotten egg. It has corrosive, inflammable
property. It is used in the production of thio-organic compounds, alkali metal sulphides and analytical
chemistry, a precursor in metal sulphides. Therefore the detection of H,S gas, especially at low
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concentration, is very important. The nanostructured Indium Oxide thin films are used as the sensing
element.

Already we have reported on the preparation of Indium Oxide thin films briefly.'” Indium chloride
solution was heated to 70°C with constant stirring. The pH was adjusted to 9 by adding ammonium
hydroxide. After stirring for a particular duration, acrylamide followed by N, N, bis acrylamide was
added and finally the gelling agent, ammonium persulphate was added. In this viscous solution, glass
substrates were immersed and withdrawn vertically from the solution. The films were dried in an oven for
15 minutes followed by the heating temperature in the range of 350°C - 500°C for different duration.
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Fig.-1: Semiconductor-metal oxide sensors (SMO) structures

An SMO sensor consists of a substrate with heater electrode and a sensitive layer in contact with the
electrodes. The sensing material is deposited on an alumina substrate and a pair of electrodes is placed on
the active film-alumina interfaces. The temperature was measured by using a Cr-Al thermocouple. The
thermocouple connected to a PID temperature controller is used to control the temperature. Initially, a
known volume of test gas was fed into the chamber through a gas inlet valve to maintain 120 ppm. (Gas
concentration inside the static system) By applying a constant voltage, current, through the sensor was
measured.
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Fig.-2: Schematic diagram of the gas sensors

The above diagram shows the sensing system, is used to sense the H,S gas in air ambient. Initially, the
sensor was placed in a vacuum chamber (0.02500 m?), which was evacuated to 10 Torr by a rotary
vacuum pump. The temperature is set to 100°C, and the current was measured by applying 10 V to the
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sensor. From the above measurement resistance value was calculated. This resistance value serves as the
reference response for sensitivity calculations. Through a needle valve, the test gas was injected and all
the valves were closed in order to avoid leakage of test gas from the chamber. The resistance of the sensor
was measured under the gas ambient. For each temperature setting the resistance was measured under the
test gas ambient.
RESULTS AND DISCUSSION

An X-ray diffraction (Phillips X-ray unit and cuka radiation) technique is used to find the structural
properties of Indium Oxide thin films. Morphology of the films was studied by atomic force microscopy.
Compositions of the films were obtained by Energy dispersive analysis of X-ray. Static gas sensing
systems are used to measure the electrical and gas sensing properties. The sensor performance on
exposure to H,S is discussed and reported.
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Fig.-3: XRD pattern of In,Os films at separate temperatures (a) 350°C (b) 400°C (c) 425°C (d) 475°C (e) 500°C

The diffraction pattern of Indium Oxide thin films was obtained in Figure-3, diffraction angle 26 vary
from 20° to 80°. These films were exhibited polycrystalline cubic structure with peaks corresponding to
(222), (400), (440) and (622) Millar planes. The results are good agreement with previous data of pure
Indium oxide. The crystallite size was calculated by Debye’s Scherrer’s formula.

D=0.93\/Bcosd (1
Where A=0.1540598 nm and f=FWHM-b b is the instrumental broadening (0.09°). The crystallite size is
estimated from the (222) peak, its increases from 7 nm to 20 nm as the annealing temperature increases

from 350°C to 500°C, due to the good crystalline nature of the films Table-1.

Table-1: Measurement of grain size from XRD:

Reported Observed hkl plane Grain size
26 26 nm
30.5 31.16 222 7
35.46 34.88 400 8.9
50.98 50.75 440 14.5
60.23 60.56 622 20

The microstructures of the prepared films were analyzed using an Atomic force microscope. It is observed
from the Figure-4 that the grain size increases for the films annealed at high temperature. The surface
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roughness increased from 0.15 nm to 1.08 nm (RMS value) with the increase of heating temperature. The
grain distribution is uniform throughout the entire surface.'

(b)
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Fig.-4. Atomic force microscopy of Indium oxide films formed at different temperatures (a) 350°C (b) 450°C (c)
500°C

Table-2: Elemental analysis as prepared Polycrystalline Indium oxide thin films

Temperature Element atomic %
500 °C In 38.8
0 61.2

Table-2 shows the elemental composition of the most sensitive nanocrystalline Indium oxide thin films. It
indicated that nearly stoichiometric films as shown in Figure-5.
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Fig.-5. EDXA spectrum of In,O3 films formed at 500°C

The resistance of the sensing element in vacuum and under testing gas was used to calculate the gas
response (S) defined as follows:
S= (Rvac - Rgas) / Rgas (2)

The chemical reaction between the surface of the sensing element and the test gas upon exposure to the
gas causes the resistance of the element to change from its initial value without exposure to the test gas.
This value changes when the operating temperature is changed. The temperature dependence of the
sensitivity of gas is shown in Figure-6. The best response in the case of films post heat treated at 350°C
samples are more available sites for the test gas to be adsorbed. For the high temperature annealed films,
the response decreases. This decrease can be attributed to decreased number of available sites on the
surface compared to the films annealed at low temperature. Low temperature annealed film has small
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grains as revealed from atomic force microscopy and hence has a relatively large surface area permitting
adsorption of larger number of H>S molecules. The conductivity of the metal oxide sensor is changed due
to the adsorption or desorption of the test gas. Sensors possessing a large surface area adsorb or desorbs
more test gas hence even a low concentration (ppb) of test gas can be measured. The surface adsorbed
oxygen ion and interacts with the test gas, causing a large carrier concentration of the material to change,
resulting in the change of conductivity (resistance) of the material. For n-type semiconductors,
conductivity increases upon exposure to a reducing gas. Depletion of charge carriers occurs when
exposed to an oxidizing test gas, resulting in a decrease of conductivity.
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Fig.-6: Sensitivity of In,Oj3 films formed at separate temperatures (a) 500°C (b) 450°C (c) 400°C (d) 350°C exposed
to H»S gas (10 ppm) at different operating temperatures of the sensors.
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Fig.-7: Sensitivity of In,Oj; films formed at separate temperatures (a) 500°C (b) 450°C (c) 400°C (d) 350°C
exposed to different concentrations of H»S gas.

It is observed from Figure-6, that the response of all the samples increases with operating temperature up
to 115°C, beyond that response decreases. Hence this temperature of maximum response was selected for
comparing the sensing properties of the sensors. The response values are 10, 12, 13 and 26 s (Rv..=50,000
Ohms Rg,=1300 Ohms, R, is the sensor resistance in air =55000 Ohms) respectively. Grain size increase,
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the height of the volcano top increase. Similar type of observations was made earlier based on the
reaction-diffusion analysis."?

With the increases of the concentration of the test gas, the sensitivity increases. Figure-7 shows that the
response of In,Os films as a function of the gas concentration. It is obvious that the film heat treated at
350°C is quite sensitive to H>S. The enhanced selectivity can be explained in the following way.
Adsorption of oxygen on the sensor surface traps electrons from the body of the semiconductor due to the
strong electronegativity of oxygen atoms. This produces chemisorbed oxygen, it causes a decrease of
electron carrier concentration in n-type In,Oj; resulting in the increase of resistance.'

O, +e — Oy (ads)

When the sample was exposed to a reducing gas, the chemical surface reaction occurs as given below:
H>S +(3/2) Oz (ad) — H2O (g) + SO2 (g) + (3/2) &

The resistance of the sensor material decreases when the electron released from the above reaction returns
to the surface of the sensor material. Earlier nanocrystalline In>Os, synthesized by sintering the precursor
hydrothermal at 250°C for 24 hours was used as a H»S gas sensor.'” It was reported that sensors were

sensitive at 270°C. J.Tu.et.al has reported that Pt-doped In»Os sensors exhibited response at a different
operating temperature of 150°C. !
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Fig.-8: Sensitivity of InoO;3 films formed at separate temperatures (a) 350°C (b) 400°C (c) 450°C (d) 500°C at an
operating temperature of 115°C

Response time is defined as the time taken by the sensor output to reach 90 % of the steady value. It was
vary from 10 s, 12 s, and 13 s, 26 s for the heat of the film treated at 350°C - 500°C. After removing of
the test gas, the time is taken to recover 90 % of the total variation is called recovery time. As it is shown
in the Figue-8, a fast response to H,S was observed at 115°C with the recovery times of 34 s, 74 s, 78 s
and 91 s were observed respectively for the above sensors, indicating that films heat treated at 350°C
had excellent response. The stability of the responses of the sensors to 10 ppm H,S was measured at 2",
5t 7t 12t 17t 25™ 35t 50% days after the first measurement. The response was nearly constant for all
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the sensors to 10 ppm H»S. This result endorses the good stability of In,O3 sensors were studied in this
work.
CONCLUSION

The acrylamide sol-gel dip coating method was adopted to prepare thin films of In,Os. Nanoparticles
have very large reactive surface area, surface volume and porosity; hence the absorption efficiency is
large. Due to this reason the response time value of the gas sensors are smaller and the dynamic behavior
is mainly influenced by the sensors post-heated at 350°C is due to the small grain size which leads to an
increase in the sensitivity due to a lower Fermi-level pinning and consequently to an increase in the
charge depletion layer. Indium Oxide sensor possessing good response to H2S gas at 150°C fabricated by
the sol-gel dip coating method has been demonstrated
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