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Abstract: A series of In;CryO3; composites, with x ranging from 0.01 to 0.5wt% were prepared by
mechanochemically starting from InCl; and CrOs. Structural and micro structural characteristics of the
sample were investigated by XRD, SEM with EDAX. Thick films of pure Indium Oxide and
composites were prepared by standard screen printing technique. The gas sensitivity of these thick
films was tested for various gases. The pure Indium Oxide thick film (x=0) shows maximum
sensitivity to ethanol vapour (80 ppm) at 350 °C, but composite-A (x=0.01) thick film shows
maximum sensitivity to H,S gas (40 ppm) at 250 °C, composite-B (x=0.1) thick film shows higher
sensitivity to NH; gas (80 ppm) at 250 °C and composite-C (x=0.5) thick film shows maximum
sensitivity to Cl, gas (80 ppm) at 350 °C. A systematic study of gas sensing performance of the sensors
indicates the key role played by concentration variation of Cr doped species. The sensitivity,
selectivity and recovery time of the sensor were measured and presented. Copyright © 2011 IFSA.
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1. Introduction

The release of various chemical pollutants from industries, automobiles and homes into atmosphere
has been causing the global environmental issues such as acid rain, the global greenhouse effect and
ozone depletion. The gas sensors have been fabricated using SnO,, ZnO, TiO,, WOs3, CdIn,O4 and
BaTiO; materials in pure and modified forms to detect various gases. The metal oxides based
semiconductor gas sensors are playing an important role in the detection of toxic pollutants and to
control the industrial processes. There are two techniques used for the fabrication of semiconductor
gas sensors: thin film [1] and thick film sensors [2]. Thick film gas sensors manufactured by screen-
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printing technology have certain advantages such as low cost, simple construction and good sensing
properties over other types of gas sensors [3—5]. Generally, any gas sensor must possess two basic
functions, i.e., a function to recognize an objective gas from others (receptor function) and another to
transduce the gas recognition into a gas concentration dependent signal output (transducer function). In
the semiconductor gas sensors, the receptor function is provided by the interaction of the
semiconductor surface with an object gas via gas adsorption and surface reactions, while the
transducer function depends not only on the band structure of the semiconducting oxide but also on the
microstructure of the coagulating particles [6]. Recently, there is an increasing need for the detection
of toxic, polluting or smelling gases at low levels in air. For such low-level gases, sensors should be
sufficiently upgraded in sensitivity and selectivity, and especially important is the promotion of the
receptor function, as suggested from the reported examples of sensor modifications brought about by
the addition of noble metals [6, 7], metal oxides [8—10]. It is also well known that the electrical
properties of semiconducting oxides like InOy depend strongly on defect density created by external
doping or disturbed stoichiometry as well as their growth conditions. Sensors for toxic gases have
attracted much attention due to the growing concern of environmental protection and safety. A number
of semiconductor oxide such as ZnO, SnO;, In,O3 and indium tin oxide (ITO) are used for different
gas sensors [11-14]. Most of their sensors are based on the resistance variation when the
semiconductor oxide films are exposed to target gases. Normally, the conventional resistance type
sensors are operated at an elevated temperature, usually within the range of 250 °C-300 °C [14-18].
The most general adsorption — desorption gas sensing mechanism of semiconductor gas sensor is the
simple resistivity change, due to desorption of surface oxygen adsorbates via reactions with reducing
gases such as H,S, CO and H; [19-22].

In this paper, preparation of (Cr-doped In,O3) composites polycrystalline powder by a simple chemical
route has been reported. The prepared In; \CryO3; composite thick films with different crystallinities by
changing the variety of defect densities, by changing the stoichiometry of the films and studied their
structural and gas sensing properties to H,S, NH3 and Cl, against H,, CO, CO,, O,, LPG, Ethanol
vapour were investigated and presented.

2. Experimental
2.1. Preparation of (Cr- doped In,O3) Composites

Three composites were prepared from the AR grade powder of InCl; and CrOs;. Composite
A— Ingg9Crp 0103, composite B — InggoCrp 1003 and composite C — Ings50Cros003 was milled for 2h
using planetary ball mill separately to obtain hydroscopic paste. Then double distilled water is added
with constant stirring up to 100 ml then followed by slow heating up to dryness. The powder was
calcined at 950 °C for 10 min in air atmosphere and reground and resulting powder was used for the
preparation of printable paste.

2.2. Preparation of Pure In,O3 Thick Films

The AR grade powder of In,O; was calcined at 1000 °C for 6 h. Then In,O3 powder was milled for 2 h.
using planetary ball mill to obtain fine-grained powder. The thixotropic paste was formulated by
mixing the fine powder of In,O; with a solution of ethyl cellulose (a temporary binder) in a mixture of
organic solvents such as butyl cellulose, butyl barbital acetate and terpineol etc. The weight ratio of the
inorganic to organic part was kept at 75:25 in formulating the paste. This paste was screen printed on a
glass substrate in a desired pattern [23, 24]. The sensitivity of the films increases with the film porosity
as well as with thickness of the film [25]. The films were fired at 550 °C for 30 min. Silver contacts are
made for electrical measurements.
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2.3. Preparation of (Cr- doped In,O3) Composites Thick Film

The thixotropic paste were formulated by mixing the resulting fine powder of composite A, B and C
separately one by one with a solution of ethyl cellulose (a temporary binder) in a mixture of organic
solvents such as butyl cellulose, butyl carbitol acetate and terpineol. The weight ratio of inorganic to
organic part was kept as 75:25 in formulating the paste. This paste was screen printed on a glass
substrate in a desired pattern. These films were dried under IR lamp for 1hr, then followed by firing at
550 °C for 30 min. Silver contacts are made for electrical measurements.

2.4. Thickness Measurements

The thickness of the films was measured by using the Taylor — Hobson (Talystep, UK) system. The
thicknesses of the films were observed in the range from 60-65 pum. The reproducibility in thickness of
the films was possibly by maintaining proper rheology and thixotropy of the paste.

2.5. Details of Gas Sensing System

The gas sensitivity of the sensors was examined using a ‘static gas sensing system’. There were
electrical feeds through the base plate. The heater was fixed on the base plate to heat the sample under
test up to required operating temperatures. A sample under test can be mounted on the heater. The
Cr-Al thermocouple was mounted to measure the operating temperature. The output of the
thermocouple was connected to a digital temperature indicator. A gas inlet valve was fitted at one of
the ports of the base plate. The required gas concentration inside the static system was achieved by
injecting a known volume of a test gas with a gas-injecting syringe. A constant voltage was applied to
the sensor and the current was measured by digital picoammeter. Air was allowed to pass into the glass
chamber after every gas exposure cycle.

3. Characterizations
3.1. Structural Analysis

Structural properties of the pure In,O; and composites powder were studied using an X-ray
diffractometer (Rigaku Model DMAX-2500, Japan) using CuK, radiation with a wavelength
2 =1.5418 A°. X-ray diffraction analysis Of pure In,O3; and composites were carried out in the 20-80°
range using CuK, radiation. Fig. 1 shows the X-ray diffractogram of screen printed pure In,O3; and
composites A, B and C. The XRD patterns are indexed with pure In,Os with cubic structure. The
observed peaks in figure are matched well with (JCPDS Card No. 01-071-2194) reported data of
In,Os. The average grain size was calculated according to Debye- Scherrer’s equation, it was observed
to be 51 nm, provided in Eq. (1).

o _ 092 1
- Peost ()

where 3 is the full width at half-maximum intensity (in radians) of a peak at an angle 0; K is the
constant, depending on the line shape profile; A is the wavelength of the X-ray source.

The X-ray diffractogram of screen printed composites A, B are shows homogeneous material but
X-ray diffractogram of screen printed composite C shows heterogeneous material. In composite C,
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peaks indicated with (*) shows Cr,Os material and other peaks shows In,O; material. XRD analysis
revealed that the material is polycrystalline in nature due to sharp peaks. The observed peaks matched
well with the reported PCPDF WIN data book, card no -21-0403, 71-2195, 72-0683 and average grain
size determined from Debye Scherer formula is estimated to be 230 nm.
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Fig. 1. X-ray diffractogram of screen printed Pure In,O3, composites of A, B and C.

3.2. Microstructural Analysis

The microstructure and chemical composition of the composites film were analyzed using a scanning
electron microscope (SEM, JEOL JED 6300) coupled with an energy dispersive spectrophotometer
(EDS, JEOL, JED 2300 LA) Japan. Fig. 2 (a) depicts the SEM image of pure In,Oj3 thick film fired at
550 °C. The film consists of voids and a wide range of grains with size distribution ranging from
0.25 pm to 0.5 um, distributed non-uniformly. Fig. 2(b), 2(c) and 2(d) depicts the SEM images of
composite A, B & C thick films respectively fired at 550 °C. While observing SEM images of
composites A, B and C, Fig. 2(b), the film consists of a large number of grains leading to high porosity
and large effective surface area available for the adsorption of oxygen species. However, after screen-
printing on glass substrate and subsequent firing at 550 °C, the particle growth has taken place. It
reflects from all the three photomicrographs. It is clear that particle size distribution is wide. The
particles are of varied shapes and highly agglomerated with size in the range of 1 to 10 um. However,
in case of the composite-A, Fig. 2(b) the particle size distribution is not nearly uniform. Furthermore,
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the particles are nearly bipyramidle and less agglomerated. Every bipyramid consists of four triangular
facets on either side of a square facet. From the above discussion, it is suggested that the adsorbed
molecules of reducing gases form interface state may alter the potential barrier height of the junction
resulting the change in conductance across the junction.

(0) (d)

Fig. 2. SEM images of (a) Pure In,0; thick film, (b) Composite A, (¢) Composite B,
(d) Composite C thick films.

The surface area plays an important role. Higher surface area leads to the higher concentration of
chemisorbed oxygen species with further increase the change in the conductance during the adsorption
of reducing gases. Finally this gives the higher sensitivity to the semi conducting oxide material.

In our case, composite-A, the particle size is smaller and distribution is not nearly uniform and the
morphology is bipyramidle with less agglomeration nature. On the other hand, Fig. 2(c) & 2(d)) is the
SEM images of composite B and C thick films having larger grain size, which is comparatively less
porous and grains are more agglomerated.
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3.3. Quantitative Elemental Analysis-EDAX

The quantitative elemental analysis of the pure and (Cr- doped In,O3) Composites thick films was
carried out by using an energy dispersive spectrophotometer (EDS) JEOL — JED — 2300 LA Japan.
The constituent elements such as In, O and Cr associated with various films are represented in Table 1.

It is clear from the Table 1 that the weight percentage of chromium increased from Composite A to
Composite C but weight percentage of oxygen decreased from Composite A to Composite C, therefore
Composite C more oxygen deficient (60.48 wt%). This oxygen deficiency may make the Composite
possible to adsorb a large amount of oxygen species.

Table 1. Quantitative elemental analysis of pure and (Cr- doped In,03) Composites thick film.

Elements | Pure In,O; | Composite A | Composite B | Composite C
In (wt%) 41.33 20.24 15.84 12.42
O (wt%) 58.67 78.59 75.56 60.48
Cr (Wt%) _ 1.17 8.60 27.09

4. Electrical Properties
4.1. 1 -V Characteristics

Fig. 3 shows the I-V characteristics of thick films of pure Sample in air atmosphere. The linearity in
the graphs indicates the ohmic nature of the silver contacts.
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D
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Fig. 3. I-V characteristics of pure and Composite A, B, C.
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4.2. Dependence of Electrical Conductivity on Temperature

Fig. 4 shows the dependence of electrical conductivity of pure and Composite A, B and C thick films
in air ambience. The conductivity of these films goes on increasing with increase in temperature,
indicating negative temperature coefficient (NTC) of resistance. This shows the semi conducting
nature of the films.

1000/T (K1)

_1 1 1
1.25 1.5 1.75 2 2.25 2.5 2.75 3

=4=CompositeA  =fll=CompositeB
CompositeC ~ ===Pure

Log (Conductivity) ohm-m
i
1

7

Fig. 4. Dependence of electrical conductivity on temperature.

4.4. Measurement of Gas Sensitivity

Sensitivity of a sensor was defined as the ratio of the change in conductance of a sample on exposure
to the test gas to the conductance in air.

=

Sensitivity = | %I =

)
where Gg and Ga are conductance of a sample in the presence and absence of a test gas respectively
and AG is the change in conductance.

The pure In,O5 thick film were tested to various gases such as CO,, CO, H,S, Cl,, Hy, NH3, O,, LPG,
Ethanol vapour etc. It showed maximum sensitivity to ethanol vapour at 350 °C. Fig. 5 shows the
variation of sensitivity of the pure In,O; thick film (fired at 550 °C) with operating temperature ranging
from 100 °C to 400 °C to ethanol vapour. The sensitivity goes on increasing with operating
temperature attains it maximum (93.6) at 350 °C and decreases with a further increase in temperature.

Fig. 6 shows the concentration dependence of sensitivity to ethanol vapour for pure In,O; thick film. It

is obvious that the sensitivity increased with increasing the concentration of ethanol vapour. The
sensitivity to 80 ppm ethanol vapour was the maximum at operating temperature 350 °C.
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Fig. 5. Variations of ethanol vapour sensitivity of pure In,O; thick film with operating temperature.
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Fig. 6. Concentration dependence of Sensitivity to ethanol vapour for pure In,O; thick film.

4.5. Selectivity of Pure In,O3 Thick Film

Selectivity or specificity is defined as the ability of a sensor to respond to certain gas in the presence of
other gases. Fig. 7 shows the selectivity profile of the pure In,O3 thick film at 350 °C. The film shows
a maximum selectivity to ethanol vapour against the other gases.

4.6. Sensitivity with Temperature

Fig. 8 Composite A represents the variation in the sensitivity to H,S gas (40 ppm) with operating
temperature ranging from 100 °C to 400 °C. It was noted from the graph that sensitivity increases with
increasing operating temperature and attain a maximum at 250 °C and decreased with further increase
in operating temperature.

Fig. 9 Composite B represents the variation in the sensitivity to NH3 gas (80 ppm) with operating
temperature ranging from 100 °C to 400 °C. It was noted from the graph that sensitivity increasing
with increasing operating temperature and attain a maximum at 250 °C and decreased with further
increase in operating temperature.
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Fig. 7. Selectivity of pure In,Os thick film.
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Fig. 8. Variation of H,S gas sensitivity to pure In,03;, Composites A, B and C with operating temperature.
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Fig. 9. Variation of NHj; gas sensitivity to pure In,O3;, Composites A, B and C with operating temperature.
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Fig. 10 Composite C represents the variation in the sensitivity to Cl, gas (80 ppm) with operating
temperature ranging from 100 °C to 450 °C. It was noted from the graph that sensitivity increasing
with increasing operating temperature and attain a maximum at 350 °C and suddenly decreased with
further increase in operating temperature.

6

Gas: Cl, C,oml?osn:e G
Gas Conc.: 30ppin
= Opt.Temp.:350°C
=—&—Pure

4 —l— Composite A
= ~— Composite B
= 3
E e Comp osite C
[
vy

2

1 -

0 P |

0 100 200 300 400

Opt. Temp. °C

Fig. 10. Variation of Cl, gas sensitivity to pure In,O;, Composites A, B and C with operating temperature.

4.7. Selectivity of Composite A,B & C

Fig. 11 shows the histogram of selectivity’s of the Composite A, B & C thick film. It was clear from
the histogram that the Composite A was good selective to H,S gas; Composite B was more selective to
NH; gas while Composite C was more selective to Cl, gas. Composite B and C having larger particle
size, less porous as compared to Composite A. Particle orientation & porosity would be responsible for
the shifting gas response.

25
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20 - lCompos!teB
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@
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CompositeB| 2.43 2.32 2.6 1.86 3.45 3.05 1.27 | 1864 | 1.01
CompositeC| 0.56 0.81 0.19 0.9 0.83 5.62 0.58 0.92 0.29

Fig. 11. Histogram of selectivity’s of the Composite A, B & C thick film.
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4.8. Response and Recovery Time

Response and recovery time are basic parameters of the gas sensors. The response time has been
defined as the time taken to attain 90 % of final value and the recovery time as time taken to recover
90 % of the original value. The Fig. 12 shows the response time and recovery time of In,Oj3 thick film
at 350 °C for 10 ppm ethanol vapour concentration. The response curve confirms the n-type
semiconductive nature of this material as ethanol vapour is a reducing gas. When ethanol vapour was
introduced, the resistance of the sensor obviously decreased and the response time to reach 90 % of the
total change was 4s. After the ethanol vapour was removed, the resistance gradually increased, but the
recovery time to restore 90 % of the original resistance was 9 s respectively. The very short response
and recovery time are the important features of the In,Oj; thick film sensor. The sensor also showed
good repeatability as shown in Fig. 12.

Gas- Ethanol vapour

] Gas Off Gas Conc. 10 ppm
110 - / \\
100 -

20
50
B 70
£ 60
Z 50
= 40
30
20
10
0 - T T —
0 Gas ()n;7 10 ‘\G as O%O/‘ 30
Time (S)
Fig. 12. Repeatability of pure In,O; thick film.
5. Discussion

Indium Oxide is a basic oxide. It is well known that the sensitivity to ethanol vapor is greatly promoted
by basic oxides [26]. Being specific to ethanol vapor, the promotion would be related to the oxidation
of ethanol vapor. It is known in catalytic chemistry that ethanol vapor is oxidized via two reaction
routes, 1.e., dehydrogenation to CH3CHO on the basic surface and dehydration to C,H4 on the acid
surface. These intermediates are consecutively oxidized to CO, and H,O: Of the intermediates,
CH;3CHOis known to have much higher molecular sensitivity of a semiconductor gas sensor than C,Hy
[27]. Due to the basic nature of Indium Oxide, the dehydrogenation route is more favored than the
dehydration route, giving rise to the most ethanol vapor sensitivity.

Dehydrogenation

/| CH3CHO

Basic H,

CzH50H CO5,H,0

<

Acidic H,0

\I Dehydration

CaHy
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Different gases have different chemical activity with the sensor surface at particular temperatures, i.e.,
different gases have different energies of adsorption and desorption. There are different oxygen species
(O*, O, O¥) adsorbed on the sensor surface depending upon the operating temperature,
microstructure and nature (basic or acidic). Also, the different oxygen species have different abilities
to oxidize the target gas. The sensitivity of pure Indium Oxide and (Cr- doped Indium Oxide)
composite thick films to different gases at different temperature could be expressed through the
following reactions:

. g
4NH, + 3077 ——GH, 0+ 2N, + Zs 3)
o .. sgfc _ o 4
Hyl = 30" =——H, 0= 50U, =3& 4)

_ §Efg
CHOH+ 607 — 3H.0+ 200, +6¢™ | ()

where NH3, H,S and C,HsOH are reducing gases. When a reducing gas comes in contact with the
sensor surface, it would be oxidized and released the electrons, as indicated in reactions (3) — (5),
thereby decreasing the resistance. In air ambient, the sensors showed larger resistance due to
adsorption of oxygen ions abstracting surface electrons. The sensing mechanism of chlorine gas could
be explained by considering its well-known adsorption behavior [28] as:

€l + 20° (ad) — 20"+ O, + 2o~ (6)
€l + 207(0) ——2Cl7 ()4 Oz +26~ %

where subscripts ‘ad’ and ‘0’ means ‘adsorbed’ on the surface and ‘occupying’ lattice oxygen sites
respectively. According to reaction (6), chlorine would be adsorbed by substituting the adsorbed
oxygen and release the electrons, which would decrease the sensor resistance, leading to high response
to chlorine gas. Another possibility could be the chlorine substitution for lattice oxygen to form Cl'(0),
O, and two electrons (reaction (7)), which would decrease the sensor resistance, giving high response
to chlorine gas.

6. Summary

From the results, following statements can be made for the sensitivity of the pure and composites of A,

B and C sensor.

1. The In,O; was found to be a non stoichiometric and oxygen deficient material. It showed negative
temperature coefficient in nature.

2. The pure Iny,O; thick film showed highest sensitivity to ethanol vapour at 350 °C and gas

concentration was at (80 ppm).

. Doping process is one of the most suitable methods of modifying the basic material.

4. Doping concentration of Cr increases, the sensitivity shifts from H,S gas to NH;3 gas and NHj3 gas to
Cl, gas.

5. Shifting of sensitivity from one gas to another gas could be attributed to the presence of defects
formed in these crystals during their growth.

6. The repeatability and reproducibility of the sensor were observed improved through the doping
process.

(98]
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