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Abstract

Indium oxide (In,O3) nanoparticle thin films were grown on cleaned glass substrates by the chemical spray pyrolysis technique using the
precursor solution of indium nitrate (In (NO3);). The XRD studies confirm that the films are polycrystalline In,O3, possessing cubic structure with
lattice parameters, a =b =c¢ =10.17 A. The optical studies show a direct optical band gap of 3.32 eV and an indirect band gap of 2.6 eV in the
prepared films. The films exhibit high optical transparency >80% in the visible region, reaching a maximum of 85% at 684 nm wavelength.
Further, the gas sensing properties of the films have been investigated for various concentrations of methanol in air at different operating
temperatures. At 300 °C the film exhibits a very high response 99% to methanol vapor at a concentration of 40 ppm in air, which is ideal to be used
as a methanol sensor. The film shows fast response and recovery to methanol vapor at higher operating temperatures. A possible methanol sensing

mechanism has been proposed.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Among the available transparent conducting oxides (TCOs),
indium oxide (In,O3), an n-type semiconductor, is a promising
candidate for use in various optoelectronic devices and solar
cells owing to its good optical transparency in the visible region
(>80%) and low electrical resistivity (~10"*Qm) [1,2].
Furthermore, In,Oj3, both in bulk and thin film form, has been
used as a sensor for various gases such as volatile organic
compounds (VOCs), Cl,, NO,, humidity, etc. [3]. Since the gas
sensing properties of materials are the surface phenomena,
therefore thin films are more suitable as compared to the bulk
counterparts [4]. Many deposition techniques have been
employed to prepare thin films of In,O5. These include sol-
gel process, spray pyrolysis, thermal evaporation, pulsed laser
deposition, etc. For the growth of indium oxide thin films by
spray pyrolysis technique, in most cases indium chloride
(InCl3) has been used as the starting material [5—12] whereas in
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few cases indium nitrate (In (NO3)3) has been used to serve the
purpose [13,14].

Methanol is a widely used organic solvent for a variety of
purposes. It is used as fuel, antifreeze and laboratory solvent.
Since methanol is highly toxic in nature, it is very important to
detect its vapor at very low concentrations. Among the VOCs
for gas sensor applications, methanol is a less studied organic
compound as compared to ethanol and acetone. Hence, there is
a need for development of reliable sensors capable of detecting
methanol vapor in air. A number of metal oxides have been
studied for their methanol sensing properties by various
researchers. Patel et al. [15] have reported response of the
methanol vapor on the indium tin oxide thin films. CeO,—Fe,03
thin films as the methanol sensor have been studied by Neri
et al. [16]. Sahay et al. [17] have investigated the methanol
sensor response of the Al-doped ZnO thin films. Sol gel derived
SnO, films have been examined for their methanol sensing
properties by Teeramongkonrasmee et al. [18].

Gas sensors based on the indium oxide thin films have been
reported in the literature. Tamaki et al. [19] have reported the
chlorine sensing properties of the In,Os thin films prepared by
the electron beam evaporation technique. Chung et al. [20] have
grown the indium oxide thin films on silicon and alumina
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substrates and discussed their CO, H, and C3;Hg sensing
properties. Low temperature indium oxide sensors have been
fabricated by Winter et al. [21] using molecular beam epitaxy
technique, and the films show significant response for a number
of gases including NH; and NO,. Indium oxide films have been
examined for detection of ozone gas by Suchea et al. [22].

To the best of our knowledge, the methanol sensing
properties of the In,O; thin films grown by the spray pyrolysis
technique have not been reported till date. Therefore, in the
present investigation, the In,Oj3 thin films have been grown by
the chemical spray pyrolysis technique using the precursor
solution of In(NOj);. Studies on the methanol gas sensing
properties of the films have been carried out at low operating
temperatures and for low concentrations. Further, the as-grown
films have undergone optical characterization and a number of
optical constants which include refractive index, optical band
gaps, etc. have been determined.

2. Experimental details

In,O; films have been deposited on cleaned glass substrates
by employing the spray pyrolysis technique. Indium nitrate (In
(NO3)3), 99.98% pure (Sigma Aldrich), was used as the
precursor and distilled water as the solvent. The glass substrates
were cleaned prior to deposition, firstly by freshly prepared
chromic acid followed by deionized water, and then
ultrasonically cleaned by trichloroethylene for about 30 min.
After this, they were washed with deionized water again and
finally dried in air. A schematic representation of the spray
apparatus has been described elsewhere [4]. The precursor
solution was sprayed through a locally designed glass nozzle on
the hot substrates with pressurized air being the carrier gas. The
various process parameters for the film deposition are listed in
Table 1. The thickness of the resulting films prepared by
spraying 3ml of the 0.1 M indium nitrate solution was
estimated by weight-difference method. The films thus
prepared were subjected to structural, optical, electrical and
methanol sensing studies.

Structural analyses of the films were carried out using
PANalytical X’Pert PRO with CuKa radiation (A = 1.5406 A)
as the X-ray source at 30 mA, 30 kV, the scanning angle 26
varying from 20° to 65° at a scan speed of 0.02° per second. In
order to determine the band structure and energy band gap, the
optical studies of the indium oxide films were carried out using
Perkin Elmer Lambda 35 UV-vis spectrometer (UK) in the
spectral range 300-700 nm. For electrical measurements, high

Table 1
Process parameters for the spray deposition of the In,O; thin films.

Spray process parameters Optimum value/item

Substrate temperature 400 £ 10 °C
Solvent Deionised water
Substrate Glass
Substrate-nozzle distance 15cm

Carrier gas pressure 3 kg/cm?
Solution flow rate 3 ml/min
Solution concentration 0.1 M

conducting silver paste was applied on both ends of the films for
making ohmic contacts. The methanol sensing properties of the
film were carried out in an experimental set up shown in Fig. 1.
The film was mounted on a two-probe assembly placed into a
silica tube, which was inserted coaxially inside a resistance-
heated furnace. The electrical resistance of the films was
measured before and after exposure to methanol vapor using a
Keithley System Electrometer model 6517B. The measurement
of methanol concentration was carried out by taking required
amount of liquid methanol in a Hamilton micro syringe and
then injecting it into the glass tube, as shown in Fig. 1. The
response to methanol of the film was determined at different
operating temperatures in the range 200-300 °C for various
concentrations of methanol in air.

3. Results and discussion
3.1. Film formation

It is well known that the physical, optical and structural
properties of a film are strongly affected by many growth
parameters during its formation [23]. In the chemical spray
pyrolysis technique, when aerosol droplets of required solution
arrive close to the heated glass substrates, a pyrolytic
decomposition process takes place and a highly adherent
desired film is formed on the substrates. A possible reaction
mechanism in the formation of In,Oj3 film is as follows:

In (NO3)3 +H;0 — In;O3 +HNO;3 | (D)

The films thus prepared were found to be almost clear and pale
yellow in color in physical appearance. All the film thicknesses
were found to be in the range 200-250 nm.

3.2. Structural analyses

The X-ray diffraction spectra of the In,O5 thin film is shown
in Fig. 2. The observed XRD pattern is found to match with the
JCPDS card 06-0416. All the films are found to have
polycrystalline nature, possessing cubic structure with lattice
parameters, a =b=c=10.17 A which is slightly greater than
the reported value of 10.118 A for pure indium oxide [24]. This
change in the value of lattice parameter may be attributed to the
oxygen deficiency and the strain effect arising from thermal
expansion coefficient and a lattice mismatch between the film
and the substrate [25].

The lattice parameters (a = b = ¢) have been determined by
equation [26]:

d=—2 2)

VR i+ P
where d is the lattice spacing of the crystal planes (& k [).
The crystallite size (D) has been determined from the full

width at half maximum (FWHM) of the different XRD peaks,
using the Scherrer formula [27]:
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Fig. 1. Experimental set up for methanol sensing studies.

where k is the shape factor possessing a numerical value of 0.9,
A is the wavelength of the X-ray, € is the Bragg’s angle and B is
the corrected FWHM in radians for instrumental broadening.
The average crystallite size has been found to be ~19 nm.

The lattice strain (¢) has been determined using the tangent
formula [27]:

B
& =
4tan 0

4)

The XRD peak position, the lattice d-spacing, the crystallite
size and the lattice strain of the film thus obtained are listed in
Table 2.

3.3. Optical studies

The transmittance and absorbance spectra of the film are
shown in Fig. 3. The film shows a high optical transparency
greater than 80% in the visible region, the value of
transmittance reaching a maximum of 85% at 684 nm
wavelength. We have calculated a number of optical constants
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Fig. 2. XRD spectra of the In,O3 nanoparticle thin film.

based on the analysis of the data retrieved. This includes (i) the
values of optical band gap for direct and indirect transitions, (ii)
the width of the localized states near the conduction band, and
(iii) the refractive index, n.

The optical band gap has been calculated for both direct and
indirect transitions as indium oxide is reported to have both
these values because light is absorbed by both direct and
indirect interband transitions in this oxide material [28,29]. For
allowed electronic transition in materials, the absorption
coefficient « is given by equation [23]:

ahv = K(hv — E,)" &)

where p has discrete values like 1/2, 3/2, 2, or more depending
on whether the transition is direct or indirect, and allowed or
forbidden. In the direct and allowed cases, p = 1/2 whereas for
direct but forbidden cases it is 3/2. But for the indirect and
allowed cases p =2 and for the forbidden cases it will be 3 or
more. K is a constant given by equation [23]:

} (2m,)*? 6)

2
- {(rmcm;ﬁhz)

where m; and m, are the effective and reduced masses of charge
carriers, respectively. E, is the optical bandgap. Thus, a plot
between (Ahv)“2 vs. hv (shown in Fig. 4) gives us the value of
the indirect band gap, E, which is obtained by extrapolating the
linear portion of the plot to the energy axis. The indirect band
gap thus obtained has been found to be 2.6 eV.

For direct band gap estimation, a graph is plotted between
(Ahv)? vs. hv, as shown in Fig. 5. On extrapolating the linear
portion of the plot to the energy axis, the direct band gap has
been found to be 3.32 eV, which is slightly lower than the values
reported in the literatures [30-33]. This may be due to the
formation of some localized states near the conduction band
during the film growth process, as there is lattice strain due to
lattice mismatch between the crystalline indium oxide film and
the amorphous glass substrate. Such a study of calculating
direct and indirect band gaps for the indium oxide thin films has
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Table 2
Structural parameters of the In,O3 thin film.
26 (in degrees) d-spacing d-spacing (hkl Lattice parameters Crystallite Lattice
(JCPDS) (A) observed (A) a=b=c(A) size (nm) strain (%)
21.2139 4.1300 4.1882 211 10.2591 12.83 0.00051
30.46 2.9210 2.9347 222 10.1662 20.92 0.00046
35.3012 2.5290 2.5425 400 10.1703 26.47 0.00043
41.7187 2.1570 2.1651 332 10.1552 18.00 0.00078
45.4829 1.9840 1.9942 431 10.1689 18.24 0.00086
50.8827 1.7880 1.7946 440 10.1518 22.35 0.00081
55.872 1.6410 1.6456 611 10.1442 14.28 0.00145
60.4769 1.5250 1.5295 622 10.1461 19.16 0.00122
Table 3
Response of methanol sensors based on various oxide thin films.
Sensing element Deposition technique; Operating Formula used for response Response for Reference
material/precursor used temperature calculation methanol vapor
()
In,0Oj3 thin film Spray pyrolysis; In (NO3)s 300 [(Ra — Ry)/R,] x 100% 99% for 40 ppm This work
Al-doped ZnO thin film Spray pyrolysis [Zn (CH;COOH),]. 275 [(Ra — Ry/R,] x 100% 44% for 500 ppm [17]
2H,0 (host precursor) + AICl;
(dopant precursor)
SnO; thin film SnCl, + NaOEt 230 R./R, 23% for 10,000 ppm [18]
Pd-gate MOS MOS structure on p-type Si substrate 120 (ACIC,) x 100, where C 57% for 35,000 ppm [35]
is the capacitance
In,053/Sn0O; thin film Direct evaporation technique;ITO 350 (G — G))/G,, where G 0.03; concentration [36]
(In,O3+ 17% SnO,) is the conductance not specified.
CeO,—Fe,03 thin film Liquid phase method; CeCl;.7H,0O 475 L,/1,, where I is the current 11% for 200 ppm [16]

and Fe(NOs)3.9H,0

been reported by Girtan, and the values are found to be 3.57-
3.68 eV and 2.8-3.2 eV, respectively [6].

The absorption coefficient « in the low energy range follows
the well-known exponential law, that is, the Urbach tail
expressed as [34]:
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Fig. 3. Transmittance and absorbance spectra of the In,O; thin film as a

function of wavelength.

where «, is a constant and E, is a parameter describing the
width of the tail of localized states in the band gap. In terms of
absorption, Eq. (7) can be written as

A = Ayexp (g)
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Fig. 4. Variation of (Ahv)"? vs. hv for the In,O5 thin film.
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Fig. 5. Variation of (Ahv)? vs. hv for In,Oj thin film.

where A, is another constant. E, has been estimated, from
the slope of the linear relationship In A against v (shown in
Fig. 6), to be 0.503 eV.

The refractive index, n of the film is determined using the
relation [23]:

(n— 1)

R="1— "/
(n+1)2

€))

where R is the normal reflectance. This relation is valid for the
case when the absorption is very low. In the present case, the
refractive index at 550 nm is found to be 2.13 which is close to
the results observed in the case of the pulsed laser ablated
nanostructured indium oxide thin films [1,30]. The variation of
refractive index, n in the wavelength range 500-600 nm is
shown in Fig. 7.
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Fig. 7. Variation of refractive index, n with wavelength.

3.4. Electrical studies

The variation of electrical resistance of the In,O5 film as a
function of temperature is shown in Fig. 8. It is observed that
the resistance of the film first increases with temperature up to
75 °C, which may be attributed to the adsorption of atmospheric
oxygen on the film surface. On further increasing the
temperature, the resistance begins to fall. In the temperature
range 125-200 °C, the film resistance decreases rapidly with
rise in temperature, while decrease in resistance is slower in the
temperature range 200-300 °C. In fact, two competing
processes of thermal excitation of electrons and oxygen
adsorption occur simultaneously. The sharp reduction in film
resistance in the temperature range 125-200 °C is because the
thermal excitation of electrons dominates over the oxygen
adsorption process, while the gradual decrease in the film
resistance with temperature in the range 200-300 °C may be the
result of improved adsorption of atmospheric oxygen at higher
temperatures. Dependence of the electrical conductivity of the
film on temperature is shown in Fig. 9.
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Fig. 8. Variation of electrical resistance of the In,Oj3 thin film as a function of
temperature.
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Fig. 9. Dependence of electrical conductivity of the film on temperature.
3.5. Methanol-sensing studies

The electrical resistance of the film decreases upon exposure
to methanol being a reducing gas, and it increases under
recovering in air. The sensor response has been defined as
[(Ry — Rp)/R,) x 100%]. Here, R, is the resistance of the film
in air and R, is the resistance upon exposure to methanol.

Fig. 10 presents the response characteristics of the film as a
function of operating temperature for different concentrations
of methanol in air. Below the operating temperature of
200 °C, the response of the film is found to be very low. This is
because the response of the film to methanol vapor is
restricted by the speed of the chemical reaction. At low
temperatures, the methanol molecules do not have enough
thermal energy to react with the surface adsorbed oxygen
species. When the film is heated beyond 200 °C, the methanol
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Fig. 10. Methanol response characteristics of the In,O3 thin film as a function
of operating temperature.
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Fig. 11. Response characteristics of the In,O; thin film as a function of
methanol concentration at different operating temperatures.

molecules have enough thermal energy to react with the
surface adsorbed oxygen species, thus releasing electrons to
the conduction band. This, in turn, reduces the film resistance
and therefore increases the sensor response. It is observed that
a small increase in the operating temperature from 200 °C to
225 °C, leads to a large increase in the sensor response
because of the availability of sufficient adsorbed oxygen
species on the film surface. The film shows maximum
response (99%) at 300 °C for 40 ppm concentration of
methanol in air. It is seen that beyond 225 °C, the increase in
response with operating temperature is not so rapid as
compared to the response observed in the temperature range
200-225 °C for all concentrations of methanol in air. This
may be due to a decrease in the reaction kinetics of methanol
molecules with the adsorbed oxygen species on the film
surface.

Fig. 11 shows the response characteristics of the film as a
function of methanol concentration at different operating
temperatures. At 200 °C, because the thermal energy is low, a
concentration as high as 100 ppm does not contribute much
for the sensor response. It is observed that at 225 °C, the
response increases gradually with methanol concentration.
However, at the operating temperatures of 250 °C and beyond,
the response first increases gradually with concentration up to
80 ppm and thereafter tends to attain saturation. This gradual
increase in response with methanol concentration is attributed
to the fact that the surface coverage of methanol molecules
begins to attain saturation with increase in methanol
concentration. At 300 °C, the film shows a high response
of 98% even at a low concentration of 20 ppm of methanol in
air. This suggests that at 300 °C and 20 ppm concentration,
the methanol molecules cover a large surface area of the film,
which reacts very effectively with the adsorbed oxygen
species.

Fig. 12(a) and (b) presents the transient response character-
istics of the indium oxide film for various concentrations of
methanol in air at two different operating temperatures 250 °C
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and 300 °C, respectively. It is observed that at 250 °C, the
response and recovery is the fastest for 80 ppm as compared to
other concentrations. At 250 °C, for lower concentrations of
methanol, the response time of the film is found to be large as
compared to that for higher concentrations. However, the case
is reversed for recovery time, i.e., the recovery time is short for
lower concentrations and long for higher concentrations of
methanol in air. Longer response time observed in case of lower
concentrations may be due to sparse coverage of methanol
molecules on the film surface.

At 300 °C, the film shows fast response at all concentrations,
which is possibly due to fast reaction kinetics of the methanol
molecules with the adsorbed oxygen species at 300 °C, whereas
the recovery time is found to increase with the methanol
concentration in air.

The sensing mechanism of methanol to In,Oj3 thin film is a
surface controlled phenomenon. At first, oxygen is chemi-
sorbed on the indium oxide surface when the film is heated in
air. During the chemisorption process, atmospheric oxygen O,
is converted into its ionic species viz. O, and O~ which
acquire electrons from the conduction band. The reaction
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Fig. 12. (a) and (b) Transient response characteristics of the In,O; thin film at
two different operating temperatures (a) 250 °C and (b) 300 °C.
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kinetics is as follows [17]:
O, (air) < O, (ads) (10)
0O, (ads) + e~ < O, (ads) (11)
0O, (ads) + e~ < 20" (ads) (12)

The reaction between methanol vapor and adsorbed ionic
oxygen species can take place by two different ways [17]:

CH;O0H (gas) + O™ (ads) — HCOH + H,O + e~ (13)
HCOH + O (bulk) — HCOOH + O (vacancies) (14)
CH;O0H (gas) + O,~ (ads) — HCOOH + H,0 + e~ (15)

Thus, once the film is exposed to the methanol vapor, the
formation of formaldehyde and formic acid by the oxidation of
methanol, leads to the liberation of electrons into the conduc-
tion band, resulting a decrease in the film resistance.

A comparison of this work with other methanol sensors
fabricated using various metal oxide semiconductors is
presented in Table 3. It is inferred from the comparison that
In,O5 is a better material for detection of the methanol vapor.
Thus, for the detection of low concentration of methanol, the
In,O3 thin film grown by the spray pyrolysis technique is a
promising candidate to serve as a methanol sensor.

4. Conclusions

(i) The indium oxide nanoparticle thin films prepared by the
pyrolytic decomposition of the aqueous solution of indium
nitrate are found to have cubic structure with crystallite
size ~19 nm.

(i1) A high optical transparency greater than 80% in the visible
region has been observed for the films under study. Direct
and indirect optical band gaps have been found to be
3.32 eVand 2.6 eV, respectively. The width of the localized
states below the conduction band has been estimated to be
0.503 eV. The refractive index has been calculated to be
2.13 at 550 nm wavelength.

(iii) The change in the film resistance as a function of operating
temperatures has been explained by two competing
processes, viz. the thermal excitation of electrons and
the atmospheric oxygen adsorption, occurring simulta-
neously.

(iv) The response to methanol vapor is found to be maximum
(99%) at 300 °C for a concentration of 40 ppm in air. The
maximum response is attributed to the availability of
sufficient adsorbed ionic species of oxygen on the film
surface, which react most effectively with the methanol
molecules at this particular temperature.

(v) The reaction mechanism of methanol sensing has been
explained.
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