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In, 05 and In,O3:Ag nanoparticle layers have been deposited using a two-step method consisting of chemical capping and dip coat-
ing techniques. The result of optical absorption analysis of In,O3:Ag samples shows the presence of Ag,O and Ag in air-annealed
and vacuum-annealed samples, respectively. These results have been correlated with the gas sensing properties of these layers to-
wards ethanol and support the proposed mechanism that increase in sensor response on Ag addition is due to the conversion of

Ag, O to Ag in the presence of ethanol.
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1. INTRODUCTION

Recently, gas-sensing properties of oxide semiconductors
have been improved by preparing these materials in
nanocrystalline or nanoparticle forms [1]. The sensing
mechanism is based on the fact that the adsorption of oxy-
gen on the semiconductor surface causes a significant change
in the electrical resistance of the material. The formation
of oxygen adsorbate (O™ or O7) results in an electron-
depletion surface layer due to electron transfer from the ox-
ide surface to oxygen. The sensing properties of oxide semi-
conductor materials also have been modified by adding met-
als or metal oxides as catalytic activator [2]. The effect of
metal/metal oxide addition on gas-sensing phenomenon of
oxide semiconductor has been explained in terms of dop-
ing of oxide matrix by metal atoms or formation of nano,
micro, or macro-agglomerated metal clusters [3]. Various
possible mechanisms have been suggested for the enhanced
gas-sensing properties in presence of metal/metal oxide. In
almost all studies, the structure of the metal nanoparticles
in the composite nanoparticles is not well defined. In the
present study, In,O3:Ag composite nanoparticle layers have
been synthesized by a two-step synthesis process using chem-
ically grown In,O3 and Ag nanoparticles. Based on the de-
tailed optical absorption studies, a possible mechanism for
the effects of metal addition on the gas sensing properties

has been suggested. Formation of nanoparticles and layers in
two separate steps provides the advantage of controlling the
individual nanoparticle size, composition, and film thickness
independently.

2. EXPERIMENTAL

Synthesis of In,O3 and Ag nanoparticles has been carried
out by chemical capping method as discussed earlier [4—
7]. The In(OH)3; nanoparticles were synthesized by heat-
ing 0.01 M InCl; - 3H,0O in ethanol and 0.01 M alanine in
ammonia solutions (in a ratio of 1 : 2.5) at 80°C for 20
hours with continuous stirring. The nanoparticles were col-
lected and washed several times using deionised water to
remove the excess ions. This is followed by vacuum dry-
ing. In,O3 nanoparticles were prepared by heating In(OH)3
nanoparticles at 350°C. For the synthesis of Ag nanoparti-
cles, PVP, poly (N-vinyl-2-pyrrolidone) and silver perchlo-
rate were heated in ethanol/water mixture at 90°C with con-
tinuous stirring. Silver nanoparticles were obtained after cen-
trifugation. In,O3:Ag (IAG15) composite nanoparticle layers
with 15 weight% Ag were prepared by a dip-coating method.
The required amount of precursor nanoparticles, In,O3 and
Ag were dispersed in ethanol. The deposited layers were dried
at a temperature of 100—120°C for few minutes to evaporate
out the solvents after each dip.
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Glancing angle X-ray diffraction (GAXRD) analysis of
nanoparticle layers was obtained using Rigaku diffractome-
ter (Giegerflex-D/max-RB-Ru 200). A Philips CM12 electron
microscope was used for transmission electron microscopy
(TEM) studies. Nanoparticles were dispersed ultrasonically
in water and spread over formvar coated copper grids for
TEM analysis. For gas-sensing measurements, the dispersed
nanoparticles were spread on substrates with interdigitated
electrodes by carefully placing drops onto the substrate fol-
lowed by drying in an oven at 100°C, as described else-
where [5, 6]. Specially designed buried electrodes have been
used for maintaining the homogeneity and uniformity of the
nanoparticle layers. The structures are bonded to a DIL16
chip carrier through gold bond wires. A poly-Si layer, which
is embedded in the structure to serve as the heating el-
ement, allows a maximum surface temperature of 300°C.
An external heating arrangement has been used in order to
heat the substrate to higher temperatures. A temperature-
dependent resistor close to the interdigitated electrodes al-
lows the temperature measurement. The gas-sensing proper-
ties in terms of sensor response and response time were de-
termined by measuring the time-dependent changes in resis-
tance on changing the gas environment in the measurement
cell in the temperature range of 100-400°C.

3. RESULT AND DISCUSSION

GAXRD spectrum of composite nanoparticle layer sam-
ple TAG15 annealed at 400°C for 90 minutes is shown in
Figure 1(a). The most intense peak observed in the GAXRD
spectrum at 20 = 30.6° belongs to (222) plane of cubic
In;O3. The XRD spectra of nanoparticle samples Ag and
In,O; annealed at 400°C for 90 minutes are shown in (b) and
(c) of Figure 1, respectively. The broadening of the FWHM is
due to the absence of long-range order because of the finite
size of nanoparticles. TEM micrographs of samples IAG15
annealed at 400°C are shown in Figure 2. The average size of
In, 03 and Ag nanoparticles is 13 nm and 14 nm, respectively.
In the micrograph of IAG15 nanoparticle layers, the disper-
sion of Ag/Ag,O nanoparticles (relatively darker spots) in a
network of indium oxide nanoparticles (less dark spots) has
been marked.

Optical absorption spectra of nanoparticle layers sam-
ples In,O3, Ag, and IAGI15 are shown in Figure 3. The op-
tical absorption spectrum of In,O3; sample shows a band
edge at 305 nm characteristics of In,O3 nanoparticles. Spec-
trum of Ag sample shows a surface plasmon resonance peak
at 430 nm characteristics of silver nanoparticles dispersed in
PVP matrix. In the optical absorption spectrum of IAG15,
both the features corresponding to In,Os and the surface
plasmon peak corresponding to Ag has been observed. The
intensity of the absorption edge corresponding to In,O3; and
surface plasmon resonance peak corresponding to Ag are
proportional to the composition used.

The optical absorption spectrum of the IAG15 samples
as-synthesized, annealed in air at 200°C, 300°C, and 400°C
for 90 minutes are shown in Figure 4. The optical absorbance
spectra for as-synthesized IAG15 consist of a band edge at
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FIGURE 1: (a) GAXRD spectrum of sample IAG15, XRD spectra of
(b) Ag nanoparticles sample and (c) In,Os nanoparticles sample.
All samples are annealed at 400°C for 90 minutes. (%) shows the
peaks corresponding to the cubic Ag,O phase and (X) shows the
peaks corresponding to cubic Ag phase.

300 nm corresponding to In,O3 nanoparticles and a surface
plasmon resonance (SPR) peak at 430 nm corresponding to
silver nanoparticles. For samples annealed at 200°C, the in-
tensity of the SPR peak decreases drastically along with the
broadening of the peak. For the samples annealed at 300°C
and 400°C, the peak disappears. This may be due to the con-
version of Ag nanoparticles to Ag,O nanoparticles and is
consistence with the GAXRD results. It has been reported
that due to a small size and increased surface to volume ra-
tio, Ag nanoparticles have higher reactivity and they con-
vert to Ag,O at a temperature of 300°C in air [8]. The op-
tical absorption spectra of the IAG15 samples annealed in
vacuum at 200°C, 300°C, and 400°C for 90 minutes are
shown in Figure 5. The optical absorbance spectra for sam-
ples IAG15 annealed at 200°C consists of a band edge at
300nm corresponding to In,Os nanoparticles and a sur-
face plasmon resonance (SPR) peak at 430 nm correspond-
ing to silver nanoparticles. For samples annealed at 300°C
and 400°C, the intensity of the SPR peak decreases. In case of
vacuum-annealed samples, Ag is still present and it has not
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FiGURre 2: TEM micrograph of IAG15 nanoparticle layer sample
annealed at 400°C for 90 minutes. The In,O5 as well as the Ag,O
nanoparticles are marked.
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Ficure 3: Optical absorbance spectra of the nanoparticle samples
(a) In, O3, (b) Ag, and (¢) IAGI5.

completely converted to Ag,O. Thus, upon annealing in air at
200°C to 400°C, the nanoparticle layers exist as In,O3:Ag,O
and in the case of vacuum annealing they exist mainly as
In,05:Ag. The optical study has been found to be reversible
and reproducible.

Figure 6 shows a comparison of the sensor response and
the response time for the In,O3 and In,O3:Ag nanoparticle
layers at 400°C for 1000 ppm ethanol. Figure 7 shows a typ-
ical sensor response for composite nanoparticle layer. Sen-
sor response is the ratio of the conductance of the nanopar-
ticle layer in ethanol in synthetic air to the conductance in
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FiGUure 4: Optical absorbance spectra of the IAG15 composite
nanoparticle layers (a) as-synthesized, annealed in air at (b) 200°C,
(¢) 300°C, and (d) 400°C for 90 minutes.
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FIGURE 5: Optical absorbance spectra of the IAG15 composite
nanoparticle layers annealed in vacuum at (a) 200°C, (b) 300°C,
and (c) 400°C for 90 minutes.

synthetic air. Response time is the time required in reach-
ing 70% of the saturated value of resistance in presence of
ethanol. The sensor response in the case of [AG15 increases
to 436 and the response time is about 6 seconds as compared
to a sensor response of 325 and a response time of 8 seconds
for In, O3 nanoparticle layers.

As discussed earlier, air-annealed In,O3:Ag nanoparticle
layers exist as In,O03:Ag,O and in vacuum-annealed samples,
they exist mainly as In,O3:Ag. It is expected that the effect of
exposure to ethanol vapours will be similar to annealing in
vacuum. Increased gas-sensing response is thus linked with



Journal of Nanomaterials

16

Air on Ethanol on
l \}

12 -

Sensor response
o]
T

Nl .

1
0 1500 3000 4500 6000
Time (s)

FIGURE 6: A representative gas-sensing response curve obtained
with sample TAG15 for 10 ppm ethanol.
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Figure 7: Comparison of the ethanol-sensing behavior of In,O;
and IAG15 nanoparticle layers for 1000 ppm ethanol at 400°C.

the transformation of depletion layer in case of Ag,O—1In,03
interface to an accumulation layer in case of Ag—In,0Os as
schematically described in Figure 8 [9]. This explains the
high sensor response to ethanol in presence of Ag. In case
of an In, 03 layer without Ag addition, gas-sensing response
depends on the degree of depletion of electrons from In, O3
by adsorbed oxygen and the effectiveness of removal of oxy-
gen species by ethanol. In case of In,Os having appropri-
ate amount of Ag, gas-sensing response depends upon the
effectiveness of reduction of Ag,O to Ag in the presence
of reducing ambient (ethanol). The resistance in air and in
1000 ppm ethanol for the In,O3; and for IAG15 nanopar-
ticle layers is 550 K Ohms, 350 K Ohms, 1.21 K Ohms, and
0.820 K Ohms, respectively. As the gas sensing mechanism
is based on the interaction of sensing gas with Ag, use
of Ag nanoparticles is advantageous as it provides a large

FIGURE 8: A schematic diagram showing electronic interaction at (a)
In,03:Ag and (b) In,03:Ag,O nanoparticle interfaces. In presence
of ethanol, Ag,O converts to Ag, the electron-depletion surface layer
of In,O3; becomes smaller due to release of the electrons to In,03,
and thus the conductivity gets enhanced. In air, electron-depletion
surface layer gets enhanced due to electron transfer to oxygen as well
as to Ag,O from In,Os.

surface area for interaction with the sensing gas. Size of In, O3
nanoparticles (13 nm) used in the present study falls in the
range of Debye length values estimated for oxide semicon-
ductors [10, 11]. The nanoparticle size used is thus quite
optimum for high sensor response. Use of Ag and In,O3
nanoparticles of approximately equal sizes is expected to
result in homogenous mixing of two phases in composite
nanoparticle samples. Our earlier studies have shown that
particle size, structure, and the properties of the nanopar-
ticles do not change at the operating temperature used in
the present study [4, 5]. Papadopoulos et al. have reported
a sensor response of 33 in In O3 films for 26 ppm ethanol
at 450°C [12]. Shukla et al. have reported a sensor response
value of 16 for 1000 ppm H; at 50°C [1]. Chung et al. have re-
ported sensor response of 88 for 2000 ppm ethanol at 350°C
[13]. The high value of sensor response and faster response
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observed in the present study in comparison to the reported
values in various oxide semiconductors (especially, sensing
response towards reducing gases) can thus be directly corre-
lated with the electronic interaction, larger surface area due
to nanoparticle nature of both the phases used in the present
study.

4. CONCLUSIONS

In, O3 and In,03:Ag nanoparticle layers having well-defined
particle size and composition have been prepared using a
two-step synthesis method. Optical absorption studies car-
ried out on In,O3:Ag samples show the presence of In,O3
and Ag,O phases in air-annealed samples. In vacuum-
annealed samples the presence of surface plasmon resonance
peak shows the conversion of Ag, O to Ag phase. These results
support the proposed mechanism based on the conversion of
In,03:Ag,0 interface to In,O3:Ag interface on exposure to
reducing gases and explain the enhance gas sensing proper-
ties of composite nanoparticle layers.
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