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Abstract

Surface structures of }@; films have been studied by employing experimental methods for surface characterization together with theoretical
modeling for geometries, electronic structures and surface energetics. Polycrystallinélins deposited by spray pyrolysis were analyzed
by using XRD, HRTEM and XPS methods. Itis found that the most abundant (4 0 0) surface face reconstructs considerably leading to formation
of surface mono-oxygen and di-oxygen forms. This uppermost surface layer exhibit high ability to reduction/oxidation processes during the
thermal treatment. The unsaturated indium ions appearing at the reconstructed surface serve as the active sites for the chemisorbed oxygel
species. Therefore, the mechanisms glOnsensitivity to reducing gases include both “redox” and catalytic effects in a very thin surface
layer. On the other hand, response of0g-based gas sensors to oxidizing gases is limited by diffusion type processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (redox) mechanisni22—24] This postulation is based on
the assumption that chemisorbed oxygen species do not
Among various metal oxides 403 appears to be rather exist at the surface of h®3 because of its transforma-
attractive in a view of excellent sensitivity and selectivity tion into lattice atomic oxygen immediately after adsorp-
to combustion gases and typical air pollutants (CO,4CH tion. However, correlation between surface structure and
H2, NOy) [1-4]. Indium oxide have demonstrated a per- gas response properties established feOmfilms [25,26]
formance better than SpQOn detection of ozong5-9] suggests that the mechanism of@3 sensitivity is more
and offers a new advantage in designing of metal oxide- complicated and cannot be limited to redox mechanism, only.
based gas sensors linked with essential difference in electro-Because of the these challenges it is important to attempt

physical and chemical properties between Sa@d IpO3 to consider 1nO3 surfaces also using theoretical methods

[10-12] once experimentally confirmed model for sensor surface is
Indium oxide material has recently been a subjected of a constructed.

number of experimental studifs3—-21] The sensing mech- In the present paper polycrystalline>®g films have

anism of Inp0Og3 is attributed mainly to oxidation/reduction been studied employing experimental methods of surface
characterization along with theoretical modeling of the
« Corresponding author. Tel.: +358 3 365 4226; fax: +358 3365 2600, IM203 surface. For deposition of @3 we chose spray
E-mail addressesalban@te.net.ua (V. Golovanov), pyrolysis technique which offers possibilities for struc-
matti.maki-jasakari@tut.fi (M.A. Mki-Jaskari). tural control[27—29] Theoretical modeling was done em-
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ploying density functional method. As an effective surface 3. Structural and gas response characterization of
model, an oxygen deficient (4 00) surface with a presencethe In,O3 films

of strongly bound mono-oxygen and di-oxygen species is _ o _
considered. Detailed structural analysis indicates that theOg films

deposited by spray pyrolysis belong to culzi8 space group

with a = 1.0118 nm. Grain size in these films depends on
2. Experimental details both Tpyr and film thickness. For example, increase of film

thickness from 20-30 to 400 nm results in grain size increase

In,Oz films with thickness 10-400 nm were deposited from 8-15 to 60-80nm.
from InCls-water solution. Precursor concentration in ~ Comparisonofthe experimentally observed XRD patterns
sprayed solution was varied from 0.05 to 1.0 Mp@% films with corresponding patterns of @3 powders[31] confirm
were deposited onto silicon (111) and alumina ceramic that IneOs films, deposited alpyr < 350°C, are randomly
substrates heated at 300-580 The films were provided oriented. The films deposited &gy > 350°C, have a pro-
with Au-contacts. The distance between the electrodes WaSnOUnCEd columnar structure with a characteristic grain size
equaled to~2—3 mm. of ~30-40 nm in the vertical direction. A typical HRTEM

The surface morphology and chemical composition were image of the deposited films is shownfig. 1 Results of
examined using X-ray diffraction (XRD) (6/26 mode), the HRTEM analysis, demonstrate that such films are com-
Atomic Force Microscopy (AFM), High Resolution Trans- Pactly packed and highly textured with predominant crys-
mission Electron Microscopy (HRTEM), X-ray Photoelec- tallite orientation in the [00 1] direction, perpendicular to
tron Spectroscopy (XPS) and Raman Spectroscopy meth-the substrate. The terminal faces of the crystallites corre-
ods. For these purposes, we used such instruments a§Pondto (40 0)atomic plane and the lateral plane correspond
diffractometer Siemens D5000 (CuKa); Philips CM30 Su- 0 (100) surface, which has essentially the same structure.
perTwin transmission electron microscope operating at A typical XRD pattern for 1nOs films deposited alpyr >
300 keV, Scanning electron microscopes Jeol JSM840 and4OOOC is shown IrFlg 2 Itis seen that the films with thick-
Philips XL30; MultiMode Scanning Probe Microscope with Nn€ss~200nm exhibit intensity of the (4 0 0) reflection about
Nanoscope Hla Controller of Digital Instruments; X-ray Pho- 20-30 times higher than that of the second strongest (222)
toelectron hemispherical electrostatic analyzer Omicron EA reflection. Forcomparison, ratio I(4 0 0)/1(2 2 2) for randomly
125; and Jobin E6400 Micro-Raman instrument, equipped oriented IOz powders is equaled 0.25. The degree of tex-
with a He-Ne laser (632.8nm) and an argon ion laser turing increases with increasing film thickness, and exceeds
(514.5nm). 90%.

Degree of film texturing were calculated as a ratio ~ Some results concerninga@s gas response to reducing

I(400)/1(2 2 2) of the most intensive peaks in XRD patterns. and oxidizing gases are presented in referef@e2,33]
Grain size was calculated, on the basis of XRD data, using These results have shown that detection of indicated gases

standard Sherrer’s formula. takes place through different mechanisms. The sharp distinc-

Gas response to CO 2H0.1-0.5%) and ozone (<I ppm) tion of the sensing mechanisms to oxidizing and reducing
were measured in steady-state and transient modes both iases is reflected in different temperatures, at which maxi-
wet (35-50% RH) and dry atmospheres (1-2% RH). The mum of sensitivity has been observed (8.gv 150-300°C
operating temperature of the sensors was adjusted betwee@nd T > 400-450°C for oxidizing and reducing gases, re-
25 and 450C during the measurements. The gas responsespectively).
was calculated as a resistance ra{ozone)R(air) for the The study of gas sensing behavior op@% films with
ozone detection, anl(air)/R(CO,H,) for the CO or b de- different thickness and grain sizes suggests that a sensing re-
tection. The volume of the measurement cell was smaller thanSPonse to oxidizing gases is limited by both chemisorption
0.5 cnt3. In this case, exchange time of gas atmosphere wasand diffusion processes. There is a typical regularity asso-
smaller than 2—4 s. Response and recovery times were esticiated: the smaller grain size the higher sensor sensitivity.
mated on the 0.9 level and 0.1 level from the steady-state film In more detail, the dependence of response time on grain
resistance, respectively. size corresponds to quadratic law, indicating that diffusion

The fitting procedure of O1s peak was applied assuming tyPe processes can be rate-determifjf. Increase of the
three peaks composed of Voigt curves with Lorentzian con- film thickness from 20 to 400 nm leads to decrease of gas
tribution of less than 10% in total FWHM and constant (in- 'esponse to ozone with a factor larger than 100 t3ge3).
dependent of sample) energy difference between them. Thelt is noticeable, that during ozone detection in dry air a rela-
In 4d peak was assumed to consist of two doublets. Param-iOntrec > freswas observed (sd&g. 4), which is typical for
eters of the In 4d peak fit were taken frd80]. A Shireley mechanisms controlled by chemisorption/diffusion type pro-
background substraction was included in fitting procedure. cesses. In wet atmosphere the influence of film structure on
For calculation of the O/In ratio, we used the integrated total time constants of gas response to ozone is sharply decreased.

area of oxygen and indium peaks normalized according to N this case, the response and recovery times became compa-
their photoionization cross-sections. rable res~ trec) Which indicates to surface character of the



V. Golovanov et al. / Sensors and Actuators B 106 (2005) 563-571 565

100 nm

10nm

(b)

Fig. 1. HRTEM micrograph of the O3 film (d ~ 200 nm): (a) cross-section displaying its columnar structure and (b) planar view with a diffractogram
demonstrating its preferred (1 0 0) orientation.
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Fig. 3. Dependencies of gas response to (1) 0zdge{(= 270°C) and (2)
Fig. 2. Typical XRD patterns of ks films deposited aTp,r > 400°C. Hz (Toper = 370°C) on InpOs film thickness.
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Fig. 4. Recovery (1) and response (2,3) times for ozone detection vs. thick-
ness of the 103 films (Tpyr =475°C, Toper= 270°C); (1,2) dry air, (3) wet

reactions, as well as on the significant role of water in this

process. ol — : :
Contribution of film structures in detection of the reduc- 200 400 1 600
ing gases is weaker. The decrease of thickness, grain size, Wavelength, cm’

and degree of texturing has no essential influence on the gas _

response of the O3 films, during the detection of the re- E|g. 5. Influgnce ofthe surroundlpg atmosphere on Raman spectra@®f In
. . L films deposited by spray pyrolysis: (@)per = 200°C; (b) Toper = 400°C.

ducing gases (sd€g. 3). Moreov_er’ the sensitivity Of. HO3- (1) air before treatment; (2) treatment in (10%CO ) Btmosphere; (3) air

based gas sensors to the reducing gases has a noticeable valdger treatment.

even for crystallite size exceeding 80—-100 nm. The sheet re-

sistance of I1pO3 films in an atmosphere of reducing gases

practically does not depend on the crystallite size, while ex-  The XPS spectra of Ol1s core level electrons, measured
posure to oxidizing gases demonstrates significant role of from In2O3 thin film deposited by spray pyrolysis, dis-
the intergranular barriers in the conductance behavior. Fromplayed three peaks with binding energies of 530.5, 532.1 and
this it is clear that crystallite size does not determine the gas933.5 eV (shown iffrig. 6a). The first (main) peak, with max-
response of Ip03-based gas sensors to reducing gases. At imumat530.5eV, Corresponds to the bulk lattice oxygen. The
that, during the detection of reducing gases we observe cor-nature of the third peak with maximum at 533.5 eV complies
relation trec ~ Tres typical for mechanisms controlled by with chemisorbed oxygen and water related species. Behav-
reactions of surface catalysis and surface redu¢fdh The ior of the second peak (at 532.1 eV) under different surface
reversible change of the Raman spectra in measurement cycléreatments, were associated to oxygen that forms a rather sta-
air—>{CO + air)—>air (se€ig. 5) demonstrates that recon- ble phase in the terminal and subsurface area of th@3ln
struction of the 1nO3 nanoscaled grain structure takes place films. The analysis of XPS spectra (showrFiig. 60), indi-

in reducing atmosphere @t> 200°C already. The essential ~ cated that terminal layers of 03 films redialy reduces and
changes of the Raman spectra in the range of bulk modes in-exhibit deficiency of lattice oxygen, which corresponds to
dicate that observed structure modification occurs throughoutformula IncOy, with x, y = 1. It is noticeable, that such non-
the grain, and therefore, cannot be associated with adsorptiorftoichiometric state of the surface remains stable even after
only. At low temperaturesl{< 200°C), where the probability ~ heat treatment in oxygen atmosphere. Annealing at elevated
of CO adsorption is high, changes in the in spectra have nottemperatureT > 1000°C) restores the stoichiometry corre-
been observed. These facts indicate that observed changes ifPonding to the ideal kOs structure. Our last experiments,
the Raman spectra are caused by the interaction of CO withconducted using synchrotron radiation photoelectron spec-
the lattice oxygen, i.e. by “reduction” of 3@s lattice. Itis  troscopy (SRPS), allowed us to analyze changes occurring
not reasonable to associate the observed transformation irftt the films uppermost layer during adsorption/desorption
the Raman spectra with the chemisorbed oxygen, since theProcesses. These measurements have supported conclusion
change of the temperature Toper, (which obviously alters the about the formation of lattice oxygen deficient (4 0 0) surface
concentration of the chemisorbed oxygen) had no effect on although indicates a rather large amount of oxygen (O/In
the measured Raman spectra. Based on the analysis of gas' 1) within a depth of a few Angstroms. A separate arti-
response properties, it was concluded that Sensing mechaCle will be devoted to a discussion of these results. In Spite
nisms of the deposited 303 films to reducing gases include of the absence of hlgh accuracy in the determination of the
processes occurring in a thin surface layer. The XPS spec-O/In ratio, the main result is obvisu- a sharp decrease
troscopy was applied in order to estimate the characteristicsof stoichiometric oxygen atom concentration in the surface
of this layer in more detail. vicinity.
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lattice was performed, yielding cell parameters:(1.03 nm)
in close agreement with experimental lattice constant. Indium
oxide surfaces were modeled by using a three dimensionally
periodic slab model (shown IRigs. 7 and Bwith a vacuum
of 10A between the surfaces. The slabs, containing three in-
dium layers, were cut from the optimized,(Dg lattice and
as a consequence they have less symmetry. Associated sym-
metry (P 21/c 2/c 2/a) were utilized to restrict geometry and
to speed up electronic structure calculations. The centermost
indium atoms were not allowed to relax from bulk positions.
The total number of atoms of the different surface slab mod-
1.5 —— ‘ els varies from 48 to 72, which quite dramatically increases
(b:) the computational cost. In separate test calculations, without
1.2 o . 3 any symmetry restrictions and with increased slab thickness,
)/0/0/( it was noticed that these approximations do not change ener-
getics and surface relaxation significantly. This result can be
attributed to the relatively high stability of the ionic systems
) considered.
'\"\ Fig. 7shows a model of ideal (4 0 0) face oDz, with all
— surface bridging oxygens, classified to three types. The ter-
0 minal layer distances from the indium atomic plane arell.4
RT 600 800 900 (Ol form), 1.3A (OIl form) and 0.95A (Olll form). Cal-

Annealing temperature, °C culations indicate that this type of surface is not stable, but

Fig. 6. O1s core level XPS spectrum o6y thin fim, displaying three stabilizes by releasing its Oll oxygens. Surface reconstruc-

peaks with binding energies of 530.5 eV (1), 532.1 eV (1) and 533.5eV (i)  1ON Igad; to the bpndlng between neighboring Ol oxygens,
(a) and normalized O/In ratio for the first (main) and second deconvoluted resulting in formation of surface molecular oxygen, which al-
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Os core level peaks (b) in dependence on annealing temperature. most completely desorbs from the surface. Similar formation
of weakly bound molecular oxygen species were observed
4. Theoretical modeling of In,O3 surface by starting from other geometries with the same amount of

oxygen at the surface. This resultimplies that certain external

The experimental results demonstrate that sensing mech-conditions, like high oxygen pressure with an injection of ad-
anisms in 1ROz films include chemisorption, catalytic and ditional electrons at surface, may be required for stabilization
redox effects. Redox effects imply participation of the lattice of the full oxygen coverage.
oxygen in the sensing mechanism with changes in stoichiom-  To consider possible stable (4 0 0) surface geometries, we
etry, which can be accompanied by surface reconstructionstart with highly reduced surfaces with only one type of oxy-
occurring already at low temperatures. This conclusion cor- gen. The oxygen coverage is then 0802 (InxOy; x=2,y
relates with the non-stoichiometry as detected by XPS of sur- = 1). At such surfaces, each surface indium cation has a sin-
face layers of the D3 sensor films. Especially in detection gle bond to surface bridging oxygen, and each surface oxy-
of ozone, film and grain surfaces are expected to be able to in-gen atom is bound to two surface indium cations. Because
fluence substantially. As discussed above, the (4 0 0) surfaceof the freedom in surface geometry and supply of charge
represents the structure of the most common face@4n  from cations, the surface oxygens are expected to have strong
crystallites. Together with the predicted surface composition, bonds and large adsorption energies. The most favorable oxy-
these results offer an important starting point to model com- gen adsorbates were found to be type Olll oxygens. They
putationally effective surface geometry and its influence on have an adsorption energy exceeding 1.4 eV, with respect to
electronic and energetic properties. free spin-polarized oxygen molecule. For Oll and Ol types

Our theoretical modeling is based on ab initio-density of surface oxygens, corresponding energies are only slightly
functional calculations with plane wave basis and pseudopo-smaller; 1.35 and 1.3 eV, respectively. Other attachments of
tentials (CASTEP/CETEP codd}4]. Each indium atom  individual bridging oxygens to indium atoms lead to less sta-
contains 13 and each oxygen atom 6 valence electrons. Byble systems (and will not be considered here for the sake of
using ultrasoft pseudopotentigBb] the plane wave basis set  brevity). The adsorbed Olll is associated with-®-In bond
could be limited to cut-off 400 eV. To sample the Brillouin angle (117), which is characteristic to $phybridization.
zone, six symmetrized Monkhorst-Paklpoints [36] were When there is larger amount of surface oxygen, like in
used for a primitive unit cell (IgsO24). The electronicinterac-  the experimentally predicted cases (coverage A:08, dif-
tions were taken into account within the generalized-gradient ferent types of oxygens are present at the surface. Below
approximatior{37]. The possibility of spin-polarization was the coverage of 0.08 2, stable surface geometries which
tested in separate calculations. Optimization of bullQs are essentially combinations of the different types of surface
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Fig. 7. The model of the O3 unit cell demonstrating ideal (4 0 0) face with three different types of bridging oxygen distanced from the indium atomic plane
on 1.43A (O(I) form), 1.31A (O(ll) form) and 0.95A (O(lll) form). The smaller spheres represent indium atoms and the larger ones oxygen atoms.

oxygen geometries were found. These surface geometries do wherekEg) is the total energy of a slab with a surface akea
not have noticeable changes in the optimized surface geom-containingNj, indium andNg oxygen atoms. The chemical
etry and adsorption energies with respect to the above classipotential of bulk indium oxide is denoted pyn,0,, Which is
fication. When surface oxygen coverage is increased so thatobtained from the evaluated total energy. As a first limi,
some of the two types of oxygens are present at surface (cov-may be estimated as a half of the total energy of free oxygen
erage 0.09‘3\—2), a combination of Olll + Oll is found to be  molecule. This limitis attributed to oxygen rich surface, since
more stable than other combinations OIlIl + Ol and OIl + itcanbe assumed that oxygen rich surfaces in equilibrium are
Ol. The adsorption energy of Oll, at the surface with Olll, is closerto this limitthan oxygen deficient surfaces. An opposite
1.2 eV/atom. With respect to the oxide surface without any limit for uo were evaluated fronro = (in,05 — 21in)/3.
surface oxygen, the resulting Oll + Olll surface has adsorp- whereu is obtained from calculated total energy of indium
tion energy of 1.3eV/atom. These adsorption energies aremetal crystal (symmetry | 4/m 2/m 2/m). This limit corre-
close to the adsorption energies of the individual bridging sponds to oxygen deficient case, where indium bulk phase
oxygens (1.3-1.4eV). can coexist. Evaluated surface energies, corresponding to a
A comparison of formation of the different surfaces can limit in which bulk In,O3 phase is in equilibrium with oxy-
be made in terms of surface energies. Surface energies argen gas environment, were 2.3 3imthe case of Olll surface
estimated by subtracting from the energy of the surface slaband 1.6 J/rhin the case of the Oll + Olll surface. In the other
corresponding total energy of bulkJ@s, from which cor- limiting case in which bulk 1aOg3 is in equilibrium with in-
responding energy of oxygens absent were subtracted. Thedium metal phase, the limits were 1.5 3/mthe case of Olll
contribution of oxygens are estimated taking into account surface and 2.4 J/fin the case of Oll + Olll. Surface ener-
the extreme limits of chemical potentials of indium,) and gies of the surfaces are listedTable 1 which indicates that
oxygen (o) atoms[38]. The surface energ¥E¢yr) is eval- Oll + Olll, Olll or their combination are indeed most stable
uated from surfaces.
The calculated results are in agreement with the analysis
(Esl — (Ninsingos/2) — (No — (3Nin/2))110) ) of deposited indium oxide films, which point out formation
2A ’ of energetically stable lattice oxygen-deficient (4 0 0) surface.

Esurf =
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Fig. 8. Reconstruction of the 4@ (4 0 0) atomic face leading to formation of surface oxygen molecules at non-stoichiometric Oll + Olll surface. The symbols
are same as in Fig.7.

Based on the calculations, a surface with Oll + Olll oxygens vestigations, oxygen pairs were noticed to be stabilized also
is a representative model forJ@s surface. At this surface,  at lower oxygen coverages (below 01&)42), but stability is
which shown irFig. 8 the surface oxygens are reconstructed significantly lower (adsorption energy 0.6 eV/atom).
considerably forming surface oxygen molecules (peroxide).  Unsaturated Inions, which appear at oxygen-deficient sur-
It is noticeable that that the adsorbed oxygens are not spin-face, are expected to serve as the surface sites for chemisorbed
polarized, and the distance between reconstructed Olll pairsoxygen and water related species. The adatoms stabilized at
is 1.5A, which matches with &%~ molecule[39]. The phase  the unsaturated indium ions provide a path for “redox” real-
of non-stoichiometric surface oxygen pairs can be attributed ization of chemisorption and catalysis at the real surface of
to the XPS peak at 532.1 eV. This assumption correlates with In,O3. On the other hand, the different oxygen forms found
results discussed if89] where XPS peak at 532eV is at- on the surface can be involved in reactions producing reac-
tributed to the molecular oxygen ions on oxidized metal sur- tive oxygen species (Gand Q™) at the surface. Consider-
face. The high temperature annealing of the indium oxide ing ozone detection, related theoretical calculations do not
films restored the surface stoichiometry, which was reflected support stabilization of oxygen pairs on perfect tin dioxide
in proportional increase of the peak at 530.5 eV correspond- surface[40]. Thus, there can be a fundamental reason for
ing to lattice oxygen and decrease of the peak at 532.1 eVthe superiority of InO3 to ozone detection, as decomposi-
during the surface treatmerfi@j. &8). In computational in-  tion of ozone molecule is expected to be mediated through a
formation of oxygen paif41].

Table 1
Limits of the surface energie&dy) for the (4 00) InO3 atomic face with

different coverage of surface bridging oxygens .
9 99 o9 5. Conclusions

Surface Oxidation Esurf Oo-rich Esurf In-rich
A2 Jirr2 J/m2 i .

coverager™) (9T Qi) The conducted study of $®3 films deposited by spray
8:': 8::' g'gg ;i i'g pyrolysis permits us to conclude that response time gd#a
ol + Ol 008 50 30 based gas sensors to oxidizing gases is limited by diffusion
olll 0.04 2.3 15 type processes. Mechanisms op@3 sensitivity to reduc-
oll 0.04 23 15 ing gases include “redox” and catalytic effects in a thin sub-
ol 0.04 2.4 1.6 surface layer. The perfect 4@z (400) surface with full
Reduced 0.00 3.2 0.8

oxygen coverage is found to stabilize by forming oxygen
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molecules that are only weakly bound to surface. The surface [9] A. Gurlo, M. Ivanovskaya, A. Fuchs, T. Doll, I. Eisele, W. Gopel,
reconstruction connected with the symmetry breakdown of Conductivity and work function of nanocrystalline;@z and InpOs-
bridging oxygen atoms of the terminal layer leads to forma- MoO3 sensors for ozone detection, in: Proceedings of the Eu-
tion of energetically stable non-stoichiometric surface fea- ~ [oSensors Xil. Southampton, UK, 13-16 September, 1998, pp. 621~
tured by deficiency of lattice oxygen. Mono-oxygen and also [10] S.N. Malchenko, Y.N. Lychkovski, M.V. Baykov, One-electrode
di-oxygen species form and stabilize at the surface with suf- semiconductor sensor for detection of toxic and explosive gases in
ficient oxygen coverage. Based on computational investiga-  air, Sens. ActuaterB 7 (1992) 505-506.
tions, the bond length of the di-oxygen corresponds to that of [11] V- Golovanov, J.L. Solis, V. Lantto, S. Leppavuori, Different thick-
022,. The surface energies between 1.5 and 2 afrm evalu- film methods in printing of one-electrode semiconductor gas sensors,
Sens. Actuators B 34 (1996) 1-6.
ated for the reconstructed Olll and Oll + Olll surface models, [12] v. Lantto, V. Golovanov, Y. Lychkovsky, Carbon monoxide moni-
with adsorption energies between 1.2 and 1.4 eV/oxygen. The  toring in combustion emissions using Sn@nd IOz gas sensors,
oxygen adatoms stabilized at the unsaturated indium ions are  in: The Proceedings of the TTFS'94 Workshop, Szklarsla Poreba,
predicted to provide a path for competitive realization of the ___ Poland, 13-16 September, 1994, pp. 180-183.

hemisorption and catalvtic mechanisms at real of f[13] A. Gurlo, M. lvanovskaya, N. Barsan, M. Schwerzer-Berberich, U.
chemisorpuon a Catalytic mechanisms at real surface o Weimar, W. Gopel, A. Dieguez, Grain size control in nanocrystalline

IN203. In,03 semiconductor gas sensors, Sens. Actuators B 44 (1977)
327-333.
[14] W.-Y. Chung, G. Sakai, K. Shimanoe, N. Miura, D.-D. Lee, N. Ya-
mazoe, Preparation of indium oxide thin film by spin-coating method
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