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Surface structures of In2O3 films have been studied by employing experimental methods for surface characterization together with th
odeling for geometries, electronic structures and surface energetics. Polycrystalline In2O3 films deposited by spray pyrolysis were analy
y using XRD, HRTEM and XPS methods. It is found that the most abundant (4 0 0) surface face reconstructs considerably leading t
f surface mono-oxygen and di-oxygen forms. This uppermost surface layer exhibit high ability to reduction/oxidation processes

hermal treatment. The unsaturated indium ions appearing at the reconstructed surface serve as the active sites for the chemiso
pecies. Therefore, the mechanisms of In2O3 sensitivity to reducing gases include both “redox” and catalytic effects in a very thin s
ayer. On the other hand, response of In2O3-based gas sensors to oxidizing gases is limited by diffusion type processes.

2004 Elsevier B.V. All rights reserved.

eywords:Surface properties; Gas sensing; In2O3.

. Introduction

Among various metal oxides In2O3 appears to be rather
ttractive in a view of excellent sensitivity and selectivity

o combustion gases and typical air pollutants (CO, CH4,
2, NOx) [1–4]. Indium oxide have demonstrated a per-

ormance better than SnO2 in detection of ozone[5–9]
nd offers a new advantage in designing of metal oxide-
ased gas sensors linked with essential difference in electro-
hysical and chemical properties between SnO2 and In2O3

10–12].
Indium oxide material has recently been a subjected of a

umber of experimental studies[13–21]. The sensing mech-
nism of In2O3 is attributed mainly to oxidation/reduction
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(redox) mechanism[22–24]. This postulation is based
the assumption that chemisorbed oxygen species d
exist at the surface of In2O3 because of its transform
tion into lattice atomic oxygen immediately after adso
tion. However, correlation between surface structure
gas response properties established for In2O3 films [25,26]
suggests that the mechanism of In2O3 sensitivity is more
complicated and cannot be limited to redox mechanism,
Because of the these challenges it is important to att
to consider In2O3 surfaces also using theoretical meth
once experimentally confirmed model for sensor surfa
constructed.

In the present paper polycrystalline In2O3 films have
been studied employing experimental methods of su
characterization along with theoretical modeling of
In2O3 surface. For deposition of In2O3 we chose spra
pyrolysis technique which offers possibilities for str
tural control[27–29]. Theoretical modeling was done e
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ploying density functional method. As an effective surface
model, an oxygen deficient (4 0 0) surface with a presence
of strongly bound mono-oxygen and di-oxygen species is
considered.

2. Experimental details

In2O3 films with thickness 10–400 nm were deposited
from InCls-water solution. Precursor concentration in
sprayed solution was varied from 0.05 to l.0 M. In2O3 films
were deposited onto silicon (1 1 1) and alumina ceramic
substrates heated at 300–550◦C. The films were provided
with Au-contacts. The distance between the electrodes was
equaled to∼2–3 mm.

The surface morphology and chemical composition were
examined using X-ray diffraction (XRD) (6/26 mode),
Atomic Force Microscopy (AFM), High Resolution Trans-
mission Electron Microscopy (HRTEM), X-ray Photoelec-
tron Spectroscopy (XPS) and Raman Spectroscopy meth-
ods. For these purposes, we used such instruments as
diffractometer Siemens D5000 (CuKa); Philips CM30 Su-
perTwin transmission electron microscope operating at
300 keV; scanning electron microscopes Jeol JSM840 and
Philips XL30; MultiMode Scanning Probe Microscope with
Nanoscope Hla Controller of Digital Instruments; X-ray Pho-
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3. Structural and gas response characterization of
the In2O3 films

Detailed structural analysis indicates that the In2O3 films
deposited by spray pyrolysis belong to cubicIa3space group
with a = 1.0118 nm. Grain size in these films depends on
bothTpyr and film thickness. For example, increase of film
thickness from 20–30 to 400 nm results in grain size increase
from 8–15 to 60–80 nm.

Comparison of the experimentally observed XRD patterns
with corresponding patterns of In2O3 powders[31] confirm
that In2O3 films, deposited atTpyr < 350◦C, are randomly
oriented. The films deposited atTpyr > 350◦C, have a pro-
nounced columnar structure with a characteristic grain size
of ∼30–40 nm in the vertical direction. A typical HRTEM
image of the deposited films is shown inFig. 1. Results of
the HRTEM analysis, demonstrate that such films are com-
pactly packed and highly textured with predominant crys-
tallite orientation in the [0 0 1] direction, perpendicular to
the substrate. The terminal faces of the crystallites corre-
spond to (4 0 0) atomic plane and the lateral plane correspond
to (1 0 0) surface, which has essentially the same structure.
A typical XRD pattern for In2O3 films deposited atTpyr >
400◦C is shown inFig. 2. It is seen that the films with thick-
ness∼200 nm exhibit intensity of the (4 0 0) reflection about
20–30 times higher than that of the second strongest (2 2 2)
r mly
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25; and Jobin E6400 Micro-Raman instrument, equip
ith a He-Ne laser (632.8 nm) and an argon ion l

514.5 nm).
Degree of film texturing were calculated as a r

(4 0 0)/I(2 2 2) of the most intensive peaks in XRD patte
rain size was calculated, on the basis of XRD data, u
tandard Sherrer’s formula.

Gas response to CO, H2 (0.1–0.5%) and ozone (<l ppm
ere measured in steady-state and transient modes b
et (35–50% RH) and dry atmospheres (1–2% RH).
perating temperature of the sensors was adjusted be
5 and 450◦C during the measurements. The gas resp
as calculated as a resistance ratioR(ozone)/R(air) for the
zone detection, andR(air)/R(CO,H2) for the CO or H2 de-

ection. The volume of the measurement cell was smaller
.5 cm−3. In this case, exchange time of gas atmosphere
maller than 2–4 s. Response and recovery times were
ated on the 0.9 level and 0.1 level from the steady-state

esistance, respectively.
The fitting procedure of O1s peak was applied assu

hree peaks composed of Voigt curves with Lorentzian
ribution of less than 10% in total FWHM and constant
ependent of sample) energy difference between them

n 4d peak was assumed to consist of two doublets. Pa
ters of the In 4d peak fit were taken from[30]. A Shireley
ackground substraction was included in fitting proced
or calculation of the O/In ratio, we used the integrated
rea of oxygen and indium peaks normalized accordin

heir photoionization cross-sections.
eflection. For comparison, ratio I(4 0 0)/I(2 2 2) for rando
riented In2O3 powders is equaled 0.25. The degree of

uring increases with increasing film thickness, and exc
0%.

Some results concerning In2O3 gas response to reduci
nd oxidizing gases are presented in references[9,32,33].
hese results have shown that detection of indicated

akes place through different mechanisms. The sharp di
ion of the sensing mechanisms to oxidizing and redu
ases is reflected in different temperatures, at which m
um of sensitivity has been observed (e.g.T∼ 150–300◦C
ndT > 400–450◦C for oxidizing and reducing gases,
pectively).

The study of gas sensing behavior of In2O3 films with
ifferent thickness and grain sizes suggests that a sens
ponse to oxidizing gases is limited by both chemisorp
nd diffusion processes. There is a typical regularity a
iated: the smaller grain size the higher sensor sensi
n more detail, the dependence of response time on
ize corresponds to quadratic law, indicating that diffu
ype processes can be rate-determining[32]. Increase of th
lm thickness from 20 to 400 nm leads to decrease of
esponse to ozone with a factor larger than 100 (seeFig. 3).
t is noticeable, that during ozone detection in dry air a r
ion trec � treswas observed (seeFig. 4), which is typical for
echanisms controlled by chemisorption/diffusion type

esses. In wet atmosphere the influence of film structu
ime constants of gas response to ozone is sharply decr
n this case, the response and recovery times became c
able (τres∼ τrec) which indicates to surface character of
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Fig. 1. HRTEM micrograph of the In2O3 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.

Fig. 2. Typical XRD patterns of In2O3 films deposited atTpyr > 400◦C.
Fig. 3. Dependencies of gas response to (1) ozone (Toper = 270◦C) and (2)
H2 (Toper = 370◦C) on In2O3 film thickness.



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

Fig. 4. Recovery (1) and response (2,3) times for ozone detection vs. thick-
ness of the In2O3 films (Tpyr =475◦C,Toper = 270◦C); (1,2) dry air, (3) wet
air.

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

Contribution of film structures in detection of the reduc-
ing gases is weaker. The decrease of thickness, grain size,
and degree of texturing has no essential influence on the gas
response of the In2O3 films, during the detection of the re-
ducing gases (seeFig. 3). Moreover, the sensitivity of In2O3-
based gas sensors to the reducing gases has a noticeable value
even for crystallite size exceeding 80–100 nm. The sheet re-
sistance of In2O3 films in an atmosphere of reducing gases
practically does not depend on the crystallite size, while ex-
posure to oxidizing gases demonstrates significant role of
the intergranular barriers in the conductance behavior. From
this it is clear that crystallite size does not determine the gas
response of In2O3-based gas sensors to reducing gases. At
that, during the detection of reducing gases we observe cor-
relation τrec ∼ τres, typical for mechanisms controlled by
reactions of surface catalysis and surface reduction[33]. The
reversible change of the Raman spectra in measurement cycle
air—>{CO + air)—>air (seeFig. 5) demonstrates that recon-
struction of the In2O3 nanoscaled grain structure takes place
in reducing atmosphere atT > 200◦C already. The essential
changes of the Raman spectra in the range of bulk modes in-
dicate that observed structure modification occurs throughout
the grain, and therefore, cannot be associated with adsorption
only. At low temperatures (T< 200◦C), where the probability
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Fig. 5. Influence of the surrounding atmosphere on Raman spectra of In2O3

films deposited by spray pyrolysis: (a)Toper = 200◦C; (b) Toper = 400◦C.
(1) air before treatment; (2) treatment in (10%CO + N2) atmosphere; (3) air
after treatment.

The XPS spectra of O1s core level electrons, measured
from In2O3 thin film deposited by spray pyrolysis, dis-
played three peaks with binding energies of 530.5, 532.1 and
533.5 eV (shown inFig. 6a). The first (main) peak, with max-
imum at 530.5 eV, corresponds to the bulk lattice oxygen. The
nature of the third peak with maximum at 533.5 eV complies
with chemisorbed oxygen and water related species. Behav-
ior of the second peak (at 532.1 eV) under different surface
treatments, were associated to oxygen that forms a rather sta-
ble phase in the terminal and subsurface area of the In2O3
films. The analysis of XPS spectra (shown inFig. 6b), indi-
cated that terminal layers of In2O3 films redialy reduces and
exhibit deficiency of lattice oxygen, which corresponds to
formula InxOy, with x, y = 1. It is noticeable, that such non-
stoichiometric state of the surface remains stable even after
heat treatment in oxygen atmosphere. Annealing at elevated
temperature (T > 1000◦C) restores the stoichiometry corre-
sponding to the ideal In2O3 structure. Our last experiments,
conducted using synchrotron radiation photoelectron spec-
troscopy (SRPS), allowed us to analyze changes occurring
at the films uppermost layer during adsorption/desorption
processes. These measurements have supported conclusion
about the formation of lattice oxygen deficient (4 0 0) surface
although indicates a rather large amount of oxygen (O/In
∼ 1) within a depth of a few Angstroms. A separate arti-
cle will be devoted to a discussion of these results. In spite
o f the
O se
o face
v

f CO adsorption is high, changes in the in spectra hav
een observed. These facts indicate that observed chan

he Raman spectra are caused by the interaction of CO
he lattice oxygen, i.e. by “reduction” of In2O3 lattice. It is
ot reasonable to associate the observed transformat

he Raman spectra with the chemisorbed oxygen, sinc
hange of the temperature Toper, (which obviously alter
oncentration of the chemisorbed oxygen) had no effe
he measured Raman spectra. Based on the analysis
esponse properties, it was concluded that sensing m
isms of the deposited In2O3 films to reducing gases inclu
rocesses occurring in a thin surface layer. The XPS s

roscopy was applied in order to estimate the character
f this layer in more detail.
f the absence of high accuracy in the determination o
/In ratio, the main result is obvious – a sharp decrea
f stoichiometric oxygen atom concentration in the sur
icinity.
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Fig. 6. O1s core level XPS spectrum of In2O3 thin film, displaying three
peaks with binding energies of 530.5 eV (I), 532.1 eV (II) and 533.5 eV (III)
(a) and normalized O/In ratio for the first (main) and second deconvoluted
O1s core level peaks (b) in dependence on annealing temperature.

4. Theoretical modeling of In2O3 surface

The experimental results demonstrate that sensing mech-
anisms in In2O3 films include chemisorption, catalytic and
redox effects. Redox effects imply participation of the lattice
oxygen in the sensing mechanism with changes in stoichiom-
etry, which can be accompanied by surface reconstruction
occurring already at low temperatures. This conclusion cor-
relates with the non-stoichiometry as detected by XPS of sur-
face layers of the In2O3 sensor films. Especially in detection
of ozone, film and grain surfaces are expected to be able to in-
fluence substantially. As discussed above, the (4 0 0) surface
represents the structure of the most common face of In2O3
crystallites. Together with the predicted surface composition,
these results offer an important starting point to model com-
putationally effective surface geometry and its influence on
electronic and energetic properties.

Our theoretical modeling is based on ab initio-density
functional calculations with plane wave basis and pseudopo-
tentials (CASTEP/CETEP code)[34]. Each indium atom
contains 13 and each oxygen atom 6 valence electrons. By
using ultrasoft pseudopotentials[35] the plane wave basis set
could be limited to cut-off 400 eV. To sample the Brillouin
zone, six symmetrized Monkhorst-Packk-points [36] were
used for a primitive unit cell (In16O24). The electronic interac-
tions were taken into account within the generalized-gradient
a as
t

lattice was performed, yielding cell parameters (a= 1.03 nm)
in close agreement with experimental lattice constant. Indium
oxide surfaces were modeled by using a three dimensionally
periodic slab model (shown inFigs. 7 and 8) with a vacuum
of 10Å between the surfaces. The slabs, containing three in-
dium layers, were cut from the optimized In2O3 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-
els varies from 48 to 72, which quite dramatically increases
the computational cost. In separate test calculations, without
any symmetry restrictions and with increased slab thickness,
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 of In2O3, with all
surface bridging oxygens, classified to three types. The ter-
minal layer distances from the indium atomic plane are 1.4Å
(OI form), 1.3Å (OII form) and 0.95Å (OIII form). Cal-
culations indicate that this type of surface is not stable, but
stabilizes by releasing its OII oxygens. Surface reconstruc-
tion leads to the bonding between neighboring OII oxygens,
resulting in formation of surface molecular oxygen, which al-
m tion
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pproximation[37]. The possibility of spin-polarization w
ested in separate calculations. Optimization of bulk In2O3
ost completely desorbs from the surface. Similar forma
f weakly bound molecular oxygen species were obse
y starting from other geometries with the same amou
xygen at the surface. This result implies that certain ext
onditions, like high oxygen pressure with an injection of
itional electrons at surface, may be required for stabiliza
f the full oxygen coverage.

To consider possible stable (4 0 0) surface geometrie
tart with highly reduced surfaces with only one type of o
en. The oxygen coverage is then 0.04Å−2 (InxOy; x = 2, y
1). At such surfaces, each surface indium cation has a
le bond to surface bridging oxygen, and each surface
en atom is bound to two surface indium cations. Bec
f the freedom in surface geometry and supply of ch

rom cations, the surface oxygens are expected to have s
onds and large adsorption energies. The most favorable
en adsorbates were found to be type OIII oxygens. T
ave an adsorption energy exceeding 1.4 eV, with resp

ree spin-polarized oxygen molecule. For OII and OI ty
f surface oxygens, corresponding energies are only sli
maller; 1.35 and 1.3 eV, respectively. Other attachmen
ndividual bridging oxygens to indium atoms lead to less
le systems (and will not be considered here for the sa
revity). The adsorbed OIII is associated with InO In bond
ngle (117◦), which is characteristic to sp2 hybridization.

When there is larger amount of surface oxygen, lik
he experimentally predicted cases (coverage 0.08Å−2), dif-
erent types of oxygens are present at the surface. B
he coverage of 0.08̊A−2, stable surface geometries wh
re essentially combinations of the different types of sur
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Fig. 7. The model of the In2O3 unit cell demonstrating ideal (4 0 0) face with three different types of bridging oxygen distanced from the indium atomic plane
on 1.43Å (O(I) form), 1.31Å (O(II) form) and 0.95Å (O(III) form). The smaller spheres represent indium atoms and the larger ones oxygen atoms.

oxygen geometries were found. These surface geometries do
not have noticeable changes in the optimized surface geom-
etry and adsorption energies with respect to the above classi-
fication. When surface oxygen coverage is increased so that
some of the two types of oxygens are present at surface (cov-
erage 0.08̊A−2), a combination of OIII + OII is found to be
more stable than other combinations OIII + OI and OII +
OI. The adsorption energy of OII, at the surface with OIII, is
1.2 eV/atom. With respect to the oxide surface without any
surface oxygen, the resulting OII + OIII surface has adsorp-
tion energy of 1.3 eV/atom. These adsorption energies are
close to the adsorption energies of the individual bridging
oxygens (1.3–1.4 eV).

A comparison of formation of the different surfaces can
be made in terms of surface energies. Surface energies are
estimated by subtracting from the energy of the surface slab
corresponding total energy of bulk In2O3, from which cor-
responding energy of oxygens absent were subtracted. The
contribution of oxygens are estimated taking into account
the extreme limits of chemical potentials of indium (µIn) and
oxygen (µO) atoms[38]. The surface energy (Esurf) is eval-
uated from

Esurf = (Esl − (NInµIn2O3/2) − (NO − (3NIn/2))µO)

2A
, (1)

whereEsl is the total energy of a slab with a surface areaA,
containingNIn indium andNO oxygen atoms. The chemical
potential of bulk indium oxide is denoted byµIn2O3, which is
obtained from the evaluated total energy. As a first limit,µO
may be estimated as a half of the total energy of free oxygen
molecule. This limit is attributed to oxygen rich surface, since
it can be assumed that oxygen rich surfaces in equilibrium are
closer to this limit than oxygen deficient surfaces. An opposite
limit for µO were evaluated fromµO = (µIn2O3 − 2µIn)/3,
whereµIn is obtained from calculated total energy of indium
metal crystal (symmetry I 4/m 2/m 2/m). This limit corre-
sponds to oxygen deficient case, where indium bulk phase
can coexist. Evaluated surface energies, corresponding to a
limit in which bulk In2O3 phase is in equilibrium with oxy-
gen gas environment, were 2.3 J/m2 in the case of OIII surface
and 1.6 J/m2 in the case of the OII + OIII surface. In the other
limiting case in which bulk In2O3 is in equilibrium with in-
dium metal phase, the limits were 1.5 J/m2 in the case of OIII
surface and 2.4 J/m2 in the case of OII + OIII. Surface ener-
gies of the surfaces are listed inTable 1, which indicates that
OII + OIII, OIII or their combination are indeed most stable
surfaces.

The calculated results are in agreement with the analysis
of deposited indium oxide films, which point out formation
of energetically stable lattice oxygen-deficient (4 0 0) surface.
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Fig. 8. Reconstruction of the In2O3 (4 0 0) atomic face leading to formation of surface oxygen molecules at non-stoichiometric OII + OIII surface. The symbols
are same as in Fig.7.

Based on the calculations, a surface with OII + OIII oxygens
is a representative model for In2O3 surface. At this surface,
which shown inFig. 8, the surface oxygens are reconstructed
considerably forming surface oxygen molecules (peroxide).
It is noticeable that that the adsorbed oxygens are not spin-
polarized, and the distance between reconstructed OIII pairs
is 1.5Å, which matches with O22− molecule[39]. The phase
of non-stoichiometric surface oxygen pairs can be attributed
to the XPS peak at 532.1 eV. This assumption correlates with
results discussed in[39] where XPS peak at 532 eV is at-
tributed to the molecular oxygen ions on oxidized metal sur-
face. The high temperature annealing of the indium oxide
films restored the surface stoichiometry, which was reflected
in proportional increase of the peak at 530.5 eV correspond-
ing to lattice oxygen and decrease of the peak at 532.1 eV
during the surface treatment (Fig. 6b). In computational in-

Table 1
Limits of the surface energies (Esurf) for the (4 0 0) In2O3 atomic face with
different coverage of surface bridging oxygens

Surface Oxidation
coverage (̊A−2)

Esurf O2-rich
(J/m−2)

Esurf In-rich
(J/m−2)

OII + OIII 0.08 1.6 2.4
OI + OIII 0.08 2.1 2.9
OI + OII 0.08 2.2 3.0
OIII 0.04 2.3 1.5
O
O
R

vestigations, oxygen pairs were noticed to be stabilized also
at lower oxygen coverages (below 0.04Å−2), but stability is
significantly lower (adsorption energy 0.6 eV/atom).

Unsaturated In ions, which appear at oxygen-deficient sur-
face, are expected to serve as the surface sites for chemisorbed
oxygen and water related species. The adatoms stabilized at
the unsaturated indium ions provide a path for “redox” real-
ization of chemisorption and catalysis at the real surface of
In2O3. On the other hand, the different oxygen forms found
on the surface can be involved in reactions producing reac-
tive oxygen species (O−and O2

−) at the surface. Consider-
ing ozone detection, related theoretical calculations do not
support stabilization of oxygen pairs on perfect tin dioxide
surface[40]. Thus, there can be a fundamental reason for
the superiority of In2O3 to ozone detection, as decomposi-
tion of ozone molecule is expected to be mediated through a
formation of oxygen pair[41].

5. Conclusions

The conducted study of In2O3 films deposited by spray
pyrolysis permits us to conclude that response time of In2O3-
based gas sensors to oxidizing gases is limited by diffusion
type processes. Mechanisms of In2O3 sensitivity to reduc-
i ub-
s l
o gen
II 0.04 2.3 1.5
I 0.04 2.4 1.6
educed 0.00 3.2 0.8
ng gases include “redox” and catalytic effects in a thin s
urface layer. The perfect In2O3 (4 0 0) surface with ful
xygen coverage is found to stabilize by forming oxy



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

molecules that are only weakly bound to surface. The surface
reconstruction connected with the symmetry breakdown of
bridging oxygen atoms of the terminal layer leads to forma-
tion of energetically stable non-stoichiometric surface fea-
tured by deficiency of lattice oxygen. Mono-oxygen and also
di-oxygen species form and stabilize at the surface with suf-
ficient oxygen coverage. Based on computational investiga-
tions, the bond length of the di-oxygen corresponds to that of
O2

2−. The surface energies between 1.5 and 2 J/m2 are evalu-
ated for the reconstructed OIII and OII + OIII surface models,
with adsorption energies between 1.2 and 1.4 eV/oxygen. The
oxygen adatoms stabilized at the unsaturated indium ions are
predicted to provide a path for competitive realization of the
chemisorption and catalytic mechanisms at real surface of
In2O3.
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[38] M.A. Mäki-Jaskari, T.T. Rantala, Theoretical study of oxygen defi-
cient SNO2(1 1 0) surfaces, Phys. Rev. B 65 (2002) 245–428.

[39] M. Che, A.J. Tench, Characterization and reactivity of molecular

[ cal
and

[41] B. Dhandapani, S.T. Oyama, Gas phase ozone decomposition cata-
lysts, Appl. Catal. B 11 (1997) 129–166.

Biographies

Vyacheslav Golovanovreceived M.Sc. degree in material science from
Odessa State University in 1983, Ph.D. degree from Odessa State
University in 1988 and Dr.Sc degree from the same University in
1998 for studies in the fields of surface physics, solid-gas inter-
faces and physics of semiconductors. Presently he is a Professor at
the Faculty of Physics, South-Ukrainian University and Head of Sen-
sors Electronics & Technology Laboratory aimed activities in manu-
facturing of semiconductor gas instruments. His current research inter-
ests focuses on ab initio study of chemisorption and catalytic effects
on the surface of semiconductors, sensor systems for environmental
monitoring.
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