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Abstract—Cubic-phase In,0; films are produced by the autowave oxidation reaction. Electron microscopy
and photoelectron spectroscopy of the atomic profiles show that the samples are homogeneous over the entire
area and throughout the thickness, with the typical grain size being 20—40 nm. The optical and electrical
properties are studied for In,O5 films fabricated at different pressures in the vacuum chamber. In the wave-
length range from 400 to 1100 nm, the transparency of the films was higher than 85%; the resistivity of the

films was 1.8 x 1072 Q cm.
DOI: 10.1134/S1063782613040210

1. INTRODUCTION

At present, transparent conducting In,O; thin
films, both pure and doped with various impurities, are
widely used for the production of gas sensors, thin-
film transparent transistors, planar displays, electro-
chromatography devices, solar cells, etc. [1—4].
To date, different methods for the preparation of
In,0;-based films have been developed. Among those
are thermal vacuum deposition [1, 5, 6], magnetron-
assisted sputtering [7, 8], pulsed laser deposition
[9, 10], gas-phase deposition [11, 12], layer-by-layer
atomic deposition [13], the sol—gel technique [14, 15],
etc. In addition, there exist methods for the thermal
vacuum deposition of pure indium with subsequent
thermal oxidation at atmospheric pressure [16, 17].
However, these methods involve heating of the sub-
strate to 500°C during deposition or subsequent
annealing of the deposited films at temperatures of up
to 70°C [18]. These conditions give rise to some diffi-
culties in synthesizing indium-oxide films on ther-
mally sensitive substrates. In addition, these produc-
tion methods necessitate costly technological equip-
ment and, when applied, present certain problems.
Therefore, the development of low-temperature,
inexpensive, simple methods for the production of
In,0O; thin films is a topical problem.

In this study, we describe the synthesis of In,0; thin
films by the low-temperature autowave oxidation
reaction in low vacuum (1.5—0.5 Torr). The results of
studies of the structural, optical, and electrical charac-
teristics of these films are reported.

2. EXPERIMENTAL

The initial In + In,0; films were produced by ther-
mal deposition of pure In onto glassy substrates in a
vacuum chamber at a pressure of 1.5 Torr at room tem-
perature. The glassy substrates were preliminarily
cleaned [19]. The solid-phase reaction of oxidation of
the initial In + In,0O; films was conducted by heating
the substrate to 250°C at a rate of =1 K s~! at pressures
of 1.5, 0.9, and 0.5 Torr. Under such heating condi-
tions, oxidation proceeded in the autowave reaction
mode (as a combustion wave) at a rate of v~ 0.5 cm s~
The autowave reaction mode consisted of the forma-
tion of an In,0; nucleus spread throughout the entire
film thickness and then the self-induced extension of
the nucleus over the whole sample surface (Fig. 1).

In,04

In + In,03

Fig. 1. Photograph (top) and schematic representation of
autowave oxidation (bottom). Intensive oxidation pro-
cesses occur at the reaction front only.

569



570

Intensity, arb. units
400 -

300

200

100

|
20 30 40 50 60 70 80
20, deg

Fig. 2. X-ray diffraction patterns of the In,O5 films: (/) the

initial sample and (2—4) the samples produced by auto-
wave oxidation at vacuum-chamber pressures of (2) 1.5,
(3) 0.9, and (4) 0.5 Torr.

However, at a heating rate lower than 1 ks~!, the reac-
tion proceeded over the whole film surface in the
mode of slow reactive diffusion. For the first time,
autowave oxidation of Co—Dy films was observed in
[20, 21], where a possible mechanism for the autowave
combustion mode was proposed. The autowave com-
bustion mode in thin films is similar to self-propagat-
ing high-temperature synthesis (SPHTS) in powders,
which is widely used for the production of new mate-
rials (see, e.g., [22—24]). It is thought that, compared
to the initial mixture, SPHTS products contain
smaller impurity fractions and are high-quality com-
pounds [24]. However, the systematic features of reaction
waves and the driving factors promoting their propaga-
tion in nanofilms remain poorly understood [25].

To determine the In,O;-film thicknesses, we used
X-ray fluorescence analysis. The thicknesses were
~100—150 nm. The surface morphology of the In,0O;
films was studied by scanning electron microscopy
(SEM) with a Hitachi S5500 SEM microscope. X-ray
diffraction (XRD) studies were carried out with a
DRON-4-07 diffractometer (CukK, radiation). The
Scherrer formula was used to estimate the average
grain size d = 0.90/A(20)cos6, where A, 0, and A(20)
are the wavelength, Bragg angles, and full width at
half-maximum (FWHM) of the diffraction peak (in
radians), respectively. The resistivity of the films was
measured by the standard four-probe technique.

The chemical composition of the films was studied
by X-ray photoelectron spectroscopy (XPS) using a
SPECS GmbH spectrometer. The photoemission was
excited by MgK, radiation (1253.6 eV) emitted by an
X-ray tube with a power of 180 W. The residual gas
pressure in the analytical chamber was no higher than
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1 x 10~ mbar. The relative content of elements was
determined from the survey spectra recorded at a
transmission energy of 20 eV using a PHOIBOS 150
MCD?9 semispherical energy analyzer, with the use of
the empirical sensitivity coefficients. The spectra were
calibrated in accordance with the binding energy Cls
of the hydrocarbon contaminant layer (280.0 eV). To
determine the profiles throughout the film thickness,
we used sputtering with Ar" ions from a PU-IQE
12/38 ion gun directly in the analytical chamber. (The
accelerating voltage and the ion current were, corre-
spondingly, 2.5 kVand 15 pA, which provided an etch-
ing rate of 0.25—0.4 nm min—'.)

The transmittance of the samples in the range 400—
1100 nm was measured with a Bruker Vertex 80 spec-
trometer. All of the measurements were conducted at
room temperature.

3. RESULTS AND DISCUSSION

Figure 2 shows the XRD pattern of the initial sam-
ple produced by the thermal evaporation of pure
indium onto a glassy substrate. This XRD pattern
shows the content of stable tetragonal (In) and cubic
(In,O;) phases. The In,0; phase is formed as a result
of the partial oxidation of In under the conditions of In
evaporation at a pressure of 1.5 Torr. However, the
deposition rate of pure In is higher than the oxidation
rate and the In,0; deposition rate, resulting in the for-
mation of In + In,0; composite films. Analogous In +
In,O; composite films were produced previously by a
similar technique [26, 27]. Figure 2 shows the XRD
patterns of the In,0O; films produced in the autowave
oxidation mode by heating of the initial In + In,0;
films to a temperature of 250°C at a rate higher than
1 K s7! at different pressures in the vacuum chamber.
For all of the films, the reaction initiation temperature
was 180°C irrespective of the pressure in the vacuum
chamber. After the reaction, all of the films contained
the stable cubic In,0; phase. A decrease in the peak
height for the In,0O; phase is indicative of a decrease in
grain size with decreasing pressure in the vacuum
chamber (Fig. 2). Using the Scherrer formula, we esti-
mated the average grain sizes to be ~25 nm for the ini-
tial In + In,O; films and ~20 nm for the In,O5 samples
produced by the autowave reaction at a pressure of
0.5 Torr.

Figure 3 shows the depth distributions of the In and
O content in the initial In + In,0O; sample and in the
sample after propagation of the oxidation wave at a
vacuum-chamber pressure of 0.5 Torr. From the pro-
files shown in Fig. 3 and from the In 3d spectra, it can
be seen that the initial films are not homogenous
throughout the thickness and contain both metal In
and indium oxide In,0;, which is predominantly due
to oxidation of the film surface in contact with air. The
In,0; content is high also for the layers that are in con-
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Fig. 3. Depth distribution of the In and O content in the
initial In + In,O; films (a) before and (b) after autowave

oxidation at a pressure of 0.5 Torr.

tact with the substrate, and we also observe a line
shifted to higher binding energies because of strong
electrostatic recharging. In addition, indium oxide is
also found within the film bulk. We think that this is
due to the composite content of the initial In + In,0,
film formed with a variable In-deposition rate. After
propagation of the oxidation wave over the film, the
film components are intensively mixed, which makes
the film homogeneous over the whole surface and
throughout the thickness of the In,0O; film.

Figure 4 illustrates the surface morphology of the
initial In 4+ In,0; sample and the sample after propa-
gation of the oxidation wave at a pressure of 0.5 Torr.
As can be seen from Fig. 4, the surface morphology of
the as-deposited film before the reaction substantially
differs from that of the film after the reaction. Before
the reaction, the typical grain size is in a wide range
from 30 to 400 nm. After propagation of the oxidation
wave, the grain dimension is 20—40 nm and does not
depend on the pressure in the vacuum chamber. Anal-
ysis of SEM microphotographs suggests that the sur-
face of the In,0; films synthesized by the autowave
oxidation reaction is homogeneous. The grain sizes
determined from the SEM data after the reaction are
in good agreement with those determined from the
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Fig. 4. SEM images of the surface of the initial In + In,O05

film (a) before and (b) after propagation of the oxidation
wave at a pressure of 0.5 Torr.

XRD patterns by the Scherrer formula. However, for
the initial In + In,0; film, the Scherrer formula gives
a size of 25 nm, which is an underestimate in compar-
ison with the SEM average grain size. This is possibly
due to the fact that the Scherrer formula does not take
into account the wide size dispersion of grains (from
30 to 400 nm) in the initial samples.

Figure 5 shows the transmittance spectra of the
In,0; films produced by autowave oxidation of the ini-
tial In + In,05 samples at pressures of 1.5, 0.9, and
0.5 Torr. All of the synthesized films exhibit high trans-
mittance in the visible spectral region. From Fig. 5, it
can be seen that there is a relationship between the
transmittance and the pressure, at which the autowave
oxidation reaction occurs. The transmittance decreases,
as the pressure in the vacuum chamber, in which the
oxidation reaction occurred, is elevated. To confirm
the above inference, we fabricated an additional In,0;
sample at a pressure of 2.6 Torr (Fig. 5). The study of
this sample supports the data on the decrease in the
transmittance with increasing pressure during the
reaction. However, if the pressure in the vacuum
chamber is lowered to values below 0.5 Torr, the auto-
wave oxidation reaction is not initiated. We think that,
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Fig. 5. Wavelength dependences of the transmittance of
the In,O; films produced by autowave oxidation at vac-

uum-chamber pressures of (/) 2.5, (2) 1.5, (3) 0.9, and
(4) 0.5 Torr. Curve 5 shows the transmittance of the glassy
substrate. The inset shows the transmittance of the initial
(In + Iny0O3) film.

at pressures lower than 0.5 Torr, the oxygen content is
inadequate to support the oxidation process. The
maximum transmittance, 86%, is exhibited by the
In,0; films produced at a vacuum-chamber pressure
of 0.5 Torr.

The resistivity of the synthesized In,O; films
unsteadily decreases, as the pressure in the vacuum
chamber is lowered. The best characteristics are exhib-
ited by the In,0O; films produced at a pressure of

0.5 Torr; the resistivity of such filmsis 1.8 x 1072 Q cm.

The table lists the values of the resistivity and trans-
mittance for the In,0; films produced by autowave
oxidation at a pressure of 0.5 Torr here and by various
techniques previously. From the table, it can be seen
that, in their characteristics, the In,0; films produced
by autowave oxidation are comparable to those pro-
duced by other techniques. To the advantages of the
autowave oxidation mode must be attributed the

technological simplicity and the low temperature of
In,O;-film synthesis.

From the thermal theories, it follows that the driv-
ing factor of combustion processes is the considerable
heat release at the reaction front. Specifically, the
main characteristics of the SPHTS processes is the
high adiabatic temperature 7,4 = T, + Q/c, where T} is
the initial temperature, Q is the reaction heat with
consideration for the phase transformation at the
front, and c is the average heat capacity of the reaction
products. To initiate the SPHTS reactions, it is essen-
tial that the adiabatic temperature 7,4 be rather high;
however, in most cases, the temperature 7,4 does not
exceed 5000 K [22—24]. The formation enthalpy and the
average heat capacity of In,0; are AH = —927 kJ mol™!
and ¢ = 94 J K~! mol™!, respectively [32]. Estimation
of the adiabatic temperature of indium combustion in
oxygen gives an extremely large value: 7,4~ 10000 K.
This temperature is much higher than that needed for
the autowave reaction. However, in films, because of
heat dissipation, the real temperature at the oxidation
front is much lower than the adiabatic temperature.

From the results of this study, we can make an
inference regarding the possible mechanism of the
reaction. From Fig. 1, it follows that the reaction zone
is ~0.5 cm in length. The reaction front propagating at
arate of V'~ 0.5 cms~' covers the above-indicated dis-
tance in a time of 7 = 1 s. In this time, in the reaction
zone, oxygen diffuses throughout the film thickness
h =~ 100 nm, which corresponds to the diffusion coeffi-
cient D~ h*/t=10"'cm? ¢! for the solid phase. Since
the reaction initiation temperature (180°C) is higher
than the melting temperature of indium (121°C), oxy-
gen initially diffuses into liquid indium with the for-
mation of an In,0; layer, whose melting temperature is
high (1910°C). From the aforesaid, it follows that the
In,O; phase grows further due to oxygen diffusion
throughout the In,O; layer in the solid phase; i.e., the
temperature of the oxidation front does not exceed the
melting temperature of In,0;.

Comparison of the transmittances in the range 400—900 nm and the resistivities of In,0O; films

Transmittance, % Resistivity, 1072 Q cm Production technique Reference

86.2 1.8 Autowave oxidation This study

82.3 0.145 Gas-phase deposition at atmospheric pressure [28]

73.3 0.17 Reactive electron-beam evaporation [29]

73.2 10.6 Thermal oxidation of In films [16]

86.7 0.027 Deposition by combined sputtering [30]

88.6 4 Magnetron-assisted deposition [8]

93.3 0.1 Activated reactive deposition [31]

85 0.04 Pulsed laser deposition [10]
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4. CONCLUSIONS

A low-temperature technology for In,O;-film pro-
duction is described. The technology is based on the
thermal evaporation of pure indium in low vacuum
(the residual pressure is no lower than 0.5 Torr) fol-
lowed by heating to 250°C.

The process initiation temperature (7, = 180°C)
and the heating rate (>1 K s™!), above which the In,0,
films are synthesized in the autowave mode of the pro-

cess at vacuum-chamber pressures of 1.5—0.5 Torr, are
established.

It is shown that, after propagation of the oxidation
wave, the layer of reaction products contains the cubic
In,0O; phase uniformly distributed over the surface and
throughout the thickness. In this phase, the typical
grain size is 20—40 nm. The In,O; films with the best
characteristics are produced in vacuum, at a pressure
of 0.5 Torr. The transmittance of the best films is
higher than 85%, and the resistivity is 1.8 x 102 Q cm.
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