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Abstract
We report on the formation and properties of nanocomposite indium tin oxide thin films which
are grown by pulsed-electron beam deposition under a low oxygen pressure leading to the
formation of highly non-stoichiometric indium tin oxide films. For growth at room temperature
these films are amorphous and insulating, while at higher temperatures, the oxygen deficiency
leads to a disproportionation reaction with the formation of metallic clusters (indium or indium
tin clusters) embedded in a stoichiometric crystalline indium tin oxide. This matrix is well
crystallized and even epitaxial for growth on c-cut sapphire single crystal substrates. The
presence of the metallic clusters induces specific transport properties, i.e. a metallic conductivity
at room temperature followed by a superconducting transition at low temperature (about 6 K).
Moreover, the solid–liquid and liquid–solid phase transitions in the metallic clusters can be
clearly seen from the resistivity curves as a function of temperature (in the room temperature to
450 K range), through specific changes in resistivity and the appearance of a hysteresis cycle.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Owing to its specific properties, highly desirable for
technological applications, i.e. high electrical conductivity
(ρ ∼ 10−4 � cm) and high optical transparency in the
visible wavelength range, tin-doped indium oxide (ITO) can
be used in a wide variety of applications [1]. The growth of
ITO thin films has thus been frequently studied by numerous
methods, which showed that the structural characteristics and
physical properties of ITO films are very sensitive to the
growth conditions, and so the films can be either amorphous
or polycrystalline, insulating or conductive, transparent or
absorbing, as a function of the deposition parameters [2–4].
In particular the oxygen pressure during the growth, which
determines the amount of oxygen atoms fixed in the growing
films, has been found to play an important role in the
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physical properties of the films [5, 6]. Moreover, whatever
the deposition methods, annealing treatments (in reducing
or oxidizing atmosphere) are often applied to improve the
structure and properties of the as deposited ITO films. As
a matter of fact, films with very specific properties can be
obtained [7, 8], and even the formation of metallic indium at
the surface of the ITO films [9] has been reported.

As the stoichiometry of ITO films appears as one of
the most pertinent parameters governing their nature and
properties, we have studied the effects of oxygen deficiency in
ITO films. The pulsed-electron beam deposition method (PED)
was used to obtain such oxygen deficient ITO films. Indeed
PED is based on the use of a pulsed beam of polyenergetic
electrons to ablate a target material [10–12]. PED of oxide
target in a reducing or neutral ambient gas would thus permit
one to control the incorporation of oxygen, and to promote thus
the formation of oxygen deficient oxide films [10].
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In this paper, we present the results concerning ITO films
with large oxygen deficiencies (more than 20% of oxygen
missing). Such large oxygen deficiencies induce the formation
of nanocomposite films (metallic clusters in a stoichiometric
matrix), via a disproportionation reaction of metastable ITO
sub-oxides in a stoichiometric ITO matrix and metallic In or
In–Sn clusters. The structural characteristics and physical
properties of these nanocomposite films are presented. The
epitaxial growth of the stoichiometric ITO matrix is observed,
while very specific transport properties are associated with
the presence of metallic clusters embedded in an insulating
matrix. In addition, the behaviour of these metallic clusters
as a function of temperature will be discussed, i.e. their solid
to liquid phase transition is observed through changes in
resistivity.

2. Experimental details

The ITO thin films (in the 80–190 nm range) were grown
by the PED method on quartz and c-cut sapphire single-
crystal substrates. In PED a pulsed-electron beam having a
pulse width about 110 ns (FWHM) and 2.5 J cm−2 fluence,
produced in a channel-spark discharge [10, 13], was used to
ablate a rotating ITO target. The channel-spark discharge
consists of a hollow cathode, a dielectric capillary tube (6 mm
diameter and 100 mm length) and the vacuum chamber as
the grounded anode. The external capacitor (C) was 16 nF
and was discharged at a high voltage in the range 14–16 kV,
with a frequency of 1–2 Hz. The substrate was heated from
room temperature to 500 ◦C under an argon pressure kept at
2 × 10−2 mbar. After deposition, the films were cooled down
in the ablation chamber under the argon pressure conditions
used for the growth.

The thickness and composition of the films were
determined by Rutherford backscattering spectrometry (RBS),
using the 2 MeV Van de Graaff accelerator of the INSP. It
has to be noted that owing to the limited mass resolution of
the method, indium and tin cannot be separated using the
RBS spectra. Thus, for the analysis, it was assumed that the
target composition ((In1.8Sn0.2)O3) is maintained in the films.
Moreover, the oxygen content was only determined with a 5%
accuracy, due to the low RBS yield for light elements like
oxygen.

The crystalline structure of the films was studied by
x-ray diffraction analyses (XRD) using the Philips Xpert
diffractometer at the INSP and at the ENSAM. The nature
of the crystalline phases was studied by using diffraction
either in the Bragg–Brentano mode or in the grazing incidence
geometry, and by using asymmetric diffraction, i.e. pole figure
measurements. In this last geometry, the epitaxial relationships
between ITO films and single-crystal substrates were studied
and the precise in-plane orientations between film and substrate
were determined.

The transport properties (resistivity as a function of
temperature from room T down to liquid He T ) of the ITO
films were obtained by the classical four-probe method.

Figure 1. A typical RBS spectrum recorded for an ITO film grown
by PED on a quartz substrate at 500 ◦C.

3. Results and interpretations

3.1. Film composition and morphology

During PED or other methods of growth of oxide films [14, 15],
their stoichiometry may be controlled by the partial oxygen
pressure during the growth. Indeed, the flux of oxygen atoms
reaching the surface of the growing film depends upon the
oxygen partial pressure (PO2), and as a result the incorporation
of oxygen atoms is limited when PO2 is decreased. In this work
it was thus possible to change the oxygen concentration in the
ITO films from their ideal stoichiometry ((In1.8Sn0.2)O3) down
to a large oxygen deficiency ((In1.8Sn0.2)Ox with x < 2.4), by
solely changing the O to Ar ratio in the working gas. In this
paper, we will focus our attention on ITO films grown under
pure argon at a pressure (2 × 10−2 mbar), corresponding to a
low oxygen residual pressure (<10−5 mbar).

Figure 1 represents a typical RBS spectrum recorded for
an ITO thin film (142 nm) grown at 500 ◦C on a quartz
substrate. Though large tails towards lower energies are not
observed on the rear edge of the In (and Sn) contribution,
the general shape of this RBS spectrum (broadening of the In
rear edge and Si front edge) indicates some roughening. Note
that whatever the nature, composition and properties of the
materials to be deposited by the PED method, nanoparticulates
(10–100 nm) are observed at the surface of the films [10]. In
this work we tried to optimize the growth conditions to avoid
this effect, as has been reported [10]; however, even if we
reduced the importance of this effect, it was not possible to
grow ITO films free from any particulates at their surface. This
leads to the broadening of the various contributions observed
in this RBS spectrum.

This RBS spectrum cannot be fitted with the ideal stoi-
chiometric (In1.8Sn0.2)O3 composition. Indeed, the calculated
RBS spectrum corresponding to this ideal stoichiometry is
presented in figure 1, and shows the importance of this
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Figure 2. X-ray diffraction patterns for an ITO film grown by PED at
500 ◦C on a single-crystal c-cut sapphire substrate. The inset
represents the rocking curve of the (400) reflection peak. The (00.6)
sapphire substrate peak is marked with *.

phenomenon. A good fit (as shown in figure 1) may only
be obtained by decreasing the oxygen concentration. More
precisely, the best fit was obtained assuming that the ITO film
is composed of: (i) a stoichiometric ITO surface layer with
a 24 nm thickness; (ii) an sub-oxide underlayer (118 nm),
in which the oxygen composition varies between 2.23 (just
beneath the stoichiometric surface layer) and 2.48 at the
interface with the substrate. It can thus be concluded that
a mean value for the oxygen composition can be estimated
to be 2.35, i.e. with an overall composition (In1.8Sn0.2)O2.35,
meaning that a film with a strong oxygen deficiency has been
formed in these conditions.

All the ITO films grown under the low oxygen pressure
used in this work were found to present the same oxygen
deficiency whatever the film thickness or nature of the
substrate. In addition, the near surface region of the ITO films
(about 20 nm), presenting an enriched oxygen concentration
with respect to the bulk, was observed whatever the substrate
used and its thickness slightly increases with the growth
temperature.

3.2. Film structure

All the ITO films grown at T < 200 ◦C were found to
be amorphous, the in situ crystallization occurring during
growth at higher T . Figure 2 represents a typical diffraction
pattern recorded for a film grown on c-cut sapphire at 500 ◦C
(190 nm). The peaks on this diagram correspond to the
(222) and (400) reflections of the ITO structure and to their
harmonics. The angular positions of these peaks correspond
to those of the stoichiometric ITO compound. This initially
appears surprising, as a large oxygen deficiency could lead
to noticeable changes of the axis parameters in the case of
oxides [16]. Moreover no diffraction peaks which could be
due to the presence of sub-oxides of indium (InO or In2O)
or tin (SnO), or even to metallic Sn or In, in the films are
observed. To further study the possible presence of such

Figure 3. X-ray diffraction patterns in grazing geometry (6◦) for an
ITO film grown by PED at 500 ◦C on a single-crystal c-cut sapphire
substrate.

phases, a study of the XRD in grazing incidence was carried
out. The corresponding diagram is presented in figure 3, and
only shows the characteristic peaks of the ITO material. The
sole structural phase identified in the films is thus the ITO
stoichiometric phase, despite the large oxygen deficiency in
the films. We have thus to conclude that amorphous forms
or microcrystallites are present in the films together with the
stoichiometric oxide phase, i.e. heterogeneous oxide films are
formed in these conditions. In figure 3 (grazing incidence) the
ratio of the (222) to (400) peak intensity, I(222)/I(400) ≈ 3,
corresponds to perfectly random crystallite orientation of ITO
grains, while in figure 2 (Bragg–Brentano geometry), the value
of this ratio (0.25) indicates that some of the crystallites present
a preferential textured growth, with the (400) ITO planes
parallel to the substrate surface. The rocking curve of the
(400) diffraction line was measured and is given in the inset
in figure 2. A FWHM value around 1◦ demonstrates a rather
low mosaicity and a possible epitaxy.

To check the formation of epitaxial films, pole figures
were recorded for ITO films on c-cut sapphire grown at 300
and 500 ◦C, and poles were only observed for films grown at
500 ◦C. Figures 4(a) and (b) represent the pole figures of the
(440) (at 2θ = 51.04◦) and (222) (at 2θ = 30.581◦) planes
of ITO. In figure 4(a), 12 poles can be observed, located at a
declination angle � equal to 45◦, i.e. the value expected for the
(440) poles of ITO crystallites presenting the (400) texture. In
addition, figure 4(a) shows three poles located at a � value
of 57.6◦ corresponding to the poles of the (02.4) planes of
sapphire substrates (2θ = 52.56◦). The respective azimuthal
positions of the (440) ITO and (02.4) sapphire poles lead to
the following in-plane epitaxial relationships between ITO film
and sapphire substrate:

[1̄10]ITO ‖ [11.0]c−S and [110]ITO ‖ [11̄.0]c−S

with ‘ITO’ and ‘c-S’ representing the ITO film and the c-cut
sapphire substrate, respectively.
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(a)

(b)

Figure 4. Pole figures of the (440) (a) and (222) (b) ITO family
planes or a ITO film grown by PED at 500 ◦C on a single-crystal
c-cut sapphire substrate.

In figure 4(a), (440) poles which could be related to the
presence of ITO (222) oriented crystallites are not observed.
Such (222) oriented crystallites would have given rise to
poles at a declination angle � equal to 35.3◦, and no poles
are observed at this location in figure 4(a). This point was
further checked by measurements of the pole figure of the
(222) ITO planes presented in figure 4(b). A central pole
is observed, corresponding to the (222) crystallites with their
[222] direction normal to the c-cut sapphire, in agreement with
figure 2, but poles which would appear at a declination � equal
to 70.5◦ are not present in this figure. Moreover, figure 4(b)
shows 12 poles at a declination angle � equal to 54.7◦, i.e. the
value expected for (222) poles of ITO crystallites presenting
the (400) orientation of a cubic structure, on c-cut sapphire
substrate. The azimuthal positions of these poles correspond to
those expected in the framework of the epitaxial relationships
deduced from figure 4(a).

The in-plane arrangement leading to the epitaxial
relationships is schematically presented in figure 5. In this
schema, the c-cut sapphire is represented by the characteristic
hexagons of the (000l) basal plane. The ITO plane in
the schema is represented with the square symmetry of the

Figure 5. Schematic description of the epitaxial relationship between
the hexagonal sapphire substrate and cubic ITO film.

(400) plane. With the in-plane parameters of the square
and hexagon unit of the two lattices (0.476 nm for the
sapphire and 1.0118 nm for ITO), a very important lattice
mismatch is deduced. However, the specific orientation of
the film on the substrate can be explained in the framework
of the domain matching epitaxy or extended atomic distance
mismatch approach [17], in which m lattice units of the film
match with p lattice units of the substrate. The values of m
and p are defined as the minimum integers which satisfy the
following relation:

mdf ≈ pds or [df/ds] ≈ [p/m],

df and ds being the respective atomic distances in the film
and substrate parallel directions. The corresponding lattice
mismatch δ can thus be defined by

δ = 2[mdf − pds]/[mdf + pds].

The atomic distances df (1.4309 nm) and ds (0.824 nm) along
the [1̄10]ITO and [11.0]c−S directions respectively, are such
that 4df ≈ 7ds, and the lattice mismatch along this common
direction is δ = 0.77%. In the same way, considering
the alignment of the [110]ITO with the [11̄.0]c−S directions,
the df (1.4309 nm) and ds (0.476 nm) values are such that
the following domain lattice mismatch is established: df ≈
3ds, leading to δ = 0.2%. These low values of lattice
mismatch along the two directions clearly justify the epitaxial
relationships observed in this work.

3.3. Thin film properties

The ITO films grown at T < 300 ◦C are amorphous, insulating,
and present a large oxygen deficiency. In contrast, the ITO
films obtained at T > 300 ◦C are crystalline, greatly absorbing
and show measurable room T resistivity. The transport
properties of these latter films were thus investigated through
resistivity measurements as a function of temperature, R(T ).
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Figure 6. Temperature dependence of the normalized resistance
R(T )/R (300 K) curve (room T to liquid He T ) for the ITO films
grown on a single-crystal c-cut sapphire substrate at 300 ◦C. In the
inset is presented the beginning of the superconducting transition.

Figure 6 represents the typical variation of the film resistance
with T for an ITO film grown at 300 ◦C (150 nm). From
room T down to about 6 K, this curve shows characteristic
semiconductor behaviour. Then a decrease in resistivity begins
to be observed (see the inset in figure 6), and could be attributed
to a superconducting transition in a fraction of the film.
Figure 7 represents the R(T ) curve for an ITO films grown
at 500 ◦C (190 nm), and characterizes a metallic behaviour
over the whole temperature range. Then at low T , a clear
superconducting transition is observed with a Tc onset equal
to 6 K. This transition is not complete (zero resistivity is
not reached), meaning that one part of the film is not in the
superconducting state.

These films are heterogeneous (see above), with at least
two phases, one being a stoichiometric and crystalline oxide
phase, in which a sub-oxide and/or metallic phase is embedded;
the R(T ) curve in figure 6 could thus be explained by the
electrical conductivity in the sub-oxide (due to the large
oxygen deficiency). The low T superconducting transition
which begins to be observed could be related to the presence
of a low concentration of metallic clusters in the film. For
increasing growth temperature (figure 7), the R(T ) curve could
be explained by the electrical conductivity through metallic
clusters which can further present a superconducting transition
at low T . A rather similar behaviour has been observed in the
case of indium/indium oxide thin film composites, in which a
superconducting transition is observed, due to the presence of
the indium metallic clusters [18–20].

The superconducting transition temperature Tc (6 K) is
an interesting indication of the nature of the metallic clusters.
Indeed, this value is higher than the Tc values of bulk In
(Tc = 3.4 K) and Sn (Tc = 3.5 K). The difference from the
experimental value could be related to the Tc increase with
decreasing size of the clusters. However, results reported did
not show a large increase in Tc with decrease in the size of the
clusters [21, 22]. The Tc value (6 K), could thus be indicative
of the presence of clusters of an In and Sn alloy, as the Tc value

Figure 7. Temperature dependence of the normalized resistance
R(T )/R (300 K) curve (room T to liquid He T ) for the ITO films
grown on a single-crystal c-cut sapphire substrate at 500 ◦C. In the
inset is presented the detailed superconducting transition.

Figure 8. Temperature dependence of the normalized resistance
R(T )/R (300 K) curve (room T to 450 K) for ITO film grown at
500 ◦C.

of these compounds can reach value as high as 6.5 K for a
compound with the InSn composition [23].

To check the presence of such In–Sn clusters in the ITO
films, we have studied the resistivity behaviour of these films in
the room T to 180 ◦C range. Indeed, the In–Sn metallic clusters
which are in the solid state at room T would undergo a solid
to liquid phase transition at a melting temperature Tm which
would be lower than that of In (430 K), since the presence
of Sn would depress the melting temperature, as has been
measured [24]. Moreover, the In–Sn compound resistivity in
the liquid state being higher than that in the solid state [24],
an increase in the resistance of the film should be observed
during the heating from room T up to 450 K. This increase in
resistivity is associated with the solid–liquid state transition in
the In–Sn clusters.

This is indeed observed, as can be seen in figure 8. A
clear increase of the resistance occurs at T around 350 K, and
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then a linear increase in the resistivity regime is reached at
about 390 K. Such a curve can thus be interpreted in terms
of the solid–liquid transition of In–Sn clusters at Tm about
370 K. For comparison purposes, the melting temperature of
pure In (430 K) and InSn alloy in bulk form (395 K) are also
indicated in this figure. Whatever the precise composition of
the clusters, and therefore whatever their bulk melting point,
a noticeable decrease of this melting point is observed in the
clusters. Moreover during the cooling down of the ITO film
(from 430 to 300 K), a hysteresis is clearly evidenced on
the R(T ) curve, i.e. the solidification (freezing) temperature
(around 345 K) is lower than the melting temperature (about
370 K).

This behaviour, i.e. a strong decrease of the melting
temperature and the presence of a hysteresis cycle, which
clearly separates melting and solidification temperatures, has
been reported in the studies of the temperature evolution of
nanoparticles [25]. For example, In nanoparticles showed a
large melting point depression (110 K) for a 2 nm particle
radius [26]. The depression of the melting point has
been analysed and modelled [27], and a variation inversely
proportional to the particle size (down to a few nanometres)
has been established. When nanoparticles are embedded in a
matrix, a depression of the melting point can be observed [25],
as well as a superheating of nanoparticles [28, 29], i.e. a
melting point higher than the Tm bulk value. In the case of
In in porous silica glass (about 6 nm pore size), a hysteresis
loop was observed with a melting point depression, i.e. Tm of
about 385 K [30]. In contrast, In clusters in the 15–20 nm range
obtained by ion implantation in SiO2 can be superheated about
13 K above the bulk Tm value [31].

The reason is that the melting point of embedded
nanoparticles depends on, in addition to their size, the nature of
the nanoparticle–matrix interface. Various theoretical analyses
and models based on classical thermodynamics arguments
have been proposed for predicting the melting temperature of
spherical nanoparticles embedded in a matrix [25, 29, 32, 33].
These models show that the Tm value will depend upon the
values of σlm and σsm, the liquid and solid particle–matrix
interfacial energies, which are related to the contact angle
between the liquid nucleus and the solid matrix [29, 32, 33].
Owing to the fact that these interfacial energy terms contain
structural and chemical components, the difference between
the absolute values of Tm and Tf in the various studies should be
related to the differences in nature and structure of the matrix.
For example in the case of In nanoparticles in Al samples
prepared by rapid quenching from the melt [25] and by ball
milling of In and Al mixtures [29], differences in melting point
were observed with a superheating for the melt quenched ones,
and a melting point depression for the ball milled ones. These
differences have been attributed to the existence of a coherent
(or semicoherent) interface between the nanoparticles and the
matrix leading to superheating, while a random interface is
associated with melting point depression [29].

The comparison of these results with those reported in this
paper, indicates that despite the crystalline matrix, the In–Sn
metallic clusters do not develop coherent interfaces with this
matrix, and accordingly a melting point depression is observed.

On the other hand, it is not possible to deduce a precise value
for the size of the In–Sn clusters; a rough estimation should be
of the order of a few nanometres, to explain the value of the
melting point depression.

4. Discussion

Indium tin oxide films with a large oxygen deficiency (more
than 20%) have been formed by PED, and the analysis of
their crystalline structure and transport properties leads to the
conclusion that they are nanocomposite films with metallic In–
Sn clusters embedded in a crystalline and stoichiometric oxide
matrix. It is then possible to propose a plausible scenario
for the formation of such nanocomposite oxide films during
the in situ growth of oxygen deficient ITO films. In the
growth conditions of the PED used in this work, the ITO films
are formed with a large oxygen deficiency: (In1.8Sn0.2)O2.4.
Then, a pertinent parameter determining the nature, structure,
microstructure and properties of such sub-oxide thin films
will be the substrate temperature. At room T , homogeneous
amorphous and insulating thin films are formed, but with
increasing growth temperature (300 ◦C), oxygen deficient ITO
film will start to crystallize in situ. In such a system, the most
stable oxide phases are the stoichiometric phases rather than
the other sub-oxide phases (InO, In2O or SnO). We can thus
assume that stoichiometric ITO crystallizes at the expense of
the remaining sub-oxide. In this framework, the transformation
of oxygen deficient ITO films can be schematically described
by the following disproportionation reaction:

(In1.8Sn0.2)O2.4 → a(In1.8Sn0.2)O3 + b(In1.8Sn0.2)O2.4−x

with x characterizing the increasing oxygen deficiency of the
sub-oxide, and

a = x/(0.6 + x) and b = 0.6/(0.6 + x)

determining the respective fraction of phases. In this
description, 0 < x � 2.4, and the limit value for x
(2.4) corresponds to the formation of In–Sn clusters in a
stoichiometric ITO matrix.

The presence of a highly oxygen deficient material
in the film, i.e. (In1.8Sn0.2)O2.4−x , would induce electrical
conductivity in the films, as is observed through the
semiconducting behaviour observed in figure 6. At this
intermediate 300 ◦C temperature, the fraction of metallic (In–
Sn) clusters would certainly be low, and would only give
rise to the superconducting transition which begins to be
observed (figure 6). At a higher temperature (500 ◦C), the
transformation of the oxygen deficient ITO films would be
more complete (figure 7), i.e. the stoichiometric phase would
grow at the expense of the sub-oxide and in the extreme case,
the sub-oxide completely disappears according to the following
disproportionation reaction:

(In1.8Sn0.2)O2.4 → 0.8(In1.8Sn0.2)O3 + 0.2(In1.8Sn0.2).

This extreme situation leads to the formation of metallic
clusters (In–Sn) embedded in a stoichiometric oxide matrix.
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In this framework, metallic conductivity will be present in
the films through the metallic InSn clusters (and electron
tunnelling between clusters), followed by a superconducting
transition in these metallic clusters at a lower tempera-
ture.

In this approach, there is the disproportionation of the
oxygen deficient ITO films into a nanocomposite film by
crystallization of a stoichiometric oxide matrix with a metallic
nanometric phase. This process appears rather similar to
that recently reported for the disproportionation reaction
in understoichiometric gallium oxide films [34], leading to
the formation of a crystalline stoichiometric Ga2O3 phase,
and a Ga2O3−x phase with enhanced oxygen deficiency
responsible for the electrical conductivity of the films [34].
In these two cases (sub-oxides of gallium and ITO), the
disproportionation reaction is due to the presence of metastable
insulating sub-oxide phases, which under a thermal activation,
transformed into heterogeneous multiphase systems with a
stable stoichiometric oxide phase and a more oxygen deficient
sub-oxide phase (the case of gallium oxide or ITO at 300 ◦C)
or a metallic phase (ITO at 500 ◦C).

In this framework, in addition to the temperature, the
driving force for the disproportionation reaction is the oxygen
deficiency in the ITO films. By controlling precisely this
oxygen deficiency during the PED growth, it would be possible
to control the concentration of metallic clusters in the films
grown at 500 ◦C. Accordingly, the transport and optical
properties of the films would thus be tuned from purely
transparent and insulating to absorbing and metallic like films.
Moreover, this phenomenon being already observed in indium
tin and gallium sub-oxide films could certainly be applied to
other oxides whose sub-oxides are known to be not stable. This
could give rise to new and interesting transport properties.

5. Summary

In summary, we have shown that nanocomposite ITO thin
films can be grown by in situ pulsed-electron beam deposition,
through a disproportionation reaction induced by a strong
oxygen deficiency. The very specific transport properties
associated with the presence of metallic clusters in an
insulating stoichiometric oxide matrix could allow some
applications. For example a local heating with a laser beam
could induce the disproportionation reaction leading to the
formation of conducting lines. In the same way the large
differences in optical properties related to the presence or
absence of metallic nanoparticles could be used in non-volatile
storage devices.
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