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� The magnetoresistance of the thin In2O3 film was �1.35% at a temperature 4.2 K.

� Negative magnetoresistance has been explained by the weak localization theory.
� The temperature dependence of phase-coherence length lϕ began to oscillate at 30 K.
� The oscillation of lϕ can be used to evaluate the structural features of thin films.
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The negative magnetoresistance of thin In2O3 films, obtained by an autowave oxidation reaction, was
detected within a temperature range of 4.2–80 K. The magnetoresistance was –1.35% at a temperature of
4.2 K and an external magnetic field of 1 T. A weak localization theory was used to explain the negative
magnetoresistance and to determine the phase-coherence length in a temperature range of 4.2–80 K. The
phase-coherence length was found to oscillate as the temperatures increased to around 30 K. From the
maximum and minimum values of the oscillation of the phase-coherence length, it was suggested that
the In2O3 film has two structure characteristic parameters. Transmission electron microscopy showed the
structure of the thin In2O3 film to have structural features of a «crystal phase – amorphous phase». It was
found that the crystalline phase characteristic size was consistent with the maximum phase-coherence
length and the amorphous phase characteristic size was consistent with the minimum phase-coherence
length. It has been suggested that the temperature measurements of the magnetoresistance and the
theory of weak localization can be used to evaluate the structural features of nanocomposite or na-
nostructured thin films.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magneto-transport properties of thin transparent conductive
oxide (TCO) films with different compositions are intensively
studied at present time [1–4]. Furthermore, nanocomposite films
based on transparent conductive oxides are also being investigated
[5–7]. In many cases, these studies are carried out in a wide
temperature range. The determination of magnetoresistance (MR)
as a function of temperature and film composition is the main
asov).
basis of these studies, since magnetoresistance is a very useful
characteristic when creating electronic device [8,9]. Moreover, for
fundamental and applied problems, it is very important to know
the optical, electrical and magnetic properties of In2O3 and com-
pounds on its basis in a wide temperature range. This is because
indium oxide films are the most demanded among the TCO. In
particular, at low temperatures, information about the electrical
and magnetoresistive properties of indium oxide can give addi-
tional insight on quantum transport in low-dimensional systems
[10]. At high temperatures, comparable to room temperature,
nonlinear optical properties of indium tin oxide films can be used
to create devices for nanophotonics, plasmonics, and nonlinear
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Fig. 1. The resistance temperature dependence of the thin In2O3 film measured at
external zero and 0.6 T magnetic fields in the film plane.
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nano-optics [11]. As another example, nanocomposite thin Fe –

In2O3 films, which have high magnetization at temperature room,
can be used as a material for creating spintronic devices [12].

The presence of the magnetoresistance at low temperatures
and its absence at room temperature in materials may be asso-
ciated with quantum transport [13]. The presence of negative
magnetoresistance can be caused by a variety of quantum elec-
tronic effects [10]. Recently, the negative magnetoresistance has
been observed at low temperatures for pure and doped TCO films.
For example, it was shown that pure and Cu doped ZnO films have
a negative magnetoresistance [14]. Al doped ZnO films grown by
atomic layer deposition also had a negative magnetoresistance
[15]. Other thin TCO films such as indium tin oxide [16–18],
B-doped ZnO [19], phosphorus-doped ZnO [20] and tin oxide
[21,22] demonstrated a similar dependence of magnetoresistance
on a magnetic field.

Disorder in semiconductors can be created by film growth [23–
25] or doping [26]. In disordered semiconductors, where there is a
large amount of impurities or defects, electrons in diffuse mode
can have multiple scatterings from impurities or defects without a
loss of energy that is the elastic collision. Since electrons have their
own wave functions, it is probable that interference processes of
the wave functions can occur upon elastic collision. Thus, the
quantum-interference phenomena can be observed.

The quantum-interference phenomena include weak localiza-
tion (WL) [13,27], electron–electron interactions [28] and, if there
is notable spin-orbital coupling, weak antilocalization [29].
Moreover, universal conductance fluctuations [30], Aharonov-
Bohm oscillations [31] and Altshuler-Aronov-Spivak oscillations
[32,33] can be implemented on structured materials with parti-
cular dimensions.

The weak localization originates from the constructive inter-
ference of the backscattered electronic wave functions along time-
reversal-symmetric paths. The constructive interference increases
the probability of localizing an electron, manifesting itself as a
positive correction to the resistivity at a zero magnetic field, which
is easily broken under a non-zero external magnetic field since the
constructive interference is reduced [34]. For this reason, weak
localization can be responsible for the negative magnetoresistance
in TCO and other materials. Moreover, the dimension of a system is
significant for weak localization from the point of view of the
observed magnetoresistance magnitude.

A characteristic parameter of weak localization and the other
quantum-interference effects mentioned above is the phase-co-
herence length lϕ, which determines the length at which there is a
complete destruction of the phase coherence of electrons. It
should be noted that a confirmation that the system can manifest
the weak localization effect is the presence of a metal–semi-
conductor transition (MST) or a limited ratio of resistances mea-
sured at several K and room temperatures, respectively [15].

Recently, we proposed autowave oxidation as a new method of
manufacturing thin indium oxide films [35]. In addition, the in-
dium oxide film had a limited ratio of resistances measured at 5 K
and 272 K (�1.2). Furthermore, it has been shown that ultraviolet
irradiation can induce MST in the indium oxide film [36]. Thus, we
expect that the weak localization effect and the related negative
magnetoresistance can be observed in thin In2O3 films prepared by
autowave oxidation.

Here we present measurements of magnetoresistance up to 1 T
in the temperature range 4.2–80 K and measurements of the
structural features of the thin In2O3 films observed by transmis-
sion electron microscopy (TEM). And most importantly, we found
the temperature dependence of phase-coherence length to oscil-
late. This oscillation can be used to evaluate the structural features
of the nanocomposite indium oxide film.
2. Material and methods

Thin indium oxide films were prepared by the autowave oxi-
dation reaction [35]. The initial Inþ In2O3 films were obtained by
thermal evaporation of pure indium (99.999%) at a pressure of
1.5 Torr. The films were deposited on cover glass at room tem-
perature. Prior to deposition, the substrates were cleaned in an
ultrasonic bath with acetone and then methanol. Autowave oxi-
dation reactions were carried out by heating the initial Inþ In2O3

films with a speed of 41 K/s, to a temperature of 200 °C at a
pressure of 0.5 Torr. After reaching the initiation temperature, T0
E180 °C, the nucleation of the In2O3 phase began, spreading over
the surface in a self-sustaining manner. It has been shown that
after the autowave oxidation, thin In2O3 films had a homogenous
surface with a crystallite size of 20–40 nm. The ratio of In/O was
also homogenous on the film thickness. X-ray diffraction has re-
vealed that the thin film only had the bixbyite crustal structure of
In2O3 [35]. It should be noted that we have not been able to obtain
epitaxial indium oxide films by autowave oxidation because it is
very difficult to synthesize epitaxial In2O3 by the physical eva-
poration method [37].

The magnetoresistances were investigated from 4.2 to 80 K
using a standard four-probe method. Pt contacts on top of the thin
In2O3 film were used and sputtered using an Emitech k575x
sputter coater. The thickness of the Pt contacts was approximately
80 nm. The temperature dependence measurements of the mag-
netoresistance were performed using an original facility based on
a helium cryostat, an electromagnet, and a precise Keithley-2400
current/voltage source meter [38].

The thickness and structural features of the thin In2O3 films
were measured by high-resolution TEM. For this purpose, cross-
sectional TEM specimens were prepared by a focused ion of 40 keV
Gaþ beam system (FIB) Hitachi FB-2100. A Ge protective layer was
selected and formed by thermal deposition at room temperature.
The Ge layer is necessary to protect the In2O3 sample from
structural degradation during FIB preparation and to improve
contrast from the In2O3 film in the TEM images. TEM images were
acquired with a Hitachi HT7700 microscope operating at 110 kV.
3. Results and discussion

Fig. 1 shows the dependence of resistance measured at zero
and 0.6 T magnetic fields in a temperature range of 6.5–100 K.
From Fig. 1, it can be estimated that the resistances begin to di-
verge at �80 K. It is clear that there is a negative magnetoresis-
tance in the thin In2O3 film.



Fig. 2. The magnetoresistance of the thin In2O3 film versus the external magnetic
field measured in the temperature range 4.2–80 K.
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Furthermore, there is slight change in the resistance of the
films with a magnetic field. The slight change of the resistance in a
magnetic field at low temperatures is characteristic of the weak
localization effect [39–41].

The magnetoresistance dependencies on the magnetic field (B)
in the temperature range 4.2–80 K are shown in Fig. 2. It should be
noted that the magnetoresistance has been defined as

( ) = ×( ) − ( )
( )

⎡⎣ ⎤⎦MR % 100%R B R
R

0
0

, where R (B) is resistance with a mag-

netic field and R (0) is resistance without a magnetic field. As seen
from Fig. 2, the absolute value of the magnetoresistance is in-
creasing as the temperature decreases. At a temperature of 4.2 K
and an external magnetic field of 1 T the thin In2O3 film magne-
toresistance was �1.35%.

Negative MR in TCO is often observed in the weak localization
regime. Furthermore, such cases are usually observed at low
temperatures [15,24]. An understanding of the experimental data
based on the WL model requires the existence of extended states
at low temperatures. In 2-D, the sheet resistance is related to k lF as
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where kF is the Fermi wave vector, l is the mean free path, h is the
Planck constant, e is the electron charge, Rsheet is the sheet re-
sistance. The theory of WL is applicable for disordered materials
with k lF c1 [21]. For our case, the calculated value of kFl was 5.95.
As a result, the studied In2O3 film is in the weak localization regime.

In 2-D, as shown in experimental studies [21,42], the magne-
toresistance at the external parallel and perpendicular fields to the
Fig. 3. The magnetoresistance of the In2O3 thin film versus external perpen
film plane is the same. However, according to theoretical [43,44]
and experimental studies [45,46], the magnetoresistance for par-
allel and perpendicular fields is anisotropic. Furthermore, aniso-
tropic magnetoresistance can be observed for the 3D weak loca-
lization regime [34]. It was shown that a system dimension, from
the point of view of the weak localization theory, can effectively be
changed by the temperature [47,48]. In order to understand the
influence of the magnetic field orientation on the magnetoresis-
tance at different temperatures, we measured the magnetoresis-
tance of the indium oxide filmwith the external perpendicular and
parallel fields at 5 and 80 K. These magnetoresistance measure-
ments are shown in Fig. 3.

Fig. 3 shows that the thin In2O3 film magnetoresistance is iso-
tropic at 5 and 80 K and we will discuss this result further down.

For analysis and comparison, we have used 2D and 3D weak
localization theory to extract the phase-coherence length from the
thin indium oxide thin magnetoresistance.

For the 2D WL regime, the expression for negative MR is given
by [21,49]
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where = ℏϕ ϕB el/4 2 is the inelastic scattering field and B is the ap-
plied magnetic field. R◻ is the resistance per square, α is a para-
meter in the renormalization group and ψ(x) is the digamma
function.

The expression for the 3D WL negative MR is given by [40]
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where δ = ϕB B/ . The function ( )δf3 used in Eq. (3) is given by [40]
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Experimental MR data was fitted to Eqs. (2) and (3) using α and
Bϕ as fitting parameters. Fig. 4 shows the experimental MR and the
corresponding fit using Eq. (2).

As can be seen from Fig. 4, the fit superimposed well on the
experimental data. Moreover, the fit using Eq. (3) also super-
imposed well on the experimental data. The fitting parameters α
for Eq. (2) and Eq. (3) are given in Table 1.

Fig. 5 shows the phase-coherence length temperature depen-
dence obtained from parameter Bϕ.

The phase-coherence length temperature dependencies ob-
tained from the 2D and 3D weak theories are similar as shown in
Fig. 5. However, there are differences in the absolute values of the
dicular and parallel magnetic fields measured at 4.2 K (a) and 80 K (b).



Fig. 4. The magnetoresistance of the In2O3 thin film versus the magnetic field. The
open squares are experimental data and the red solid line is a fit using Eq. (2). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Value of fitting parameters α for Eqs. (2) and (3).

Temperature (K) α for Eq. (2) α for Eq. (3)

4.2 0.519 3.327E-08
20 0.605 2.981E-08
30 0.748 2.643E-08
40 17.32 4.888E-08
50 0.365 1.981E-08
60 13.48 5.094E-08
70 0.213 1.007E-08
80 0.7385 1.839E-08
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phase-coherence length. Furthermore, these temperature de-
pendencies were fitted by the function =ϕl aT p. For 2D and 3D, a
was 52.04 and 69.11, and p was �0.3517 and �0.3543,
respectively.

These p values agree well with the theory of electron–electron
interaction with small energy transfer in 1D systems (theoretical

= −p 1/3) [28]. This means that the phase-coherence length
temperature dependence is a sign of electron–electron scattering.
This is an interesting observation, because a similar power law of
lϕ has been observed in recent experimental studies of 1D struc-
tured materials [32,50–55].

A surprising fact was that the phase-coherence length at in-
creasing temperatures began to oscillate around 30 K for both
curves (Fig. 5a and b). After analyzing experimental works on the
study of phase-coherence length temperature dependence in
structured materials [29,30,54,56–61], we have concluded that if
Fig. 5. The phase-coherence length temperature dependence for thin In2O3 film obtaine
data and the red solid line is the fit. (For interpretation of the references to color in thi
the phase coherence length begins is comparable to the geome-
trical dimensions of the structured material then such oscillations
can be observed. However, in these experimental studies, this fact
was given little attention because the oscillations were weak.

For phase-coherence length temperature dependence obtained
from the 2D weak localization theory, the characteristic minimum
values were 6.51 nm and 6.04 nm and the characteristic maximum
values were 17.63 nm and 17.48 nm. For phase-coherence length
temperature dependence obtained from the 3D weak localization
theory, characteristic minimum values were 14.38 nm and
11.57 nm and the characteristic maximum values were 19.27 nm
and 20.17 nm.

Based on the obtained the power law and the oscillation of the
phase-coherence length, as well as the analysis of phase-co-
herence length minimum and maximum values, we have con-
cluded that the thin indium oxide film is probably nanostructured
and to has two structure characteristic parameters.

To test this statement, TEM investigations of thin In2O3 film
structural features has been done.

Fig. 6 presents TEM investigations of thin indium oxide film
structural features in cross-section.

The film thickness of indium oxide was �140 nm as shown in
Fig. 6a. First, from the standpoint of weak localization, the electron
transport should be in the 3D WL regime. However, the structure
of indium oxide has definite features as a «crystal phase – amor-
phous phase» as shown in Fig. 6b, i.e. the indium oxide film is
nanostructured. In a number of articles [62–64], it was shown that
the amorphous to crystalline transformation of the In2O3 films
occurs around 200 °C. Since we have limited the heating tem-
perature to 200 °C, it is possible that there is not a complete
transformation from the amorphous to the crystal phase in films.
Thus, nanostructured In2O3 films are obtained. Moreover, the
crystalline phase characteristic size was �20–30 nm and the
amorphous phase characteristic size was �6–10 nm. These char-
acteristic values are already comparable to the phase-coherence
length and thus phase-coherent electron transport with electron–
electron interaction takes place, similar to 1D systems. Since
phase-coherent electron transport takes place in the 1D regime, it
becomes apparent why the observed the magnetoresistance is
isotropic as shown in Fig. 3. Interference of the backscattered
electronic wave functions occurs largely on the boundaries be-
tween crystalline and amorphous phases. Since phase-coherence
length is comparable to the crystalline and phase characteristic
sizes, the destruction of the interference (by using a magnetic
field) is determined by the volume of the individual nano-crystal
d using (a) Eq. (2) and (b) Eq. (3), respectively. The black squares are experimental
s figure legend, the reader is referred to the web version of this article.)



Fig. 6. Overview (a) and high-resolution (b) images of thin indium oxide film in cross-section.
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or amorphous interlayer. The geometrical dimensions of the in-
dividual nano-crystal and amorphous interlayers are on the same
order of magnitude. For this reason the destruction process of the
interference using magnetic fields parallel and perpendicular to the
film plane occur in a similar way. In addition, it can be assumed
that the total destruction of the interference in the whole indium
oxide film occurs as the sum of the destructions of interference in
the individual nano-crystal and amorphous interlayers. Ultimately,
we have a relatively large and isotropic magnetoresistance.

Of interest is the fact that the crystalline phase characteristic
size is consistent with the maximum phase-coherence length and
the amorphous phase characteristic size is consistent with the
minimum phase-coherence length.

We hypothesized that if we consider the electron as a wave
function, and take into account the effect of interference and the
transmission coefficient in a structured system with two different
materials of different thicknesses, then the same effect should be
observed in visible optics. Indeed, in a number of experimental
studies [65–67], similar effects of oscillation of transmittance have
been observed. It should be noted that these oscillations, based on
optical interference, are used to determine the film thickness [68].

Thus, we believe that the temperature measurements of the
magnetoresistance as well as the theory of weak localization can
be used to evaluate the structural features of nanocomposite or
nanostructured thin films. In the future, we will try to use our
finding to evaluate the structural features of thin nanocomposite
Fe–In2O3 [12], Fe–ZrO2 [69] and Fe3O4–ZnO [70] films.
4. Conclusions

In conclusion, we have synthesized thin In2O3 films by the
autowave oxidation reaction. A negative magnetoresistance was
identified in the temperature range 4.2–80 K. At a temperature of
4.2 K and external magnetic field of 1 T, the thin In2O3 film mag-
netoresistance was �1.35%. The negative magnetoresistance has
been explained by the weak localization theory. WL theory was
used to determine the phase-coherence length in the temperature
range 4.2–80 K. It was found that the phase-coherence length at
increasing temperatures began to oscillate around 30 K. It was
suggested that the thin indium oxide film has two structure
characteristic parameters. Transmission electron microscopy
showed the structure of the thin In2O3 film to have features of a
«crystal phase – amorphous phase». It was found that the crys-
talline phase characteristic size is consistent with the maximum
phase-coherence length and the amorphous phase characteristic
size is consistent with the minimum phase-coherence length. It
has been suggested that temperature measurements of the
magnetoresistance as well as the theory of weak localization can
be used to evaluate the structural features of nanocomposite or
nanostructured thin films.
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