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Abstract—We have studied the structure and electrical properties of thin films based on the In,0; semicon-
ductor and carbon, grown by atomic layer deposition using ion-beam sputtering. The structure of the resul-
tant materials, formed during layer-by-layer growth of island layers, is made up of nanocrystalline In,04
granules distributed at random over amorphous carbon. The electrical transport properties of the In,0;/C
thin films depend on their thickness. In the temperature range 80—300 K, the dominant electrical transport
mechanism in the In,05/C thin films of thickness # < 70 nm sequentially changes from variable range hop-
ping between localized states in a narrow energy band near the Fermi level (between 80 and 120 K) to nearest
neighbor hopping (between 120 and 250 K) and then to variable range hopping between localized states in the
conduction band tail (between 250 and 300 K). The films of thickness # > 70 nm undergo a change from con-
duction associated with strong carrier localization to that due to the presence of percolation clusters formed
by In,O5 nanocrystals, which shows up as a linear temperature dependence of conductivity, with a negative

temperature coefficient.
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INTRODUCTION

Thin indium oxide (In,05) films are n-type semi-
conductors with a band gap from 3.55 to 3.75 eV. They
offer high optical transmission, high electrical con-
ductivity, and excellent luminescence, which allows
them to be used in transparent electronics [1], light
emitting diodes [2], solar cells [3], gas sensors [4, 5],
and other electronic devices.

In recent years, thin films of oxide semiconduc-
tors, including indium oxide, have been proposed for
use as thin film transistor (TFT) channels [6—8].
However, the unstable and nondurable nature of the
performance characteristics of semiconductors and
related solid solutions in monolayer TFT channels,
due to the effect of various factors (temperature, shear
stress, and illuminance), requires a search for new
methods of stabilizing their parameters. Instability of
many electrical parameters is caused by oxygen vacan-
cies [9]. At the same time, charge transport in trans-
parent oxide semiconductors is known to be ensured
by oxygen-related defects and, hence, the oxygen
vacancy concentration determines the electrical prop-
erties of the oxide semiconductors. Thus, one has to
choose between operation stability and degradation of
performance characteristics. Moreover, the materials

currently used to fabricate TFT channels do not meet
requirements imposed on them in terms of operation
speed, switching time, and carrier mobility.

One approach for resolving this problem is to fabri-
cate two-phase nanocomposites or multilayer channel
structures with high carrier mobility and high stability
of their performance characteristics. The binary sys-
tems studied to date include ZnO—-SnO,, ZnO—
In,0;, and others [10—13]. Note that the electrical and
optical properties of two-phase oxide semiconductors
are significantly inferior to those of pure indium
oxide, but they are more stable.

To stabilize a nanocrystalline structure of indium
oxide, wide use is made of doping with a variety of
impurities [14, 15]. Carbon is one of the most interest-
ing dopants for In,0;. It is also worth noting that the
high cost of indium, necessary for the manufacture of
widely used thin indium oxide films, also stimulates
basic and applied research aimed at replacing it.

In this paper, we report an experimental study of
the structure of heterogeneous thin In,0,/C films and
examine its effect on the electrical properties of the
films.
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EXPERIMENTAL

Thin (In,0,/C), films were grown by atomic layer
deposition of In,0; and C using ion-beam sputtering
in a 99.998%-pure argon atmosphere at a pressure of
7 x 10~2 Pa as described by Rylkov et al. [16]. Graphite
(C) and ceramic In,0; targets were secured on water-
cooled copper plates 280 X 80 mm in dimensions and
placed in different positions in a vacuum chamber. To
ensure layer-by-layer deposition, a substrate was
translated from one sputtering position to another by
rotating a substrate holder around the axis of the sput-
tering chamber at a rate of 0.13 rpm. Films were grown
on (100)-oriented single-crystal silicon substrates for
structural characterization and on ST-50 glass-
ceramic substrates for electrical transport measure-
ments. During the sputter deposition process, the sub-
strates were maintained at room temperature. To
obtain different thicknesses of In,O; and C layers in a
single sputter deposition process, V-shaped screens
were placed between the targets and the substrate
holder. In one sputter deposition cycle, four glass-
ceramic plates 60 X 48 x 0.6 mm in dimensions were
used as substrates, which were arranged in the form of
a stripe 240 X 80 mm in dimensions at a distance of
~70 mm. The long axes of the substrate and target
coincided. The use of the V-shaped screens and the
coaxial arrangement of the target and substrate
allowed films with different thicknesses of bilayers
along the length of the substrate to be produced in a
single deposition cycle.

To estimate the thickness of the layers, separate
In,05 and C films were first grown by sputter deposi-
tion at previously chosen process parameters. Before
sputter deposition, we set the process parameters pre-
viously chosen for the growth of a multilayer structure.
After that, the target chosen was sputtered. After a pro-
longed film growth process (typically for several
hours) on a substrate rotating at a preset speed, we
measured the thickness of the film in different regions
using an MII-4 interferometer. The points at which
the thickness was measured were fixed relative to the
arrangement of the substrate and target. The measured
thicknesses of the film were fitted as functions of the
distance to the edge of the substrate. From the known
sputtering time and the time per revolution of the sub-
strate holder, we calculated the thickness of the film
grown during one cycle of substrate translation
through the material deposition zone. In a similar way,
we determined the thickness of one layer of the second
phase in the multilayer structure. The number of
deposition cycles determined the number of In,05;/C
bilayers. We performed 74 deposition cycles, which
allowed us to obtain 75 thin films 28 to 138 nm in
thickness, corresponding to equivalent thicknesses of
In,0;/C bilayers from 0.38 to 1.9 nm. It is worth not-
ing that the equivalent monolayer thickness thus
obtained does not take into account the possibility of
island growth; that is, this is the thickness of a thin
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film grown during one revolution of the substrate
holder provided that the film is continuous.

The structure and phase composition of the sam-
ples thus obtained were studied by X-ray diffraction on
a Bruker D2 Phaser diffractometer (Ac,x, = 1.54 A)
using DIFFRAC.EVA 3.0 software and the ICDD
PDF database (Release 2012). Cross-sectional trans-
mission electron microscopy (TEM) images and elec-
tron diffraction patterns were obtained on a Hitachi
HT7700 microscope at an accelerating voltage of
100 kV (W source) at the Kirensky Institute of Physics,
Krasnoyarsk Scientific Center Federal Research Cen-
ter, Siberian Branch, Russian Academy of Sciences.
Specimens were prepared using a focused ion beam
system (Hitachi FB2100 single-beam FIB) at an accel-
erating voltage of 40 kV. The thickness of the speci-
mens thus prepared was ~40—50 nm. To prevent Ga*
beam etching, an amorphous Ge layer was grown on
the surface of the thin (In,0;/C),, films by thermal
evaporation.

Resistivity and thermoelectric power were mea-
sured as described elsewhere [17].

RESULTS AND DISCUSSION

Structure of the samples. Analysis of X-ray diffrac-
tion patterns of the In,O; and C thin films grown by
sputter deposition on a rotating substrate (Fig. 1) indi-
cated that the In,0; films were polycrystalline and
that the carbon films had an amorphous structure [18,
19]. X-ray diffraction data for the (In,0;/C),, films
demonstrated that all of the samples studied contained
a considerable amount of an X-ray amorphous phase.
A crystalline component in the form of diffraction peaks
was most pronounced in the films more than 80 nm in
thickness (Fig. 2a) and was identified as an In,0;

phase with a cubic crystal lattice (sp. gr. /a3). The
average crystallite (coherent scattering domain) size
was evaluated using the Scherrer formula,

bcosO

where A is the X-ray wavelength (1.54 A for Cuky,
radiation), b is the full width at half maximum of the
reflection, and 0 is the Bragg angle, and was deter-
mined to be 19 and 12 nm for the 90- and 121-nm-
thick samples, respectively [18]. These In,0O; crystal-
lite sizes considerably exceed the corresponding
equivalent bilayer thicknesses calculated for the sam-
ples in question. Thus, no extended In,0; or C layers
were formed at the equivalent bilayer thicknesses indi-
cated, so the structure of the (In,0;/C),, thin films
can be thought of as a composite consisting of two
phases: In,0O; nanocrystals and amorphous carbon
regions. Analysis of the X-ray diffraction patterns at
small diffraction angles confirmed that none of the
(In,0;/C)44 thin films studied in this work had a lay-
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Fig. 1. X-ray diffraction patterns of the as-grown thin
In,03 and C films.

ered structure, as was evidenced by the absence of dif-
fraction peaks (Fig. 2b).

To ascertain that the obtained system did not have
a multilayer structure, we examined cross sections of
the samples by TEM. The results supported the above
conclusion that the thin films had a nanocrystalline
structure (Fig. 3a) and confirmed that preliminary
measurements with an MII-4 interferometer provided
accurate film thicknesses. Electron diffraction also
indicated the presence of crystalline In,O; and amor-
phous carbon. The presence of the latter was evi-
denced by a broad halo (Fig. 3b).

Since the (In,0;/C)4, thin films under study are
composites, their electrical transport properties would
be expected to depend primarily not on the equivalent
bilayer thickness but on the total film thickness.

Low-temperature electrical properties of the
(In,05/C),, films. To assess the effect of carbon on the
electrical properties of the (In,0,;/C),, films under
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study, we measured their room-temperature resistivity
and thermoelectric power (Fig. 4). The addition of
carbon leads to an increase in the resistivity of the
(In,04/C), films by almost one order of magnitude in
comparison with pure In,0j; at any film thickness. At
the same time, the resistivity of the (In,0;/C),, films
remains lower than that of pure carbon films and
decreases with increasing film thickness: from 2.5 Q
cm at a film thickness of 30 nm to 4 x 107> Q cm at a
film thickness of 135 nm (Fig. 4a). The thermoelectric
power of the (In,0;/C),, films also decreases with
increasing film thickness: from 75 uV/K at a film
thickness of 30 nm to 28 uV/K at a film thickness of
130 nm (Fig. 4b). Their thermoelectric power is nega-
tive, pointing to n-type conductivity.

Analysis of the present results shows that the
(In,0;/C)4, films consist of island layers of nanocrys-
talline In,O; and amorphous carbon over the entire
range of film thicknesses studied, which is equivalent
to the formation of a two-phase system (Fig. 3). In this
case, for # < 70 nm the islands of the individual phases
are distributed at random over the bulk of the
(In,0;/C)4,4 thin film, and its electrical conductivity is
determined by the ratio of the concentration of In,0,
(higher conductivity phase) (Fig. 4a, curve 2) to that of
carbon (lower conductivity phase) (Fig. 4a, curve I).
As the film thickness increases to 2 > 70 nm, the island
size in the In,0; and carbon layers rises and the In,0;
crystallites come in contact with each other to form a
quasi-two-dimensional percolation cluster, which
leads to a reduction in the resistivity of the film
(Fig. 4a, curve 3). In other words, if # < 70 nm and the
two-phase system under consideration contains car-
bon islands, there are conditions for strong interfacial
localization in the multilayer semiconductor structure
in the presence of a chaotic potential due to randomly
distributed lumped charges in the space charge region
[20]. For A > 70 nm, electrical conductivity is deter-

(b)

h =121 nm
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Fig. 2. X-ray diffraction patterns of the (In,03/C)7,4 thin films differing in thickness.
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Fig. 3. (a) Cross-sectional TEM image of thin films and (b) electron diffraction pattern of (In,O3/C)74 (A = 132 nm).
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Fig. 4. Room-temperature (a) resistivity and (b) thermoelectric power as functions of film thickness for the () C, (2) In,O3, and

(3) (In203/C)74 thin films.

mined by the conductivity of the percolation clusters
formed by the In,O; crystallites. Because of this, conduc-
tion mechanisms will be analyzed here separately for the
thin films with 4 < 70 nm and the films with 2 > 70 nm.

To identify the dominant electrical transport
mechanisms in our samples, we examined tempera-
ture dependences of resistivity, p(7), in the range from
80 to 300 K (Fig. 5). The p(7) data obtained for the
(In,05/C),, films of thickness # = 43 and 65 nm were

represented as plots of In p against 1/7" (where n =
1/4, 1/2, or 1). It was shown that, in the temperature
range from 80 to 120 K, the p(7) data represented as
plots of In p against 1/7"* are well described by a
straight line (Fig. 6a), pointing to variable range car-
rier hopping conduction between localized states lying
in a narrow energy band near the Fermi level [21].
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According to Mott and Davis [21], electrical conduc-
tivity is then given by

B 1/4

c= eszvphgexp(—;) , )
where
16

S B 3
a'kg (Er) %

1/4
R=|—3 | | 0)

{2nag(EF)kT}

e is the electronic charge, R is the average hop dis-
tance, v, is a factor of the phonon interaction spec-
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Fig. 5. Temperature dependences of resistivity for the (In,03/C)74 thin films differing in thickness: # = (1) 43, (2) 65, (3) 97,

(4) 119, and (5) 135 nm.
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Fig. 6. Plots of (a) Inp against T4 and (b) Inp against 103/ T for the (In,03/C)74 thin films differing in thickness: & = (1) 43 and

(2) 65 nm.

trum, 7 is the absolute temperature, g(Ep) is the Fermi
level density of states, a is the localization radius of the
electron wave function, and & is Boltzmann’s constant.

From the data in Fig. 6a, we determined the
parameter B in Eq. (2). Assuming that the charge
transport process is limited by hops between dangling
indium bonds, in evaluating the density of localized
states we take the localization radius to be equal to the
average crystallite size of In,O5: =12 nm. The Fermi
level density of states estimated for the 43- and 65-nm-
thick (In,05/C),, films using relations (2)—(4) is given
in Table 1. It is seen that, with increasing (In,05/C),4
film thickness, g(Ey) approaches the level characteris-
tic of the In,O; films: 102 to 10?' eV~' cm™3 [22].

In the range from 120 to 250 K, the temperature
dependences of resistivity are well described by the near-

est neighbor hopping conduction model [21], according
to which the following equality should be met:

WNNHJ.
kT

P = piexp (— (%)

Table 1. Parameters of the (In,0;/C), thin films evaluated
in different models: variable range electron hopping con-
duction between localized states lying in a narrow energy
band near the Fermi level (80—120 K), nearest neighbor
hopping conduction (120—250 K), and hopping between
localized states in the conduction band tail (250—300 K)

h,nm | g(Ep), eV-'em™ |Wynns €V| Ry, nm | E,, eV
43 5.75 x 1018 0.013 | 14.7 0.058
65 8.63 x 1020 0.015 3.8 0.029
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Fig. 7. X-ray diffraction patterns of the 50-nm-thick
(InyO3/C)74 thin films before and after heat treatment for
30 min at different temperatures.
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Fig. 8. Average In,O5 crystallite size as a function of heat
treatment temperature for thin films of In,O3 (/) and
(Iny03/C)74 with A= 51 (2) and 121 nm (3).

Here Wiy is the activation energy for nearest neigh-
bor hopping:

_ 3
=—,
4nRyg (Er)
where R, is the average nearest neighbor distance.

(6)

WNNH

Using Egs. (5) and (6) and taking into account the
g(E) value obtained above, we estimated Wyny and
R, from the low-temperature data in Fig. 6b. The
results for the (In,0;/C),, thin films are presented in
Table 1.

In the temperature range 250—300 K, the resistivity
data in the form of plots of In p against 103/ T also have
linear portions (Fig. 6b). According to Mott and Davis
[21], the following relation is then valid:
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where E, is the activation energy for electrical conduc-
tion. Using (7), we calculated the activation energy for
conduction (Table 1).

The experimental temperature-dependent resistiv-
ity data for the (In,05/C), films of thickness /# > 70 nm,
corresponding to the formation of In,0O; percolation
clusters, are well represented by straight lines in plots
of p against 7" (Fig. 5b). In this case, the temperature
dependence of resistivity is similar to the p(7) for
amorphous metal—metalloid metallic alloys [23],
where the contribution of phonon carrier scattering to
the p(T) behavior of the material is small. On the other
hand, the negative temperature coefficient of resistiv-
ity can be due to a transition from strong carrier local-
ization in the case of films consisting of island layers
with 2 < 70 nm to weak localization at 2 > 70 nm,
where the decrease in resistivity is commonly
attributed to quantum interference of the wave func-
tions of noninteracting electrons and an increased role
of interelectron interaction [24].

Note that linear temperature variation of resistivity
is of great practical importance in designing tempera-
ture sensors and is observed as well in thin films of car-
bon nanotubes [25].

Effect of heat treatment on the structure of
(In,05/C),, films. To assess the effect of heat treat-
ment on the structural stability of the (In,05/C), thin
films, we carried out stepwise annealing under vac-
uum (p <70 Pa) for 30 min at temperatures #, from 250
to 600°C at 50°C intervals. The carbon-free In,O5 thin
films were heat-treated under similar conditions. The
heat treatment increased the average crystallite size of
In,0; in both the carbon-free In,0; thin films and the
(In,0,/C)4, films, as was evidenced by the observed
increase in the intensity of the diffraction peaks of the
In,O; phase and the decrease in their width, as well as
by the decrease in the intensity of the halo due to the
X-ray amorphous component (Fig. 7). Moreover,
raising the annealing temperature was accompanied
by an increase in the average crystallite size of In,0;
(Fig. 8). A somewhat surprising result is that the crys-
tallite size decreases with increasing film thickness
(Fig. 8, curves 2, 3), which is attributable to the larger
thickness of the carbon layers in the thicker films.

Besides, the data in Fig. 8 lead us to conclude that
the effect of temperature on the growth of the In,0;
crystallites in the (In,05/C),, films during the recrys-
tallization process is considerably weaker than that in
the In,0O; films. This is especially so for £, > 450°C,
where the most active growth of the average crystallite
size in the pure In,O; films begins (Fig. 8, curve 1) [26].

Thus, the data obtained by heat-treating the
(In,05/C)4, thin films under vacuum at temperatures
no higher than 600°C demonstrates that the effect of
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temperature on the recrystallization process in these
films is considerably weaker than that in the case of the
pure In,0; films.

CONCLUSIONS

Atomic layer deposition of In,O; and C using ion-
beam sputtering produces a composite film consisting
of two phases: In,0; nanocrystals and amorphous car-
bon. In the temperature range 80—300 K, the domi-
nant electrical transport mechanism in the
(In,0;/C), thin films of thickness # < 70 nm sequen-
tially changes from Mott’s variable range hopping to
nearest neighbor hopping and then to variable range
hopping between localized states in the conduction
band tail near room temperature. The resistivity of the
(In,0;/C)4,4 films of thickness # > 70 nm varies lin-
early in the temperature range from 80 to 300 K, with
a negative temperature coefficient, which is attribut-
able to the presence of percolation clusters formed by
In,05 nanocrystals.

Heat treatment of the (In,0/C), thin films under
vacuum at temperatures no higher than 600°C leads to
recrystallization and an increase in the average crys-
tallite size of In,0;, but the effect of temperature on
the recrystallization process is considerably weaker
than that in the case of the pure In,O; films.
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