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Formation of In,0; films by magnetron sputtering on Al,O; (012)

substrates
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The results of studies of the microstructure and optical characteristics of In,O; films deposited by the dc-
magnetron sputtering of a polycrystalline target onto single-crystal sapphire substrates are summarized. The
technological regimes of films preparation differed in the deposition time, substrate temperature, and the presence
of additional heat treatment of film structures in air. It has been established that the optical refractive index of
films deposited on a ,,cold” substrate increases in the direction from the substrate to the external interface. Heat
treatment of the films eliminates the inhomogeneity of the refractive index and leads to a decrease in the band gap.
The observed optical properties are explained by the thickness inhomogeneous microstructure of the films, which
is formed during sputtering of a target with a relatively low mechanical strength.
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Introduction

In, O3 films combine the properties of high optical trans-
parency (> 80%) and high electrical conductivity, which,
in addition, is very sensitive to the composition of the
surrounding atmosphere of the In,O; film. Because of this,
they continue to find new applications. Since the doping of
In, O3 with various impurities allows for the selectivity of
its electrical conductivity sensitivity to various gases [1-4],
films based on In,O; are promising materials for creating
gas sensors. To ensure high sensitivity of the latter, it is
important to have a developed surface, on which reversible
binding of the analyte takes place. This provides a rough
surface of In,Os films, which is naturally formed in the
process of growth. The polycrystalline structure of the films
and the presence of mechanical stresses in them increase the
diffusion coefficients [5], which also increases the sensitivity
of sensors based on them.

As a rule, quartz or quartz-passivated glass substrates
are used to produce polycrystalline indium oxide films.
However, the use of sapphire substrates can be justified
by their better thermal and chemical stability. This is espe-
cially true in the context of chemical sensor development.
Depending on the chosen crystal-lattice orientation of the
sapphire substrate cut plane and the sputtering method,
both polycrystalline and epitaxial films can be obtained.
And while the number of works devoted to epitaxial films
on sapphire substrates is quite large [6-10], the amount
of studies devoted to polycrystalline films is small. It
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should be noted that depending on the method and modes
of production, the surface structure of the films may be
different [11].

Magnetron sputtering used to produce indium oxide
films is scalable, provides good performance [12,13], re-
producibility of film parameters, allows to obtain them not
only at high, but also at low substrate temperatures. The
latter is important when working with polymeric materials.
The surface of the films produced by this method has
greater roughness compared to the films produced by other
methods, such as pulsed laser sputtering [14].

The application of optical non-destructive research meth-
ods (ellipsometry and optical transmission) allows a non-
contact study of the properties of nanoscale thin-film coat-
ings. Ellipsometry is a highly sensitive polarization-optical
method for studying surfaces and interfaces of different
media. It allows us to determine the optical properties
as well as the thicknesses of individual, including rough
layers (if the characteristic dimensions of the roughness
are much smaller than the wavelength of the probing
radiation). Knowing the distribution of the refraction
index over the thickness of the film as applied to a given
material allows us to judge the distribution of porosity with
thickness. In the case of sufficiently thick coatings, the
thickness and optical properties of the layers can also be
determined from the results of spectral measurements of
optical transmittance. These methods complement each
other, because the influence of material parameters on
the results of ellipsometric measurements decreases with
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Table 1. Parameters of In,O, films obtained at different substrate
temperatures (sputtering time — 1h)

Temperature 20°C 300°C 600°C
of the substrate
Parameters n=19-2 n=2 n=2.1
of film In,O3 |d= 550nm|d =450nm| d = 440nm

n=2-1.8
d = 80nm

n=2-153|n=2.1-1.65
d=75nm | d=20nm

Parameters
of the rough layer

increasing the distance from it to the surface, while there is
no such dependence for the value of optical transmittance.
The combination of these methods allowed us to construct
models of the structure and optical properties of the films
studied, which are also consistent with the results of X-ray
diffraction analysis.

In the present work, we have collected the results of our
earlier studies on the structure and optical properties of
In, 05 films obtained on Al,O3 (012) substrates in different
dc-magnetron sputtering modes [15-25].

Experiment

Sputtering was carried out in an argon-oxygen atmo-
sphere for 15—180min at different substrate temperatures.
The operating current was S50mA and the voltage was
300 V. After the measurements, the obtained films were also
annealed in air for 1h at 600°C and then examined again.

Ellipsometric measurements were performed using a
multi-angle null ellipsometer at the helium-—neon laser
wavelength (632.8 nm). Optical transmission measurements
were made on a Shimadzu UV-2450 spectrophotometer.

The composition of targets and obtained films was
monitored using an X-ray diffractometer DRON-3.

Results and discussion

X-ray diffraction analysis showed that the studied films
are polycrystalline and show a reflex corresponding to the
plane (222) of the cubic modification of In,O; (space
group la3) [16-18].

Analysis of a series of films obtained at different substrate
temperatures indicates that as the substrate temperature de-
creases, not only does the thickness d of the obtained films
increase, but also the degree of material heterogeneity [19-
22] — the refraction index n of films deposited on 20°C
substrates increases linearly from 1.9 to 2 in the substrate
to rough layer direction (Table 1). This can occur due to
an increase in the surface temperature of the growing film
during the spraying process.

Annealing leads to the unification of the properties of
the films studied, improvement of homogeneity of refraction
index distribution over thickness, reduction of film thickness
and surface roughness — material compaction takes place.

Table 2. Direct and ,,indirect transitions in In,O3 films

Temperature Before annealing After annealing
of the substrate, °C Elev | EMT ey | ELev | BN eV
20 4.07 294 371 2.69
600 3.72 272 371 267

Table 3. Parameters of the model layers of the films under study
at different sputtering times

Time dy, nm 0, nm ds;, nm n
of sputtering, min
15 20 7 26 3
35 11 21 25 3
60 6 30 25 3
120 7 180 22 29
180 6 355 25 3

(For example, the thicknesses of the films shown in Table 1
approach 400 nm, the refraction indices — to 2, and the
thickness of the disturbed layer — to 21 nm.)

Also, substrate temperature and annealing affect the
position of the fundamental absorption edge of the films
studied [16,19,20,23]. The apparent bandgap width for
direct transitions Eg is smaller the higher the substrate
temperature during film deposition (Table 2). Annealing
also leads to the unification of the bandgap width. Such
results are quite natural — Eg in InpO3 differs significantly
from the real one due to the features of the lattice symmetry
and the Burstein—Moss [26] shift. The latter depends
significantly on crystal structure defects, the number of
which is lower in films deposited on substrates with higher
temperatures. Annealing in air eliminates oxygen vacancies,
which reduces the concentration of charge carriers and
therefore the value of Eg [27,28]. The bandgap width for
sindirect* (symmetry forbidden) transitions Eg“" varies less
due to electron-phonon interactions.

For some of the films studied, we also observed
the dependence of their structure on the sputtering
time [18,24,25]. Thus, according to the X-ray diffraction
measurements, the position of the reflex corresponding to
the plane (222) shifts from 30.3° to 30.6° as the sputtering
time decreases. The half-width of the reflex decreases in
this case.

The results of measurements of the optical transmittance
of such films show its anomalous decrease with decreasing
wavelength. We described the optical properties of such
films using a three-layer model (figure).

The first layer of this model describes the rough surface of
the film. It is modeled as a homogeneous layer with optical
properties calculated based on the dielectric permittivity
of the cubic modification In,O3; and a fill factor of 0.5
according to the Clausius—Mossotti equation. The optical
properties of the second layer correspond to the cubic
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Air
Roughness (50% — In,O3, 50% — air) di
In,03, Ia3 cubic dy
Transition layer, E,= 1.39 eV, ny ds

Model of the investigated films.
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modification of Inp,O; according to [29]. The third layer
(with high extinction coefficient) is located between the
film and the substrate. The best correspondence of the
spectral dependence of the extinction coefficient of this layer
is the law of fundamental absorption in a semiconductor
with a bandgap width Eq = 1.39¢V for direct transitions.
Because of the high extinction coefficient it is difficult to
judge its other properties, but ellipsometric measurements
suggest that the refraction index of this layer is close to 3,
which agrees with the refraction index estimates for a
semiconductor with a bandgap of 1.39eV made according
to [30].

As can be seen from Table 3, for films with spraying
time from 15 to 60 min, the thickness of the surface layer
decreases, and the thickness of the middle layer increases
with increasing spraying time, while the total thickness of
the first two layers remains practically unchanged.

This suggests that films with longer sputtering times con-
tain smaller crystallites on average. In other words, we can
assume, that at the beginning of sputtering, large particles
of material are formed on the substrate surface, and then,
in the sputtering, the size of emerging crystallites decreases,
and they fill the gaps between the larger particles. Later
(60—180 min), the surface layer thickness is preserved, and
the total thickness of the film increases — the film formation
process reaches a stationary mode.

The formation of a transition layer at the border with the
substrate is probably due to the bandgap blurring due to
the large number of defects in the crystal structure, as well
as to the formation of impurity levels inside the bandgap.
The thickness of this layer is almost independent of the
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sputtering time and, therefore, its appearance is entirely due
to the influence of the substrate surface.

Conclusions

Films obtained at low temperatures, in addition to sur-
face roughness, have heterogeneity in the surface-substrate
direction, which can be eliminated by annealing in the air.
The decrease in the energy of interband transitions when
eliminating defects in the crystal structure of the films can
be explained by the Burstein—Moss shift. The obtained
values of the bandgap width are in agreement with the
results of [26-28|.

To describe the optical properties of some In,O3 films, it
may be necessary to introduce an additional layer at the
interface with the substrate. The refraction index value
of this layer from ellipsometric measurements is close to
three, which agrees well with the estimated bandgap width
of 1.39¢eV based on optical transmission measurements.

The results of ellipsometric measurements and X-ray
diffraction analysis indicate that large material particles form
on the substrate surface at the beginning of sputtering. Then
the gaps between them are filled with finer crystallites, after
which the film formation process reaches a stationary mode.
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