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Abstract—The results of studying the optical transmission and X-ray diffraction spectra of thin In,O; films
obtained by DC magnetron sputtering on Al,O3 (012) substrates are presented. The diffraction patterns con-
tain a reflex corresponding to the (222) plane of cubic In,0;. Its position shifts from 30.3° to 30.6° with
decreasing film thickness. The half-width of this reflex decreases with decreasing deposition time, which may
indicate an increase in the grain size of the film material. According to measurements of optical transmission,
at the interface between the film and the substrate, the presence of a transition layer with a band gap of 1.39 eV
and a thickness of about 40 nm was established. The properties of this layer are independent of the deposition

time.
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1. INTRODUCTION

In,0; is a fairly well-known and well-studied semi-
conductor. Nevertheless, due to the unique combina-
tion of properties of high optical transparency (>80%)
and high electrical conductivity, which, moreover, is
very sensitive to the composition of the surrounding
atmosphere, the interest of researchers in films of this
material continues to this day. Doping of In,0; with
various impurities makes it possible to vary widely the
properties of the films — electrical conductivity, sensi-
tivity to various gases, etc. [1—3]. Due to their proper-
ties, films based on In,0; have already found wide
application as transparent conductors and are also
promising materials for the creation of gas sensors. To
ensure high sensitivity of the latter, it is important to
have a developed surface on which reversible binding
of the analyte occurs. The presence of a significant
roughness on the surface of In,0; films, which natu-
rally forms during their growth, provides a large area of
contact with the environment. The polycrystalline
structure of films and the presence of mechanical
stresses in them also increase the diffusion coefficients
[4] and, accordingly, increase the sensitivity of sensors
based on them.

The study of the optical transmission of thin films
makes it possible to study not only the structure of the
energy levels of the material, but also to determine the
number and thickness of layers of multilayer coatings.

The magnetron sputtering method used by us is
scalable and provides good reproducibility of film
parameters.

2. EXPERIMENT

The investigated films were obtained on Al,O,
(012) substrates by dc-magnetron sputtering of an
In,0O; target [5]. The deposition was carried out for 15,
35, 45, 60, 120, and 180 minutes at a current of 50 mA
and a voltage of 300 V. The temperature of the sub-
strates during the deposition was 600°C.

The films were studied by X-ray and spectrophoto-
metric methods. X-ray measurements were carried out
using Cu,, radiation on a DRON-3 diffractometer
equipped with a modernized system of automatic con-
trol and data recording. Optical transmission mea-
surements were performed on a Shimadzu UV-2450
spectrophotometer in the wavelength range from
200 to 1000 nm.

3. RESULTS AND DISCUSSION

The obtained diffraction patterns of the films con-
tain a reflection that shifts from 30.3° to 30.6° depend-
ing on the deposition time (Fig. 1). Its position is close
to the position of the reflection corresponding to the
(222) plane of the cubic In,0; lattice (space group
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Fig. 1. Diffraction patterns of the investigated films.

1a3), according to the data [6]. This, as well as the reg-
ular decrease in the intensity of the observed reflection
with a decrease in the deposition time of the film,
makes it possible to associate it with the (222) plane of
the film material. The half-width of this reflex
decreases with decreasing deposition time. This indi-
cates that the average grain size of films with short
deposition times is larger than films with long deposi-
tion times. A similar dependence of the grain size on
the deposition time, according to the results of X-ray
diffraction measurements, was also observed on simi-
lar films [7].

The rotation of the samples in the plane of their
surface causes a sharp change in the intensity of the
reflections of the Al,O; substrate from zero to a maxi-
mum, which indicates a certain misorientation of the
cut plane with the (012) Al,O; plane. However, such a
rotation has practically no effect on the intensity of the
reflection near 30.6°, which once again confirms its
belonging to the film material and speaks of the poly-
crystallinity of the films obtained.

The results of measurements of optical transmis-
sion show its anomalous decrease with decreasing
wavelength. In addition, in the optical transmission
curves of films with a long deposition time, an inter-
ference pattern is observed even in the low transmis-
sion region. To explain these results, a model of the
investigated films was constructed (Fig. 2). According
to this model, the films under study consist of three
layers. The optical properties of the middle layer cor-
respond to the cubic modification of In,O; (space

group Ja3) according to [8]. The surface of the films is
assumed to be rough and modeled as a homogeneous
layer with optical properties calculated on the basis of
the dielectric constant of the cubic modification of
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Fig. 2. Model of the investigated films.

In,0; and the filling factor of 0.5, in accordance with
the Clausius—Mossotti equation. This is a common
practice when simulating the rough surface of such
films [9, 10].

However, the presence of only the indicated layers
does not fully explain the observed optical transmis-
sion spectra. To fully explain them, a third layer is
introduced into the model, located between the film
and the substrate. It is obvious from the experimental
data that it has a high extinction coefficient. The best
description of the spectral dependence of the extinc-
tion coefficient of this layer is the law of fundamental
absorption in a semiconductor with a band gap E, =
1.39 eV for direct transitions:

k(hv) = A(hv — E,)"?,

where Av is the photon energy, 4 is a constant that
does not depend on the photon energy. Since the value
of the extinction coefficient of this layer is large (the
imaginary part of the dielectric constant is much larger
than the real one), the contribution of the refractive
index to the reflection and transmission coefficients of
this layer is small. Therefore, it is difficult to unambig-
uously determine its value from the measurement
results. Therefore, any small number can be used as
the refractive index of this layer, however, based on the
assumption that its composition is somewhat similar
to that of the film material, it was assigned the same
spectral dependence of the refractive index as for the
middle layer of the model. In addition, due to the high
absorption, it is difficult to estimate the thickness d; of
this layer. The value of A was taken to be unity, since its
contribution to the reflection and transmission coeffi-
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Table 1. Dependence of the layer thicknesses of the model
of the studied films on the deposition time

erositiPn dj, nm d,, nm d;, nm
time, min
15 60 5 32
35 60 25 40
60 40 60 40
120 60 105 28
180 70 290 32

cients of this layer cannot be unambiguously separated
from the contribution d.

The contribution of reflection from the substrate in
this system does not play a significant role; neverthe-
less, the dispersion of its refractive index was taken
into account.

On the whole, the transmission for the selected
model of the studied films was calculated by exact for-
mulas—using the scattering matrix for a system of
plane-parallel homogeneous isotropic layers [11]. The
nonmonochromaticity of the probe radiation was also
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Fig. 3. Comparison of the calculated and measured optical
transmission spectra of the studied films. The measure-
ment results are shown by solid curves, and the absolute
values of the difference between the measured and calcu-
lated values are shown by dotted lines. Deposition times
are shown in the graphs.
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taken into account by averaging the transmittance in
the wavelength range corresponding to the used spec-
tral width of the spectrophotometer slit, 5 nm.

The thicknesses of all layers were selected manually
until the calculated transmission spectra corre-
sponded to the experimental ones (Table 1).

Comparison of the optical transmission spectra
calculated within the framework of the proposed
model with the measurement results is in good agree-
ment over the entire investigated wavelength range,
with the exception of the 300—400 nm of region
(Fig. 3). According to [8], a sharp increase in the
refractive index of In,0; begins in this region, which is
associated with the onset of fundamental absorption.
Apparently, the band gap of In,0j; in the films studied
by us is somewhat larger than in the films studied by
the authors of [8]. This is not surprising, since this
material is characterized by a certain spread in the val-
ues of the band gap depending on the production con-
ditions [12].

The formation of a transition layer at the interface
with the substrate, apparently, does not require a large
violation of the stoichiometry of the film, since this is
possibly associated with the smearing of the band gap
due to a large number of defects in the crystal struc-
ture, as well as the formation of impurity levels inside
the band gap. The thickness of this layer is practically
independent of the deposition time, and, therefore, its
appearance is entirely due to the influence of the sub-
strate surface.

The thickness of the rough layer on the film surface
is also practically independent of the deposition time
and is mainly determined by the deposition mode.

4. CONCLUSIONS

The proposed model of the investigated films
makes it possible to describe their optical transmission
spectra. The structure and properties of the bulk of the
films, on the whole, correspond to the structure and
properties of such films presented in the literature.
The results of X-ray diffraction studies indicate an
increase in the grain size of In,O; with a decrease in
the film thickness. The shift of the reflection corre-
sponding to the (222) plane with an increase in the
deposition time, as well as the presence of a transition
layer with a band gap of 1.39 eV at the film—substrate
interface, are caused by the effect of the substrate on
the structure of the film material.
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