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Abstract Indium tin oxide (ITO) films have been prepared
by r.f. magnetron sputtering using powder target. X-ray
diffraction analysis indicates that the deposited films were
polycrystalline and retained a cubic bixbite structure. The
ITO films deposited at low substrate temperature (Ts) exhibit
a (411) preferred orientation but the films deposited at high
Ts prefer a (111) orientation. The substrate temperature was
found to significantly affect the electrical properties. As the
Ts was increased, the conductivity of ITO films was
improved due to thermally induced crystallization. The
lowest resistivity (8.7×10−4 Ω-cm) was obtained from ITO
films deposited at 450 °C. However, optical properties of the
films were somewhat deteriorated. The infrared (IR) reflec-
tance of the film increases with increasing the substrate
temperature.
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1 Introduction

Transparent conducting oxide (TCO) films have been
attracting increasing interest since their great importance
in a wide range of applications such as solar cell, liquid
crystal displays and photodetectors, etc. [1–4]. Especially
indium tin oxide (ITO) thin films have been widely used
due to low resistivity, high transmittance, and good etching
properties compared to other transparent conducting oxide

films such as SnO2 or ZnO [5–9]. ITO films have been
fabricated by various methods; for example, spray pyroly-
sis, electron beam evaporation, chemical vapor deposition,
magnetron sputtering, electron cyclotron resonance plasma
sputtering. Among these techniques, magnetron sputtering
is considered to be one of the best methods for preparing
high-quality ITO films [10].

Meanwhile, ITO is more expensive than other TCO
materials such as impurity doped ZnO and SnO2. There-
fore, target utilization efficiency becomes increasingly
critical when employing expensive target materials such
as ITO [11]. The powder target has been used instead of the
conventional ceramic target in order to improve the
utilization efficiency of the target and reduce the cost of
the film deposition processes [12–14]. However, the
powder target causes a low electrical conductivity and
brownish or black color which result in low transmittance
in visible region. These properties of films cannot meet the
demand of most of the optoelectronic devices. In order to
obtain high-quality ITO films, it is necessary to prepared
them at high temperature during deposition or post-
deposition annealing treatment.

This work investigates the effects of the substrate
temperature on the electro-optical properties of sputtered
ITO films prepared by using powder target.

2 Experimental

ITO films were prepared by a commercial r.f. magnetron
sputtering system. The chamber was pumped by a turbo-
molecular pump and the base pressure before deposition
was about 1.3×10−3 Pa. ITO powders with SnO2 content of
10°wt% were used as targets after slightly compressing
them into a cupper holder, 3 in. in diameter. The substrate
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of Corning 7059 glass was placed on a substrate holder
having heating block. The distance of target-substrate was
60°mm. The substrate was rotated with a constant speed
above the target for film uniformity. Before the sputtering
deposition, the pre-sputtering was carried out for 10°min
under the same condition as the deposition. Sputtering
deposition was carried out in a pure argon atmosphere at a
r.f. power of 20 W and a pressure of 0.8°Pa. During the
sputter deposition, the substrate was heated from room-
temperature to 450 °C.

3 Results and discussion

ITO films prepared by using a powder target were
physically stable and have good adherence to the substrate,
regardless of substrate temperature.

XRD patterns of ITO films prepared at different
substrate temperatures (Ts) are shown in Fig. 1. During
the deposition, the other deposition conditions were kept
constant. All the peaks can be assigned to the cubic
bixbyite structure of In2O3. In these films, only In2O3

phase was detected from the X-ray pattern, which implies
that tin replace indium substitutional in the lattice. The ITO

film prepared at room temperature exhibits a weak peak at
2θ=38.1° corresponding to (4 1 1) plane of In2O3. The
crystallization temperatures (Tc) of amorphous ITO films
have been reported to be 160–180 °C [15, 16]. In the case
of sputtering method, it was reported that some ITO films
deposited at room temperature showed polycrystalline
structure [17]. Whereas, in case of e-beam (EB) evapora-
tion, amorphous ITO films could be obtained at Ts below
the crystallization temperature [18, 19]. With increasing
substrate temperature, the locations of the measured
diffraction peaks do not change significantly, but they
become more intense. In addition, new peak corresponds to
(4 2 2) plane is shown at 2θ=44.3°. In the ASTM powder
pattern for structure of In2O3, the relative intensities for the
(4 1 1) and the (4 2 2) peaks are very low. In this study, at
low substrate temperature (Ts<200 °C), the two peaks (4 1
1) and (4 2 2) appear prominently, indicating the coexis-
tence of <4 1 1> and <4 2 2> textures. At the substrate
temperature range between 200 and 300 °C, the (4 1 1) and
(4 2 2) peak disappear and the (2 2 2) peak becomes very
strong, resulting in a preferred orientation in the <1 1 1>
direction. Kumar and Mansingh [20], in their work on r.f.
sputtered ITO films, found that the structure and orientation
of ITO films depended on the energy of the sputtered
particles arriving at the substrate. They suggested that the
thermalized sputtered atoms prefer to orientate in the (222)
direction and the particles with higher energies prefer the
(400) and (440) orientations depending on their energies.
When the substrate is heated at 300 °C, the pattern of the
ITO film exhibits three diffraction peaks corresponding to
the reflections produced by the (2 2 2), (4 0 0), and (4 4 0)
planes, respectively. The intensity of the (222) peak
increases for films deposited at very high substrate
temperature (Ts≥400 °C), which indicates that the crystal-
linity of the ITO film is improved and the grain sizes
become larger with elevating substrate temperatures.

Table 1 presents XPS compositional analysis of ITO
films deposited at various substrate temperatures. A lack of
oxygen is observed in all samples and the film becomes
more non-stoichiometric as the substrate temperature
increases from room-temperature to 400 °C. It suggests

Fig. 1 XRD patterns for ITO films deposited at various substrate
temperatures. The thickness of the films is about 100 nm

Table 1 XPS compositional analysis of ITO films as a function of
substrate temperature.

Substrate temperature (°C) Atomic concentration

XIn XSn XO

Room temperature 38.3 4.6 57.1
100 39.8 5.2 55.0
200 34.7 4.5 60.8
300 40.0 5.8 54.2
400 41.5 5.2 53.3
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that the number of oxygen vacancies increases at higher
substrate temperature.

Figure 2 showed the relationship between the resistivity
and the substrate temperature of ITO films. The resistivity
of the films decreases with increasing the substrate
temperature from room-temperature to 450 °C. The lowest
resistivity (8.7×10−4 Ω-cm) was obtained from ITO films
deposited at 450 °C. Although this value is higher than that
(1–6×10−4 Ω-cm) of the film deposited using conventional
ceramic target [21–25], the ITO films in this work is
applicable to low cost transparent electrode for optoelec-
tronic devices such as touch panel. The resistivity did not
show significant temperature dependence, thus proving that
the ITO films are degenerate semiconductors. The enhance-
ment of the electrical properties of the films with increasing
the substrate temperature was associated with the effect of
thermally induced crystallization [26]. It was reported that
amorphous ITO films were crystallized with annealing
treatment over 150 °C [27]. In this study, the decrease of
resistivity could be explained by the fact that ITO films
showed better crystallinity with larger grain size and
reduced the grain boundary scattering [28].

It is well known that the resistivity does not only depend
on the electron concentration but also on the carrier Hall
mobility. Figure 3 shows the carrier concentration (N) and
the Hall mobility (μ) of the films as a function of substrate
temperature. The direction of the Hall voltage shows that
the electrons are the majority carriers in the ITO films. The
carrier concentration monotonically increases from 1.15×
1020 to 5.7×1020 °Cm−3. For ITO films, the carrier
concentration mainly originates from incomplete oxidation
of the In–Sn alloy and substitution doping of tin. Meng et
al. [29] suggested that the variation of the electron
concentration does not result from the oxygen vacancies,

but from the tin atoms. The high substrate temperature may
result in more tin atoms diffusing from grain boundaries
and interstitial lattice locations to regular In2O3 lattice
locations. As the tin atom has a higher valence than the
indium atom has, they behave as donors in ITO films.
Therefore, this kind of diffusion will give high electron
concentration. Therefore, the increase in the carrier con-
centration is probably due to the increase in the number of
oxygen vacancies and tin atoms, as seen in Table 1. In low
substrate temperature range, the Hall mobility decreases
with increasing substrate temperature and it reaches its
minimum value at 300 °C. Further increase in the
temperature causes an increase in the mobility. The Hall
mobility in ITO films has a relation with XRD peak
intensity, the films which have a high (2 2 2) peak intensity
have a high Hall mobility [30]. From Fig. 1, it can be seen
that the (2 2 2) peak appears at the 200 °C and is stronger
with increasing substrate temperature. In addition, the grain
growth at higher substrate temperature results in less grain
boundary and, consequently, there is less grain-boundary
scattering and thus the mobility of the charge carrier is
enhanced.

The optical transmittance and the reflectance spectra in
both visible and near-IR regions for ITO films prepared at
various substrate temperatures is given in Fig. 4. For
transmittance measurements the ITO films were irradiated
under perpendicular angle of incidence. The reference used
was air, i.e. the data presented in this work contain the
transmittance of ITO including the glass substrate. The
transmittance of the uncoated glass substrate is shown for
comparison, also. The reflection measurements were carried
out under an angle of incidence of 7°. Compared with the
film prepared with conventional ceramic target, ITO films
in this work exhibit a good transparency (80–90%) in

Fig. 2 Dependence of the substrate temperature on the resistivity of
ITO films

Fig. 3 Carrier concentration (N) and Hall mobility (μ) of ITO films as
a function of substrate temperature
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visible regions when the transmittance spectrum of the ITO
films is calculated by subtracting the transmittance of the
uncoated glass substrate. The transmittance and the reflec-
tance were found to decrease slightly in the visible region
as the substrate temperature was increased. This reduction
can be related to the structure of ITO films. As seen in
Fig. 1, the (2 2 2) peak for ITO films deposited at higher
substrate temperature was stronger and sharper, suggesting
that the crystallinity of the films enhanced and the grain
size increased. Therefore, the surface of ITO film becomes
rough and results in more light scattered and then a low
transmittance in the visible region. However, the transmit-
tance enhances when the film is heated at 400 °C. At high
substrate temperature, the structure of the films is improved
and the defects decreases so that the transmittance of the
film is increased. The spectrum also shows that the

transmittance in the near infrared (IR) region decreases as
the substrate temperature is increased. The dominant cause
of transparency in this region is the reflection, as can be
seen Fig. 4(b). In the near-IR region, the free carrier
absorption becomes important for the transmittance and
reflectance of the ITO films. The optical phenomena in this
region can be explained on the basis of classical Drude
theory. According to this theory, the transition from high
transmittance to high reflectance is determined by the
plasma oscillation of the free electrons and is shifted to
shorter wavelengths as the free electron concentration is
increased.

Figure 5 shows the infrared (IR) reflectance of the ITO
films deposited at various substrate temperatures. The IR
reflectance of the ITO films increases significantly as the
substrate temperature is higher. Frank et al. [31] showed
that the IR reflectance (R) can be expressed by

R ¼ 1� 4"0c0
e

1

Ndm
ð1Þ

where c0 is the velocity of light, ɛ0 is the permittivity of
free space, e is the electronic charge, N is the carrier
concentration, d is the film thickness, and μ is the mobility
of the free carriers. According to Eq. 1, the IR reflectance
increases with the product of the carrier concentration N
and carrier mobility μ. As seen in Figs. 2 and 3, the films
grown at higher temperature have higher conductivity and
larger values of the product Nμ than those for lower
substrate temperature. Therefore, the IR reflectance of the
film increases with increasing the substrate temperature, as
observed.

Fig. 5 IR reflectance of ITO films deposited at various substrate
temperatures

Fig. 4 Optical transmittance (a) and the reflectance (b) spectra of ITO
films deposited at various substrate temperatures
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4 Conclusion

ITO films have been deposited onto glass substrates by r.f.
magnetron sputtering using power target. ITO films were
polycrystalline and retained a cubic bixbite structure. The
ITO films deposited at low substrate temperature exhibited
the (411) preferred orientation but the films deposited at
high temperature preferred the (111) orientation. As the
substrate temperature was increased, (2 2 2) peak intensity
was increased and the film tended to have a random
orientation. The enhancement of the electrical properties of
the films with increasing the substrate temperature was
associated with the effect of thermally induced crystalliza-
tion and the oxygen vacancies. The lowest resistivity (8.7×
10−4 Ω-cm) was obtained from ITO films deposited at
450 °C. The transmittance and the reflectance were found
to decrease slightly in the visible region as the substrate
temperature was increased, which can be related to the
structure of ITO films. The transmittance in the near
infrared (IR) region was decreased as the substrate
temperature was increased. The films grown at higher
temperature had higher conductivity and larger values of
the product of the carrier concentration and the mobility
than those for lower substrate temperature. Therefore, the
IR reflectance of the film was increased with increasing the
substrate temperature. Although the electrical and optical
properties of the ITO films prepared using powder target is
somewhat worse than those deposited with a conventional
ceramic target, the possibility of obtaining low-cost films
shows prospective applications in optoelectronic and
photovoltaic.
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