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Abstract

We have investigated the effects of Ti doping on the structural, optical, and electrical properties of indium tin oxide (ITO) thin films prepared by
direct-current (DC) sputtering at room temperature. It is observed that the Ti doping changes the microstructure of the ITO films from amorphous to
polycrystalline improving the electrical properties. The optimized ITO:Ti thin film after annealing shows a carrier concentration of
6.24 x 10*° cm™, a mobility of 34 cm?/V s, and a resistivity of 2.3 x 10™* Q cm. The ITO:Ti film also shows a better thermal stability up

to 450 °C.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The high electrical conductivity combined with high
transmission in the visible spectral range of ITO films has
been widely utilized as an essential part of many optoelectronic
devices such as plasma display panels (PDPs), liquid crystal
displays (LCDs), light emitting diodes (LEDs), touch sensitive
over layers, and solar cells [1,2]. ITO thin film is a highly
degenerate n-type semiconductor which has a low electrical
resistivity of 2—4 x 107* Q cm. The degeneracy is caused by
both the intentional Sn doping and the inherent oxygen
vacancies, which create donor levels in the energy band gap [3].
ITO films can be prepared by various techniques, such as
chemical vapor deposition (CVD), thermal evaporation, DC
and radio-frequency (RF) magnetron sputtering techniques,
spray pyrolysis, pulsed laser deposition, and sol-gel method
[1-4]. The magnetron sputtering techniques are most compa-
tible with the integrated circuit processing, which can
continuously produce large area ITO films at a lower processing
temperature [3,4]. In the case of the magnetron sputtering
techniques, the precise controls of oxygen flow and target
composition ratio are very important to the deposition of ITO
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films due to the oxidation state and the amount of Sn dopant [5].
Moreover, carrier density may also be modified by the post-
annealing process by means of changes in the Sn-activation
state [6]. Many studies aimed at improving the electrical and
optical properties by optimizing the above deposition and
anneal conditions are frequently conducted [5-7]. However,
very few studies report on the effects of additional dopant such
as Zn, Ce, and Ti on the electrical and optical properties of ITO
films [8].

In this paper, we report on the characteristics of Ti-doped
ITO (ITO:Ti) films prepared by the DC magnetron sputtering.
ITO and ITO:Ti films have been grown on glass substrates by a
DC sputtering system at room temperature and post-annealed at
250 °C. From the X-ray diffraction (XRD) measurements, we
observe that the Ti doping changes the microstructure of the
ITO films from amorphous to polycrystalline resulting in
improved electrical properties.

2. Experimental

ITO films were grown on alkali-free glass (Corning 1737)
substrates using a DC magnetron sputtering system along with
working gases Ar and O, without substrate heating. An ITO
ceramic target made by sintering a mixture of 98 wt.% indium
oxide (In,O3) and 2 wt.% of tin oxide (SnQO,) was used in the
sputtering process, after which, ITO:Ti films were produced by
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co-sputtering with the ITO target and a TiO, target. The O,/
(Ar + O,) ratio and working pressure were about 1% and
5 mTorr, at room temperature, respectively. The Ti atomic ratio
in the ITO:Ti films is controlled by the sputter power ratio
between the ITO and TiO, targets. The heat treatments of the
films were carried out in a box furnace for 2 h at 250 °C in
vacuum condition.

A scanning electron microscope (SEM, FEI Sirion400,
Netherland) with an energy dispersive spectrometer (EDS) was
used to analyze the surface morphology, the Ti atomic ratio, and
film thickness. The structural changes were analyzed by using a
260 X-ray diffraction (XRD, Rigaku D/max-RC300, Japan).
Hall-effect measurements (Accent HL5500PC, USA) were
carried out in the van-der-Pauw configuration at room
temperature. The room-temperature transmittance measure-
ments were performed using an ultraviolet—visible (UV-VIS)
spectrophotometer (Hitachi U-3501, Japan).

3. Results and discussion
The XRD patterns of ITO and ITO:Ti(2.5%) films with/

without post-annealing are presented in Fig. 1(a) and (b). The
ITO film post-annealed at 250 °C shows a polycrystalline
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Fig. 1. XRD patterns of ITO and ITO:Ti(2.5%) thin films grown on glass
substrates: (a) ITO and (b) ITO:Ti. The sputtering processes were conducted at
room temperature with a working pressure and a gas flow ratio (O,/(Ar + O,)) of
5 mTorr and 1%, respectively. The post-annealing was done at 250 °C for 2 h at
vacuum condition.

structure. It is well known that the ITO films prepared with low
oxygen proportion achieve a crystalline cubic structure after
heating at 200 °C or above with diffraction peaks corresponding
to (211), (222), and (4 00) directions [5]. In the case of
ITO:Ti films, they show stronger crystalline properties as
shown in Fig. 1(b). Even the as-deposited ITO:Ti film shows a
clear crystalline phase in Fig. 1(b). Yang et al. reported similar
crystalline properties with some amount of amorphous phase in
the as-deposited ITO:Ti films [9]. However, the clear crystalline
property with no amorphous phase in our as-deposited ITO:Ti
films is observed for the first time. In the case of ITO:Ce, Kang
et al. reported the reduction of grain growth during the post-
anneal process resulting in the amorphous phase even after the
post-anneal process [10]. They attributed the inhibition of grain
growth in the ITO:Ce films to the larger ionic radius of Ce**
(0.103 nm) than that of In** (0.092 nm) or Sn** (0.071 nm)
[10]. The ionic radius of Ti** is about 0.068 nm [9]. Therefore,
we hypothesize that the strong crystalline growth in our ITO:Ti
films may be related to the small ionic radius of the Ti**. The
difference in the crystalline property between this work and the
work of Yang et al. may be originated from the different target
and deposition conditions, such as the oxygen ratio. Fig. 1(b)
shows that the ITO:Ti film with post-annealing has a more
observable crystalline characteristic than the as-deposited
films. The grain sizes are calculated from the line broadening of
the (2 2 2) diffraction line according to the Scherrer equation
[9]. The calculated grain sizes of the ITO:Ti films before and
after annealing are 57 nm and 97 nm, respectively.

The results of Hall transport measurements of all the ITO
films are presented in Table 1. All the films have a similar
thicknesses of about 130-140 nm confirmed by SEM. Table 1
shows that the mobility and the resistivity have a maximum of
34 cm?/V s and a minimum of 2.3 x 107* Q cm, respectively, at
the Ti atomic ratio of 2.5%. The higher mobility and the lower
carrier concentration of the ITO:Ti(2.5%) film comparing to
those of the ITO film may be related to the stronger
crystallization property as shown in Fig. 1. However, the
mobility and the carrier concentration decreases and increases,
respectively, as the Ti ratio increases above 2.5%. Yang et al.
reported that a high number of Ti atoms may play arole of ionized
impurity scattering, resulting in the decrease of the mobility with
the Ti atoms [9]. The ITO:Ti(2.5%) film has about 20% lower
resistivity than the ITO film as shown in Table 1.

Fig. 2 shows transmittance spectra of ITO and ITO:Ti(2.5%)
films after post-annealing measured at room temperature by

Table 1
Electrical properties of ITO and ITO:Ti films.

Ti ratio Resistivity Hall mobility Carrier concentration
(atomic %) (Q cm) (cm?/V s) (cm™)
0 2.84 x 107* 26.9 8.24 x 10%°
25 23x 1074 34.0 6.24 x 10%°
5 26x 1074 274 7.74 x 10%°
75 3.05 x 1074 26.6 7.99 x 10%
10 325 x 107* 24.9 8.12 x 10%°
12.5 40 x 1074 20.8 8.14 x 10%°
15 43 x 1074 19.1 10.52 x 10%°
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Fig. 2. Transmittance spectra of the post-annealed ITO and ITO:Ti(2.5%) thin
films.

using an UV-VIS spectrometer. The average transmittance in
the visible wavelength (at 550 nm) region is above 84% for both
films. In Fig. 2, the absorption edge of the ITO:Ti(2.5%) film
shifts toward the red region, which was also observed by Yang
et al. at annealing temperatures from 300 °C to 450 °C [9]. It is
known that the band gap of ITO film increases with the increase
of carrier concentration by the Burstein—-Moss (BM) effect, i.e.
screening of the lowest conduction band states [11]. The red
shift of the band gap of our ITO:Ti film might also be explained
by the BM effect since our ITO:Ti film has lower carrier
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Fig. 4. SEM images of the ITO and ITO:Ti(2.5%) thin films: (a) as-deposited ITO, (b) annealed ITO, (c) as-deposited ITO:Ti(2.5%), and (d) annealed ITO:Ti(2.5%).
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Fig. 3. Band-gap determination of the post-annealed ITO and ITO:Ti(2.5%)
thin films.

concentration than the ITO film. To measure the energy band
gap from the transmittance spectra, one uses the relation,

ahv = A(hv — E,)" (1)

where hv is the photon energy, o the absorption coefficient, E,
the band-gap, A the proportional coefficient, and n = 1/2 for
direct band-gap material [12]. To measure the energy band-gap
from the absorption spectra, a graph of [(«@ — ay)hv]"" versus
hv was plotted as shown in Fig. 3, where o is the minimum
value of the absorption coefficient [12]. The absorption coeffi-
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cient o was calculated from the transmittance curve with
corrections for multiple reflections [12]. The energy band-
gap obtained from the extrapolation of the straight lines in
Fig. 3 are 3.34 and 3.27 eV for ITO and ITO:Ti(2.5%), respec-
tively.

Fig. 4 shows the SEM images of the ITO and ITO:Ti(2.5%)
films: (a) as-deposited ITO, (b) annealed ITO, (c) as-deposited
ITO:Ti, and (d) annealed ITO:Ti. In Fig. 4(a), the as-deposited
ITO film shows quite a smooth surface indicating the
amorphous phase without any grain structures. On the contrary,
in Fig. 4(c), the as-deposited ITO:Ti(2.5%) film shows a grain
structure indicating the nanocrystalline property. Therefore, it
is concluded that the SEM morphology data coincides with the
XRD data. In Fig. 4(b) and (d), the grain size increases with
heat treatment as predicted from the XRD data. No aggregated
particles such as Ti or TiO, is observed in the ITO:Ti film.

Fig. 5 shows the measured electrical properties after
additional substrate heating process in atmosphere condition
at 1 h. It is known that the electrical properties of ITO film are
affected by the change of crystallinity, stoichiometry, and the
density of oxygen vacancy during substrate heating in
atmosphere condition [13]. In Fig. 5(a), The dramatic increase
of the resistivity, i.e. the decrease of the carrier density, of the
ITO and ITO:Ti(2.5%) films above 350 °C might be originated
from the decrease of both the oxygen vacancies and the Sn
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Fig. 5. Electrical properties vs. post-heating temperature: (a) electrical resis-
tivity and (b) mobility. The heating processes were conducted in atmosphere
condition for 1 h.

dopants [13]. As shown in Fig. 5(a) and (b), the ITO:Ti film
shows more stable and uniform electrical properties than the
ITO film during the high temperature heating process, which
might be due to the more strong crystallinity property of the
ITO:Ti film. However, further studies are needed to resolve the
exact mechanism of the thermal stability of the ITO:Ti film.

4. Conclusions

ITO and ITO:Ti thin films have been grown on glass
substrates by a DC sputtering system at room temperature and
post-annealed for 2h at 250 °C in vacuum condition. The
microstructure change from amorphous to polycrystalline
structure for the as-deposited ITO:Ti films was confirmed by
XRD and SEM measurements. The optimized ITO:Ti thin film
shows a carrier concentration of 6.24 x 10°° cm ™, a mobility
of 34 cm?/V s, and a resistivity of 2.3 x 107* Q cm at the Ti
atomic ratio of 2.5%. The ITO:Ti film also shows a better
thermal stability, which is thought to be due to the polycrystal-
line structure. Those results indicate that the ITO:Ti thin films
with good thermal stability can be applied to various opto-
electronic devices.
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