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annealing temperature from 300 °C to 500 °C. The optical band gap is varied in the range of
3.64-3.73 ev. UV-vis spectroscopy show that the average transmittance is about 85% in the
visible region, and the optical transmittance decrease with the increase of the annealing
temperature. The electrical resistivity decreases from 80 2 cm to 9.8 x 10~3  cm with the
increase of the annealing temperature from 300°C to 500 °C.

© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

Transparent conducting indium oxide has attracted considerable attention on account of its good electrical and optical
properties. In,03 is cubic with the lattice constant of a=10.117 A° and space group Ia3 [1]. It is widely used as transparent
conducting material in the optoelectronic fields, such as flat panel liquid crystal displays [2], solar cells [3], organic light
emitting diodes [4]. Other applications include Schottky diodes for high power electronics and transparent thin film channel
transistors, such as MISFET and MESFET.

Amorphous or crystalline indium oxide thin films can be prepared by a variety of techniques such as: spray pyrolysis [5]
and hydrolysis [6], vacuum and e-beam evaporation [7,8], thermal oxidation [9], RF and DC sputtering [10]. In this work,
spray pyrolysis is used to prepare In,05 films because of its simplicity and low cost instrumentation with high deposition
efficiency [11].

It is well known that the In,03 films properties are dependent from the film deposition parameters such as deposition
time [11]. substrate-nozzle distance (SND) [12] substrate temperature [5,13]. and doping [ 14]. In the present study we have
studied the effect of the annealing temperature on the structural, optical and electrical properties of sprayed indium oxide.
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Fig. 1. Schematic diagram of the ultrasonic spray technique.

2. Experimental procedure

0.1 M of indium chloride InCl3 (Merk, 99.9) is dissolved in methanol and sprayed onto glass substrate by ultrasonic
spray technique using indium chloride as precursor solution. The schematic diagram of this setup is shown in Fig. 1. The
substrate was chemically cleaned before the deposition. In the deposition process of the thin film the precursor solution was
sprayed onto hot substrates (TS =150 °C) which was at a distance of 5 cm from the spray nozzle in atmospheric pressure for
4min as a growth time. The solution flow rate are controlled by (Syringe pump PHOENIX D-CP) and fixed at 40 ml/h. The
post-deposition annealing of In, O3 thin films was carried out for 1 h at 300°C and 500°C in air.

The structural properties of the films were analyzed by X-ray spectroscopy on a D8 ADVANCE Diffractometer using a
Cu Ka radiation (A =1.5405A). The optical transmittance spectra were obtained using UV-VIS spectrophotometer, these
measurements were performed using glass as reference. The electrical resistivity was determined using the four point
method.

3. Results and discussion

The XRD patterns for the as-deposited In, O3 thin films and for the In, 03 films annealed at 300 °C and 500 °C are shown in
Fig. 2. The XRD pattern of the as-deposited In, O3 thin film does not show any clear diffraction peak except a broad diffraction
pattern for 26 the range of 25-35¢°. This indicates to the poor crystalline quality of this film and very small grain sizes in
the as-deposited film. The XRD pattern obtained for the film annealed at 300 °C shows reflection peaks at 30.80° and 35.66°
corresponding to the (222) and (400) suggesting that film is polycrystalline in nature. However, as the annealing temperature
increases to 500 °C, intensity of the (222) and (400) diffraction peaks increases. This reveals the enhancement of crystallinity
which is probably due to the rise in the mobility of the grains with the increase of the annealing temperature. They have also
found that intensity of the diffraction peaks increased with increasing annealing temperature [15,16]. On the other hand,
it is interesting to note that the XRD spectra of the film annealed at 500 °C shows a shift towards lower angle for the mean
peaks compared to the mean peaks of the film annealed at 300 °C (see Fig. 3). This indicates a systematic lattice expansion
[17,18].

Fig.4 shows the values of FWHM for the films annealed at 300 °Cand 500 °C. It is clear that the values of the FWHM decrease
with the increase of the annealing temperature. The decreasing of FWHM values implied that the grain size increases. They
have also found that average grain Size increased with increasing annealing temperature [ 19,20]. We believe that the increase
of the grain size is based on the coalescence of small grains due to the increase in the kinetic energy of the grains by increasing
the annealing temperature.

The strain (&) values of In,Osfilms are calculated by the following formula [21]:

_ Bcosh
=2

(1)
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Fig. 2. XRD diffraction pattern for the as-deposited In, 03 thin films and for the In, 05 films annealed at 300°C and 500°C.
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Fig. 3. Larger image for XRD diffraction pattern for the In,053 films annealed at 300°C and 500 °C.
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Table 1

Structural parameters of In, O3 films at different annealing temperatures.
In, 03 thin film annealed at: Lattice constant (A°) Dislocation density (3) x 10'* lines/m? strain (g) x 103 Film thickness (nm)
300°C 10.145 15 143 320
500°C 10.088 3.01 0.6 280
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Fig. 5. Optical transmission spectra for the as-deposited In, 05 thin films and for the In, 05 films annealed at 300°C and 500°C.

where 0 is the Bragg's angle and {3 is the full width at half maximum (FWHM) of the peak.
The dislocation density (8) is calculated using the formula [22]:

1
o= ? (2)

The strain and dislocation density of (222) planes are reported in Table 1. The calculated value of lattice constant
a=10.145 A°(cubic phase) for the film annealed at 500°C is slightly greater than the reported value 10.118 A° for pure
indium oxide (JCPDS Card No. 06-0416). This can be attributed to the oxygen deficiency [23] because The In,03 thin films
tend toward reduction when they were annealed at high temperature [20,24]. On the other hand, the dislocation density ()
and strain (&) show a decreasing trend with increasing in annealing temperature. This can be attributed to recrystallization
process in the polycrystalline films annealed at high temperature [25].

Fig. 5 shows the dependence of the optical transmission spectra of the investigated thin films in the wavelength region
290-900 nm as a function of annealing temperature. The as-deposited In,03 thin film shows low transmittance. This is
owing to poor crystalline quality of this film [11] and/or non-stoichiometric of this film; excess indium atoms due to the
low deposition temperature (T= 150 °C). But in the case of the films annealed at 300 °C and 500 °C, we found that the optical
transmittance increased due to enhancement the crystalline quality of the films. However, the film annealed at 300 °C shows
the high optical transmittance despite that the film annealed at 500 °C has a high crystalline quality than the film annealed
at 300°C. This can be attributed to the oxygen deficiency in the film annealed at 500°C [20,24]. It is well known that the
oxygen deficiency in the film contributes to the blackening of the films [26,27].

The optical band gap of In,05 films is estimated from Tauc relationship [28]

(ahv)? = A(hv — Eg) 3)

where « is absorption coefficient, A is the constant independent of photon energy (hv), h is the Planck constant and Eg is
the optical band gap. The values of optical band gap are shown in Fig. 6. It is clear that the value of the optical band gap
increase for the In;03 films which annealed at 300 °C and 500 °C. This is due to the reduction of disorder in the film due to the
improvement in crystalline quality of this layer [11], and the band tail width values of these films confirm this hypothesis
(The band tail width for the films annealed at 350 and 550 is 0.380 ev and 0.377 ev, respectively). The low value of the optical
band gap obtained for the as-deposited film (Eg=3.64 ev) may be due to the poor crystalline quality of this film and The
band tail width of the as-deposited films equals 0.480 ev. They have also found the same values of optical band gab [29,30].

The as-deposited film shows high electrical resistivity 100 €2 cm. This is due to the poor crystalline quality of this film.
Also, the film annealed at 300 °C shows high electrical resistivity 80 £2 cm although the improvement in the crystalline state
of this film. This can be attributed to the excess oxygen in the film; Excess oxidation of this film for this annealing temperature
[20]. The film annealed at 500 °C shows the low electrical resistivity 9.8 x 10-3  cm. this is owing to the increase of grain
size; an increase in grain size leads to reduced grain boundary scattering and thus a decrease in electrical resistivity [31].
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Fig. 6. Optical band gap energy for the as-deposited In, 03 thin films and for the In,05 films annealed at 300°C and 500°C.

On the other hand, we believe that the oxygen deficiency in film due to the high annealing temperature played a role in the
decrease of the electrical resistivity.

4. Conclusions

The effect of the annealing temperature on the crystalline state, optical, and electrical properties of In,03 films were
investigated. X-ray diffraction reveals a polycrystalline nature for all films with a preferred grain orientation along to (222).
The crystalline quality of the film increase with the increase of the annealing. The dislocation density (d) and strain (g) show
a decreasing trend with increasing in annealing temperature.

The optical characterization showed that our films are transparent. We have found also that the optical gap is 3.73 eV
for the film annealed at 300 °C and 3.69 for the film annealed at 500 °C. The film annealed at 500 °C showed lower value of

electrical resistivity (p).
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