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Abstract In this work, tin-doped indium was deposited on

a glass substrate via the electron beam evaporation tech-

nique. Then, the as-grown thin films were baked in the

presence of oxygen at different O2 flow rates and tempera-

tures inside a furnace to obtain transparent conducting oxide

thin film structures. The electrical and optical properties of

the layers were investigated, the thickness of all samples was

kept at 500 nm and the rate of deposition was set at

0.1 nm min-1. The best optical and electrical properties

were obtained at O2 flow rate of 1.5 Nl min-1 and temper-

atures of 500 �C where above 90 % optical transparency and

B4 9 10-3ohm cm-1 electrical resistivity were achieved.

Keywords ITO � Transparent conductors � Annealing �
Transparency � Resistivity � Sputtering

Introduction

Transparent conducting oxides (TCO) are used mainly in

optoelectronic applications such as flat panel displays, thin

film transistors, electroluminescent devices, solar cells, gas

sensors and light emitting diodes [1–5]. The value of elec-

trical conductivity depends on various factors, one of which

is the concentration of the dopant incorporated. However,

the increase in conductivity usually lowers the transparency

level. Hence, it is necessary to find a balance between high

optical transparency and high electrical conductivity.

Indium tin oxide (ITO) is the most popular among the

TCO materials, used particularly for transparent electrodes

in LCD, PLED and OLED displays, solar cells and also as

antistatic coatings. ITO is usually grown by RF-sputtering

reactively in the presence of oxygen. The strong depen-

dence of ITO electro-optical properties on oxygen pressure

and stoichiometry ratio during the growth process [4] adds

extra difficulties to this technique during the growth pro-

cess. The basic properties of ITO oxides are primarily low

electrical resistivity (of the order of 10-3 ohm cm-1 at

room temperature) and high optical transparency (about

90 % in the visible range or the optical spectrum) and high

infrared reflectance [2].

In the current study, indium-tin thin films are grown by

electron beam evaporation technique, with O2 being a

reactive gas and hence advantageous to be excluded at the

growth stage, and implemented under O2-free conditions.

The film samples were then baked inside a furnace under

exposure to O2 flow to obtain ITO thin films. This process

was carried out under varying furnace temperatures and O2

flow rates, and their effects on the electro-optical properties

of the ITO thin film samples were investigated.

Experimental

In (Aldrich 99.99 %) and Sn (Aldrich 99.99 %) powder

were purchased from Sigma, and were mixed to obtain

indium-tin with a ratio of 9:1. After having been fully

grinded and mixed in a mortar, it was then cast into pellets

of 1 cm in diameter using a pellet press under force of

2,500 N. To enhance cohesion in the pellets, a drop of

acetone was added to the powder before being pressed.

Prior to deposition, the lamellae substrates were first

rinsed with deionized water and then they were sonicated
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in propanol for 10 min. Finally, they were washed with

acetone and dried using pure N2 compressed gas. The

resulting pellets and substrates were placed under electron

beam evaporation gun (EDS-160). The distance between

the indium-tin pellets target and substrate was set at 10 cm.

Pressure was set at 1.5 9 10-5 tor and the atmosphere was

rendered oxygen-free. Voltage was kept constant at

6,000 V and the current was gradually increased to 16 A,

where evaporation was initiated. The deposition was car-

ried at a rate of 0.1 nm min-1. According to the thickness

monitor, once the thickness of the as-grown layers reached

500 nm, deposition was terminated.

The as-grown tin-doped indium samples were then

baked at varying temperatures and times inside a furnace

under exposure to oxygen with varying flow rates to obtain

ITO thin films. The baking settings for each substrate

sample are given in Table 1; the rate of heating/cooling

was kept at 4 �C min-1 throughout the baking process.

All the analyses were carried out in 1 day to prevent any

aging effects. SEM analysis was carried out with the aid of

Hitachi model S-4160 and AFM analysis was implemented

using a Park Scientific Instrument model auto probe CP, the

optical transmittance spectra of films in the UV–Vis–NIR

region were recorded by a spectrophotometer (Cary 500

Scan).

Results and discussion

The crystallinity and crystal orientation of ITO thin films

were measured using X-ray diffraction (STADI MP) with a

Table 1 Bake setting according to oxygen flow rates, baking tem-

perature and time duration of as-grown tin-doped indium thin films

Sample

no.

Temperature

(�C)

Oxygen flow

(l min-1)

Time

(min)

Oxygen

pressure (bar)

1 500 0.5 30 1.5

2 500 1 30 1.5

3 500 1.5 30 1.5

4 400 0.5 30 1.5

5 400 1 30 1.5

6 400 1.5 30 1.5

7 300 0.5 30 1.5

8 300 1 30 1.5

9 300 1.5 30 1.5

Fig. 1 X-ray diffraction

pattern of ITO thin films by ex

situ baking of as-grown tin-

doped indium thin films onto

glass substrate at a at 500o, b at

400o and c at 300o. The

corresponding sample number is

indicated on each spectra, see

Table 1 for details
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CuKa1 source (k = 1.54). XRD spectra are shown in

Fig. 1.

After baking under exposure to oxygen, five distinct

peaks (211), (222), (400), (440) and (622) appeared for all

of the ITO thin film samples in comparison to the as-grown

tin-doped indium thin films which demonstrated amor-

phous structures as expected. This indicates crystallization

within the thin film samples during the baking process in

the presence of oxygen. The peaks at 2h = 30o, 35o, 51o

and 60o indicate the existence of ITO. For some layers,

raising the flow rate of oxygen results in the appearance of

indium oxide peak at 2h = 21�. The fact that all spectra

demonstrate a predominant peak at (222) plane indicates

that the prepared films had a tendency to crystallize along a

favorable orientation.

The UV–Vis–NIR spectra measurement is illustrated in

Fig. 2. From the spectra, for the baked sample under O2 at

400 �C (samples no. 4–6), visible range transparency of

more than 90 % was achieved.

The results indicate that the transmittance of the films

was significantly influenced by increasing the furnace

temperature and raising the flow rate of oxygen. In general,

the transmittance is highly dependent on the scattering

effect. It is assumed that the increase in temperature

accelerated the occurrence degree of crystallization,

bringing the system to the fibrous microstructure more

rapidly. Accordingly, the microstructure with the fibrous

pattern had a higher value of transmittance due to the

reduction of light scattering sites in the thin film structure.

Using the relation below, the band gap of the thin film

ITO layers can be obtained and the results are illustrated in

Fig. 3.

a ¼ A

hm
hm � Eg

� �n ð1Þ

In this equation, a is the absorption coefficient, A is a

constant, hm is the incident photon energy, Eg the band gap

and n is the number dependent on the type of excitation.

We have set n = 0.5 [10, 11].

In Fig. 3, the band gap of the samples (numbers 1–9) is

plotted and compared. As illustrated, with the increase in

the flow rate of oxygen at different temperatures, the band

gap decreases. This is because as the flow rate of oxygen

increases, ITO thin films are better and more efficiently

crystallized and as the thin film structures become more

crystalline, it is more prone to have a relatively smaller

band gap. Also it is worth noting that, the layer baked at

500 �C and flow rate of 1.5 Nl min-1 demonstrates higher

crystallinity (see Fig. 1) and hence will be expected to have

a relatively smaller band gap and increased conductivity.

Conductivity measurement results indicate that resistiv-

ity of commercial grade magnitude of the order of 10-3

ohm cm-1 was achieved. Considering the omission of

oxygen during the indium-tin growth process and its sub-

sequent introduction into the ex situ thermal treatment

stage, the 90 % increase in transparency (Fig. 4) and the
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Fig. 2 Transmission spectra of the ITO thin film samples baked

under exposure of O2 of varying flow rates at temperatures a 500�,
b 400� and c 300�. Note that Glass spectra are also included for

reference
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decrease in resistance (Fig. 5) indicate that the foretold

sample (no. 3) has a resistance of approximately commer-

cial grade magnitude B4 9 10-3 ohm cm-1. This was the

best result obtained in this investigation.

In general, at 500 �C, by increasing flow rate of oxygen,

the resistivity of layers decreases systematically. It is clear

that crystallization with higher flow rate of oxygen causes a

reduction in sheet resistivity.

At 400 �C, sheet resistivity of layers is approximately

constant and higher than that at other temperatures. The

transmittance of these layers is over 90 %. This indicates

that the band gap increases and thereby sheet resistance

also increases. Therefore, if we want to have layers with

low resistivity, this temperature is not suitable for our

purpose.

At 300 �C, the initial resistivity of the ITO films is

found to be approximately constant with oxygen flow rates

of up to 1 Nl min-1. Under this condition, layers exhibited

the lowest sheet resistance. The resistivity of ITO reached a

minimum at O2 flow rate of 1 Nl min-1, from there on,

increasing the flow rate of oxygen resulted in a gradual

increase in resistivity which is due to the formation of non-

conducting O-rich clusters inside the film. Excess oxygen

forms non-conducting O-rich clusters in the films resulting

in crystal disorder, which act as trap sites and consequently

increases the resistivity of the ITO thin films.

Overall, because of a relatively lower baking tempera-

ture at 300 �C, as the O2 flow rate increases, non-con-

ducting O-rich clusters in the film also increase; hence an

increase in resistivity was observed [7, 8, 9].

The high conductivity of the ITO films has been

attributed to both substitutional tin and oxygen vacancies,

created either during film growth or post-deposition

annealing [6, 10, 12]. Therefore, at this temperature, the

baking conditions seem not to be comparatively suitable

for ITO formation from the as-grown tin-doped indium thin

films.

The SEM images demonstrate that the unbaked as-

grown tin-doped indium sample is void of crystallites.

From Fig. 6b, d which correspond to sample with high

resistance, crystallites are observed but the more obvious

matter is the existence of trap sites between separate

crystallites which bring about the observed increase in the

electrical resistivity, this is also indicated by the AFM

results.

As Fig. 6c corresponds to a sample with low resistivity

and high transparency, it is well crystallized, as expected,

Fig. 4 Peak transmission of ITO thin films at 550 nm according to

sample number, see Table 1 for details

Fig. 5 Comparison of resistivity of ITO thin films according to

sample number, see Table 1 for details
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Fig. 3 The band gap of ITO samples baked at temperatures

a 300 �C, b 400 �C and c 500 �C using oxygen flow rates of 0.5,

1.0 and 1.5 Nl min-1, respectively
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and one can easily observe the crystallites and the bound-

aries in between. Therefore, proper crystallization results in

high transparency and low resistivity. As Fig. 6e illustrates,

crystallites with low order result in low transparency and

high resistivity.

AFM analysis was also performed for the three sam-

ples discussed above. The results are illustrated below in

Fig. 7.

As indicated by the scanned images, the unbaked sample

seems to be free of crystallites indicating a relatively much

higher degree of roughness. In comparing the AFM image

of sample no. 3 to that of sample no. 5, the particle size in

sample no. 3 seems relatively larger than that observed in

sample no. 5 and the degree of roughness observed is less

than that of sample 5. Moreover, from the SEM image of

sample no 5, trap sites are more visible indicating a relative

increase in the resistivity of the sample. Finally, it is worth

noting that comparison of the roughnesses of samples 3 and

5 observed in AFM results may be an indication of the

relative lower resistivity of sample no. 3, considering the

experimental observations given above.

The optoelectronic and structural properties of the ITO

thin films are highly dependent on the deposition and

baking conditions of the layers, such that any minuscule

changes in these conditions result in notable changes in

structural and conclusively in optoelectronic properties [5].

Regarding the lower resistivity of sample no. 3, if we

consider the comparison of the indentations observed

within the two samples 3 and 5 AFM images; sample no. 3

illustrates a lower degree of indentation to that observed in

sample no. 5 this seems to ease the conduction process of

the particles by omitting the necessity of tunneling.

Conclusion

Tin-doped indium oxide thin films were deposited using

electron beam evaporation technique with an oxygen-free

Fig. 6 a Unbaked (as-grown)

indium tin-doped thin film SEM

image, b ITO thin film (sample

no. 1) with low transparency

and high resistance, c ITO thin

film (sample no. 3) with high

transparency and low resistivity,

d ITO thin film (sample no. 5)

with high transparency and high

resistivity and e ITO thin film

(sample no. 7) with low

transparency and low resistivity
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environment. The resulting layers were baked in the pre-

sence of oxygen with different flow rates for 30 min at 300,

400 and 500 �C. XRD, UV–Vis spectrophotometry and

four-point probe analysis show varying results. The

experimental results indicate that the thin film baked at

500 �C with the oxygen flow rate of 1.5 Nl min-1 is the

layer with the optimal characteristics. After baking in an

oxygen-containing environment, this layer exhibits low

sheet resistance B4 9 10-3 ohm cm-1 and a transmittance

of [90 % within the visible range of the spectrum.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

Fig. 7 a The as-grown (unbaked) tin-doped indium thin film AFM image, b ITO thin film baked at 500 �C and oxygen flow rate of

1.5 Nl min-1 and c ITO thin film baked at 400 �C and oxygen flow rate of 1.0 Nl min-1
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