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Abstract—Indium tin oxide (ITO) thin films with different 
thicknesses were prepared on polyethylene terephthalate (PET) 
substrates by RF magnetron sputtering at room temperature. 
The structure, morphology, electrical, and optical properties of 
the films were investigated by X-ray diffraction, atomic force 
microscopy, spectrophotometer, and van der pauw method, 
respectively. The experimental results show that the surface 
grain size, roughness, and carrier concentration of the films 
increase with the increase of thickness. The sheet resistance, Hall 
mobility, and transmittance decrease as the film thickness 
increases. When the thickness is 148 nm, the sheet resistance is 
26.5 Ω -1, mobility is 19.1 cm2V-1s-1, and carrier concentration is 
8.43×1020 cm-3. 
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I.  INTRODUCTION 
Indium tin oxide (ITO) film has been widely used in solar 

sells, flat panel displays, sensors, and organic light emitting 
diodes, because it has a highly optical transmittance in the 
visible optical region, a high reflectance in infrared spectra, and 
a low resistance [1]. The growth of ITO films on flexible 
polymer substrates is more and more important as the displayer 
will be flexible and thinner for the user. The investigation of 
the growth of ITO films, therefore, changes from on glass 
substrates to on polymer substrates. ITO films on flexible 
substrates have many advantages such as can be bent, light 
weight, not easy broken, large scale production, and good for 
transportation [2].  

Previously, a lot of techniques have been applied to prepare 
ITO films, such as sputtering, thermal evaporation, chemical 
vapor deposition, pulsed laser deposition, and sol-gel process 
[3-8]. However, the most difficulty for the deposition ITO film 
on polymer substrate is the substrate distortion and low 
adhesion of film on substrate, because the polymer can not 
stand the high temperature [5,9]. Therefore, there are many 
investigations about the deposition ITO films on polymer 
substrates had been reported [10-13]. The effect of deposition 
condition, such as sputtering pressure, oxygen partial pressure, 
deposition rate, and substrate temperature, on the structure, 
optical, and electrical properties of ITO films on flexible 
substrates has been studied. For example, Kim et al [14] had 
prepared ITO films on PET substrates by direct current 

magnetron sputtering, it was found that when the sputtering 
pressure was 3 mτ and sputtering power was 30 W, the sheet 
resistance was 22 Ω□-1 and transmittance is higher than 80%. 
ITO films on PES substrates had been studied by Park et al [1] 
by RF magnetron sputtering and sheet resistance was about 20–
25 Ω□-1. 

In this paper, ITO films with different thicknesses have 
been deposited on commercial PET substrates by RF 
magnetron sputtering at room temperature. The structure, 
surface morphology, electrical, and optical properties of the 
films were investigated. 

II. EXPERIMENTAL DETAILS 
ITO films were deposited on commercial PET substrates at 

room temperature by RF magnetron sputtering in a commercial 
sputtering system (JGP560BⅡ ). The sputter target was an 
oxide ceramic (In2O3:SnO2=90:10 at wt.%). The vacuum 
chamber was initially evacuated to a base pressure of 4.0×10-4 
Pa and the total pressure during the sputter process was kept at 
0.5 Pa. The Ar flow rate was controlled by a mass-flow 
controlled regulator. The sputtering power was 60 W. Before 
each deposition, the target was pre-sputtered for 5 min to clean 
the target. In order to vary the thickness of the ITO films, the 
deposition time was varied between 400 s and 1000 s in steps 
of 200 s. All the sputtering conditions were nearly identical 
expect the sputtering time. The samples were labeled as A, B, 
C, and D, for the deposition time of 400 s, 600 s, 800 s, and 
1000 s. 

The crystal structure of film was examined by X-ray 
diffraction (XRD). XRD study was carried out on an X-ray 
diffractometer (Y-2000) with high-intensity Cu Kα radiation 
(λ=1.5419 Å). The morphology of the films was observed by 
an atomic force microscopy (AFM) (CSPM-4000) under 
ambient conditions. The sheet resistance was measured by 
using four-point probe. The carrier mobility and concentration 
were characterized by Hall effect measurements using the van 
der Pauw technique. The normal incidence transmittances of 
samples were recorded by a double-beam spectrophotometer 
(UV-2450) in the wavelength range 200-900 nm. The 
refractive indices, extinction coefficients and thicknesses (d) of 
the films were retrieved by optimizing all of transmittance data 
[15], and the thicknesses of the films were showed in Table І. 
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III. RESULTS AND DISCUSSION 

A. Crystal structure 
Fig. 1 shows the XRD pattern of the sample C. The 

diffraction peaks at 30.2°, 35.1°, 45.3°, 50.8°, and 60.3° 
correspond to the (2 2 2), (4 0 0), (5 1 1), (4 4 0), and (6 2 2) 
plans respectively of In2O3 cubic crystalline structure. None of 
the spectra indicated any characteristic peaks of Sn, SnO, or 
SnO2, which means that the tin atoms were doped 
substitutionally in In2O3. ITO film showed noncrystalline 
structure at initial phase when the thickness was thin. Kumar et 
al [3] considered that no characteristic diffraction peak of ITO 
was identified and only amorphous nature of polymer substrate 
was observed as the thickness of films were lower than 165 nm. 
However, the study in reference [5] indicated that In2O3 cubic 
crystalline structure was appeared when the thickness of films 
were more than 80 nm. 

Figs. 2 (a)–(d) give AFM images of ITO films with d = 118 
nm, 148 nm, 235 nm and 300 nm, respectively. The surface 
root mean square roughness of sample A, B, C, and D are 2.19 
nm, 2.57 nm, 3.36 nm, and 3.04 nm, respectively. 
Correspondingly, the average surface grain sizes are 66.1 nm, 
69.0 nm, 77.12 nm, and 90.7 nm and surface grain can be seen 
obviously. The increase of surface roughness with increasing 
thickness is the result of the aggregation of grains or the 
increase of crystallinity. 

 
Figure 1. X-ray diffraction pattern of sample C. 

 

 

 

     

     

Figure 2. AFM-images (10 µm×10 µm) of ITO thin films with 
different thicknesses. 

B. Optical properties 
The transmittance spectra of PET substrate and ITO films 

with different thicknesses are shown in Fig. 3. The maximum 
transmittance and the average transmittance at the wavelength 
between 400 nm and 800 nm are 88.7% and 84.6% for the bare 
PET substrate. Comparing with the bare substrate, ITO film on 
PET substrate has a lower transmittance. Moreover, the 
transmittance of ITO films decreases and short wavelength 
threshold shifts to longer wavelength (red shift) gradually when 
ITO film thickness increases. It indicates that the optical band 
gap of sample is smaller as the film thickness increases. 

Fig. 4 presents the average transmittance at wavelength 
between 400 nm and 800 nm and the maximum transmittance 
as a function of ITO film thickness. The average transmittance 
decreases from 84.5% to 77.9%, and the maximum 
transmittance decreases from 83.8% to 79.6% when thickness 
increases from 118 nm to 300 nm. The surface roughness 
increases with increasing thickness as discussed in AFM results 
and the change of film structure, which result in the increase of 
optical surface scattering and volume scattering [16]. Therefore, 
the optical losses and optical absorption increase, and 
transmittances decrease. 

Refractive indices (n) and extinction coefficients (k) of ITO 
films with different thickness were calculated by simulating all 
the transmittance data of the films. An optical model which 
combines the modified Drude model and Forouhi-Bloomer 
model had been used in the simulation process [15]. Fig. 5 
shows refractive indices as a function of wavelength for the 
films with different thickness. The obtained refractive indices 
are in agreement with our previous research report [15] and 
decrease with the increase of film thickness. The extinction 
coefficients as a function of wavelength are shown in Fig. 6. 
The extinction coefficients are lower than 10-1 in the visible 
optical region and their change is small when the thickness 
changes. 
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Figure 3. Transmittance spectra of ITO films with different 
thicknesses. 

 

Figure 4. Average transmittance (400–800 nm) and maximum 
transmittance of ITO films on PET as a function of thickness. 

 

Figure 5. Variation of refractive index as a function of 
wavelength for different thicknesses of ITO films. 

 

Figure 6. Variation of extinction coefficients as a function of 
wavelength for different thicknesses. 

C. Electrical properties 
The sheet resistance, resistivity, carrier concentration, and 

mobility of samples are listed in Table І. The sheet resistance 
and resistivity of the films decrease as the thickness increases 
from 118 nm to 235 nm. The minimum sheet resistance is 
about 17.01 Ω□-1 for the film with 235 nm thickness. The 
decrease of resistivity with the increase of film thickness could 
be attributed to the improvement of crystalline quality of ITO 
film. These results indicate that in order to get high-quality ITO 
films with low resistivity, one need to enhance the crystalline 
quality of the films from the initial stage of deposition. But for 
the sample D which deposition time is about 1000 s, the middle 
of film extrude because the substrate temperature is too high 
during sputtering and PET substrate distorts. Accordingly, the 
electrical and optical properties of sample D are worse than 
those of the other samples. In order to improve the crystalline 
performance of ITO film, the treatment of PET substrate before 
deposition has been studied by some investigators. Kim et al 
[14] applied ion to radiate PMMA substrate before deposition 
and decreased the resistivity. Park et al [1] heat PET substrate 
when they prepared ITO film by RF magnetron sputtering. 

TABLE I.   SHEET RESISTANCE, RESISTIVITY, CARRIER CONCENTRATION 
AND MOBILITY OF ITO/PET FILMS   

Sputtering 
time 

d 
(nm) 

Rs 
(Ω -1) 

µ 
(cm2V-1s-1) 

Ne 
(1020cm-3) 

ρ 
(10-4Ω cm) 

400 s 118 32.26 27.70 5.567 3.81 

600 s 148 26.50 19.13 8.434 3.92 

800 s 235 17.07 17.60 8.704 4.08 

1000 s 300 25.29 12.46 6.604 7.58 

As shown in Table І, the Hall mobility decreases, and the 
carrier concentration increases when the film thickness 
increases. These results can be explained below. Each doubly 
charged oxygen vacancy contributes two free electrons [17], so 
the free carriers in ITO films mainly originate from the 
formation of oxygen vacancies. Therefore, it is believed that 
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the oxygen vacancies increase as the film thickness increases. 
The mobility of ITO films is close related to microstructure 
features and impurities [17]. As film thickness increases, the 
grain scattering decreases because the surface grain size 
increases, but the ionized-impurity scattering increases as the 
increase of oxygen vacancy, which results in the decrease of 
mobility. 

IV. CONCLUSION 
Without intentionally heating the substrates, ITO films with 

various thicknesses have been prepared on PET substrates by 
RF magnetron sputtering. It is found that the structural, 
electrical, and optical properties clearly depend on the film 
thickness. The average surface grain size increases, but the 
transmittance, the resistivity, and sheet resistance decrease 
when the film thickness increases from 118 nm to 235 nm. 
When the thickness is 148 nm, the sheet resistance is 26.5 Ω□-1, 
mobility is 19.1 cm2V-1s-1, and carrier concentration is 
8.43×1020 cm-3. All samples are good transparent in visible 
optical region. The average transmittance at wavelength 
between 400 nm and 800 nm is about 80%, and the maximum 
transmittance is higher than 85%. 
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