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Abstract: In solar cells application, ITO thin films can be used as a top layer which 

can act as a contact layer, current spreading layer and window layer. ITO has a high 

transparency in the visible range, good electrical conductivity, and wide bandgap 

energy. However, P-type silicon (Si) that used in solar cell structure causes high 

reflection of light on the surface which will lower the resistivity of solar cells. Besides, 

layer of ITO films added on top of Si causes a potential barrier created between them. 

In this study, a different thicknesses of ITO was deposited onto the Si and glass 

substrates. The samples were characterised based on the optical, electrical, and 

topological characteristics. From UV-Vis spectrometer, transmittance graphs show 

decreasing trends with increasing thickness, while absorbance graph shows opposite 

trends. From four-point probe, the resistivity has also found to be decreasing 

exponentially with various thicknesses. The AFM results show an increment of the 

grain size and exponent increment of RMS roughness along with the thickness. 

Finally, figure of merit is used to compare the optical transmittance and sheet 

resistance between ITO films. From that, the optimum thickness of 400 nm ITO film 

with the best properties is obtained. 
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1. Introduction  

Transparent conductive oxides (TCO) are known to be optically transparent and electrically 

conductive materials. TCOs conductivity can be adjusted from insulating through semiconducting to 
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conducting the same as their transparency which can be changed[1]  . Usually, TCOs thin films are used 

in many application including  solar cells [2], liquid-crystal displays [3], and flat panel displays[3] . 

Some of TCO materials such as  indium oxide (In2O3) can be doped to improve the electrical properties 

without degrading its optical properties. The most common TCO thin film that have been doped is tin-

doped indium, ITO. ITO has a high transparency in the visible range, good electrical conductivity, and 

wide bandgap energy. ITO thin films have been widely investigated on substrates such as glass and 

silicon to understand more about its properties. 

Most of solar cells application used P-type silicon (Si) in the solar cell structure. However, material 

Si has high refractive index, 𝑛 which is 3.42-3.48 [4]. This causes a high reflection of light on the surface 

of Si. When the layer of ITO is added on top of Si, it can minimize the reflection of light and increase 

resistivity of solar cells. This is because ITO has lower refractive index compared to Si.  Besides, the 

mismatch of ITO and Si causes a contact resistance because of a potential barrier created between them. 

This barrier creates electric field that provides force. This force slows down the movement of electrons. 

To overcome this barrier, electrons need more energy to flow over from ITO to Si.  

Therefore, ITO as a top layer of solar cell applications can act as a contact layer, current spreading 

layer and window layer. Different thicknesses of ITO thin films will give different properties as it will 

affects the performances of solar cell application. The studies about the effect of ITO thin film thickness 

have been observed by other researchers [5],[6],[7]. ITO-Si contact has been used in solar cells. 

Basically, this contact layer is used to conduct electrical current to load to be stored for future utility. 

Moreover, ITO can be used as current spreading layers in order to decrease contact resistance and 

enhance carrier distribution. ITO thin film will be used to ease current conduction in the solar cells. The 

ITO performance is found to be more affected by the absorbance properties of the contact layers than 

their contact resistances [8]. Other than that, ITO has a low refractive index and has good adhesion with 

Si. It can also be used as an antireflection coating for window layer by selecting an appropriate 

thickness.  

Besides that, ITO is a great alternative to substitute metal with a n-type semiconductor and can be 

used as transparent conductive electrodes. The desired properties that are needed from ITO are high 

electrical conductivity and good optical transmission. This can allow potential barriers such as Schottky 

characteristics. Usually, a semiconductor such as Si is used as an active component in the Schottky 

diode. The differences in work functions of the electrode and the adjacent semiconductor layer 

determine the Schottky barrier properties at the electrode/semiconductor interface.  

In this study, a different thicknesses of ITO thin films were deposited onto the Si and glass substrates. 

These samples were characterized based on optical, electrical and topological properties. From the 

analysis of characterization samples, the optimum thickness of  ITO was determine based on the figure 

of merit. Figure of merit is important as it is use to investigate the dependency of ITO thin films 

thickness on the optical transmittance and sheet resistance. Using figure of merit, the performances for 

each thickness were compared based on optical transmittance and sheet resistance properties. 

2. Materials and Methods  

In this study, ITO thin film was deposited by DC sputtering system model Q150RS. By using two 

independent sputtering head sequentially with different deposition time, the ITO was sputtered onto the 

Si and glass substrates [6]. The films thicknesses were estimated using DC sputtering system without 

measuring the exact deposition time. The film nominal thicknesses are 100 nm, 200 nm, 300 nm, 400 

nm, 500 nm and 600 nm. The sputtering current was set at 80 mA and the base pressure was pumped 

by the chamber between 5 ×103 mbar to 3 × 103 mbar. The Si substrates were cleaned with ultrasonic 

cleaner in acetone solution, isopropyl, distilled water, and N2 blow before deposition. Meanwhile, the 

Decon-90 glass cleaner was used to clean the glass samples. Then, in a plasma cleaner, they were 

exposed to intense RF waves for 15 minutes. 

The characterization of ITO thin film begin with UV/Vis-NIR spectrophotometer (UV-3699 Plus) 

SHIMADZU spectrometer to determine the optical properties of ITO thin film. The wavelength range 
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used were 300-1500 nm. The electrical properties were analysed by using four-point probes [7]. 

Moreover, topological properties were studied by Bruker Dimension Edge atomic force  microscope 

(AFM) to determine the grain size and the roughness of ITO thin film [9].  

3. Results and Discussion  

3.1 Optical Properties of ITO Thin Films 

UV-Visible Spectrometry was used to identify the optical properties of ITO thin films. The optical 

properties are transmittance, absorbance, and bandgap. The optical transmittance of samples was 

measured in the wavelength range between 300 nm to 800 nm. From the optical transmittance spectra 

that were measured using UV-vis spectrometer, the graph of transmittance T (%) vs wavelength 𝜆 (nm) 

and graph of absorbance A (Au) vs wavelength 𝜆 (nm) were obtained. The graphs were constructed 

again in Origin lab software.  

Figure 1 shows the Transmittance T (%) vs Wavelength 𝜆 (nm) graph for difference thicknesses of 

ITO for 100 nm, 200 nm, 300 nm, 400 nm, 500 nm, and 600 nm. From wavelength range of 300-800 

nm, the transmittance graph seen to be independent with the ITO thicknesses in the visible region. ITO 

thin films have a properties of high transparency to the visible region. Therefore, the increase in 

transmittance with decrease in thicknesses of ITO thin films have been observed and also by other 

researcher[10].  The effect of grain size can be related to this phenomena. The grain size increases as 

the thin film thickness increases (see Figure 7), causing light scattering. 

  

Figure 1: Graph of transmittance T (%) with wavelength 𝝀 (nm) for various thicknesses of ITO 

The fluctuation on transmittance spectrum of  ITO thin film thicknesses for 600 nm and 500 nm are 

observed. This phenomenon called interferences fringes in transmission of thin films. The similar 

observation has been observed by other researcher[4].  

Figure 2 shows the plot of Absorbance A (Au) vs Wavelength 𝜆  (nm) graph for difference 

thicknesses of ITO thin films. The absorbance studies were carried out in the wavelength range of 300-

800 nm. The absorbance spectra of ITO films show the opposite trend of transmittance spectra. With 

increasing thickness, free carrier absorption that increases carrier concentration in thick film and leads 

to the absorption of more light causes the average transmittance decreases slightly.  

 The energy gap values were determine and plotted from the Tauc relation,  (𝛼ℎ𝜈)2 = ℎʋ –  𝐸𝑔  [9]. 

Moreover, absorbances are related to the bandgap. This is because the tangent of linear part of the plot 

of (𝛼ℎ𝑣) 2 vs hv (e.V) were used to calculate the values of bandgap for ITO thin films where 𝛼 is the 

absorption coefficient. Absorption coefficient is used as a function of photon energy which can be 
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expressed in Tauc relation. As shown in Table 1, the bandgap energy, Eg values obtained decreased 

from 3.58 eV to 3.14 eV with the increased thickness of ITO thin films. By increasing the thickness, 

the absorption coefficient increased and the band gap decreased. This studies also has been observed by 

other researchers  [9],[11].  

 

 

Figure 2: The plot of absorbance A (Au) with wavelength 𝝀 (nm) for various thicknesses of ITO thin 

films. 

 

Table 1: Bandgap values, Eg of ITO thin films. 

Thickness of ITO thin 

film (nm) 

100 200 300 400 500 600 

hv (eV) 3.58 3.50 3.31 3.28 3.24 3.14 
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3.2 Electrical Properties of ITO Thin Films 

 

Four-point probe was used to identify the electrical properties of ITO thin films. In this method, the 

electrical resistivity of thin films of ITO were measured for different thickness of thin films of ITO. We 

obtained values of resistivity,𝜌 for this experiment. Figure 3 shows Resistivity 𝜌 ×  10−4 (Ω ∙ cm) vs 

thickness of ITO thin film (nm) graph. It is observed that the resistivity decreased with the increasing 

of ITO film thickness. This observation also had been observed by other researchers [12],[6]. Resistivity 

seen to be related to grain size properties ( see Figure 7) . Different conductivity is mostly caused by 

grain boundary scattering. The charge carriers can be scattered by the grain boundary. As a result of 

increasing grain size while decreasing grain boundary, conductivity increased, resulting in decreased 

resistivity. 

 

 
 

Figure 3: Resistivity 𝝆 ×  𝟏𝟎−𝟒 (𝛀 ∙ 𝐜𝐦) obtained for different thicknesses of deposited ITO thin film 

(nm). 

 

Figure of merit, FH was used to compare the performance of ITO films using their electrical sheet 

resistance and optical transmission. The equation for figure of merit used was developed by Haacke 

[13].   

𝐹𝐻 =
𝑇10

𝑅𝑠
.                                      Eq 1 

 

where, T = optical transmittance and Rs = sheet resistance. Sheet resistance values were calculated by 

using an equation that was defined by[14] where, 𝜌 = resistivity and 𝑡 = thickness: 𝑅𝑠 =
𝜌

𝑡
. 

 

Because of its high transmittance and low sheet resistance, a thickness of 400 nm obtained is the 

highest figure of merit. In the meantime, a thickness of 100 nm yielded the lowest figure of merit. A 

high sheet resistance was responsible for this. These observations were also mentioned by [7]. 
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Figure 4: Values of Figure of merit, FOM for various thicknesses of ITO thin films (nm). 

 

3.3 Topological Properties of ITO Thin Films 

For topological properties of ITO thin films, we used AFM. We able to determine material properties 

from the AFM techniques such as RMS roughness and grain size. Figure 5 shows the 2D AFM images 

of ITO films with different thickness. ITO thin films surface show continuous island-like structures. 

When the thickness of thin films decreasing, the films exhibit tiny grain growth by some bigger grains. 

Therefore, the thin films have no uniform structure. However, by increasing the thickness of thin films, 

small grains combine which form bigger grains and a columnar structure is observed. The bigger grains 

provide for clusters and a dense and uniform structure. These observations had also been observed by 

other researchers [15].  

 

Figure 5: AFM 2D image of prepared ITO thin films of various thicknesses of ITO, a) 100 nm, b) 200 nm, c) 

300 nm, d) 400 nm, e) 500 nm, f) 600 nm. 

a) b) 

f) e) d) 

c) 
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Figure 6: RMS roughness (nm) of various thicknesses of ITO thin films. 

 

 
Figure 7: Mean grain size (nm) of various thicknesses of ITO thin films. 

 

The relationship between RMS roughness and grain size with ITO films thickness are shown in 

Figure 6 and Figure 7 The RMS roughness of ITO films is exponentially increase with the thickness of 

ITO films. Same as the mean grain size of ITO films is increasing with the thickness of ITO films. 

When the thicknesses of ITO thin films increase, less impact of the roughness due to the substrate and 

more uniform structure of the ITO thin films. These observations had also been observed by other 

researchers  [10], [15], [10] 

4. Conclusion  

In this study, the optical, electrical, and topological properties of ITO films were investigated as a 

function of the film thickness. For 400 nm film thickness, the transmittance value is 75 % and the 

bandgap energy value is 3.28 eV. Meanwhile, the resistivity value obtained from four-point probe for 

400 nm is 21.7 Ω ∙ cm . Moreover, the topological properties were observed from AFM images. The 

RMS roughness and mean grain size of ITO thin film for 400 nm are 0.402 nm and 76 nm respectively. 

Finally, figure of merit, FH was used to compare the performance of ITO films using their electrical 

sheet resistance and optical transmission. The highest figure of merit was obtained for a thickness of 
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400 nm due to its high transmittance and low sheet resistance. Therefore, from these analysis, it is found 

that the optimum thickness of ITO film is 400 nm with the values of 1.15 Ω−1.  
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