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ABSTRACT 
 
Nanostructured indium tin oxide (ITO) coating is one of the transparent conductive oxides (TCO) materials utilized as a transparent 
electrode. Due to its high demand in various applications like liquid crystal displays, touch screens, light emitting devices, and solar 
cells, ITO coatings have garnered significant research attention, owing to their excellent properties of high visible light transmittance 
and low resistance. Nanostructured coating of tin -doped Indium Oxide (ITO) was fabricated on glass slides utilizing the instrument of 
chemical spray pyrolysis (CSP), with varying levels of Sn-doping at 0, 3, 6, and 9 wt%. The effect of tin content on the many physical 
characteristics of the resulting coatings has been examined. The analysis of x-ray diffraction (XRD) displayed the characteristic In2O3 
orientations. The coatings have a polycrystalline cubic lattice structure along (400) as the preferred growth direction. Morphological 
measurements indicate that the samples possess a highly uniform surface and the grain size for the ITO samples is ≤ 100 nm displaying 
a nanostructure for all samples. The optical transmittance was measured over 75% for coating with tin content equal to 0wt%, while 
the transmittance of the Sn-doped films can range from 78% to 84% at 700 nm and the values of the direct bandgap (Eg) were 

measured as 3.6, 3.65, 3.675, and 3.7eV for Sn doping 0, 3, 6, and 9 wt% respectively. In the visible area, the nanostructured ITO 
coatings exhibit elevated values of transmittance which makes them suitable for various optoelectronic applications such as window 
materials in solar cells. The results indicate a desirable reduction in the electrical resistivity with rising the number of carriers per 
unit volume and mobility with increasing tin content in the samples. The minimum electrical resistivity (0.1459 Ω . cm) and maximum 
carrier concentration (2.128 × 1018 cm−3) were achieved for ITO coating with tin content equal to 9wt%. The incorporation of Sn 
dopant significantly changes the overall electrical properties of indium oxide films, this is favorable for transparent conducting oxide. 
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1. INTRODUCTION 
 

Transparent Conducting Oxide (TCO) coatings, which 
possess both transparency and conductivity, have sparked 
great interest in their potential applications in solar energy 
conversion, sensors, and various electrode uses. ITO coating 
is one of the transparent and conducting oxide substances 
that is commonly known for its n-type behavior. 
Nanostructured ITO coatings are utilized as a transparent 
electrode. Due to its high demand in various applications 
like liquid crystal displays, touch screens, light emitting 
devices, and solar cells, ITO coatings have garnered 
significant research attention, owing to their excellent 
properties of high visible light transmittance and low 
resistance. In the 𝐼𝑛2𝑂3 crystal lattice, tin acts as a positive 
ions impurities that occupy the substitute sites of indium to 
form a bond with interstitial oxygen. ITO is widely used in 
optoelectronic devices because it has high optical 
transmittance, low electrical resistivity, and broad bandgap 
(> 3.5𝑒𝑉). Applications of ITO include solar cells [1], visual 
display (LCD)[2], sensors of gases [3] and antireflection 
coatings [4]. Different techniques are used to fabricate ITO 
thin films, such as magnetron sputtering [5-7], sol-gel 
processes [8-10], thermal evaporation [11], pulsed laser  

 
 
 
deposition [12,13], chemical vapor deposition [14,15], and 
the spray pyrolysis technique [16-21].  
In 2016, Thirumoorthi and Prakash [22] used the 
instrument of jet nebulizer spray pyrolysis to produce ITO 
coatings with varying Sn content. The resulting films were 
found to exhibit n-type conductivity with low resistivity 
(3.9 × 10−4Ω. 𝑐𝑚) and high carrier concentrations (6.1 ×
1020𝑐𝑚−3), as confirmed by Hall effect measurements. The 
objective of this research is to investigate the impact of tin 
doping on the structural, morphological, optical, and 
electrical characteristics of nanostructured ITO coatings 
created by the instrument of chemical spray pyrolysis for 
use in optoelectronic implementations.  
 
2. PROCEDURE 
 

Nanostructured ITO coatings were fabricated using the 
instrument of CSP with varying Sn-doping on a glass 
substrate at a hot plate temperature of around 450℃, as 
illustrated in Figure 1. To obtain a homogeneous and clear 
solution, Indium Chloride InCl3 (purity of 98%, Thomas 
Baker, India), Stannic Chloride SnCl4.5H2O (purity of 99%, 
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Chemical Point, Germany), and 100 ml of distilled water 
were thoroughly added to form a solution of 0.05 
(𝑚𝑜𝑙𝑒 𝑙𝑖𝑡𝑒𝑟⁄ ), to which one or two drops of HCl acid was put 
to increase the solubility. Prior to deposition, the distilled 
water was used to wash the slides in an ultrasonic bath for 
(10-15) min, followed by cleaning the slides using an 
amount of alcohol and acetone solutions. An Air blower was 
used to dry the slides. X-ray Diffraction (XRD) technique 
was utilized to study the structural characteristics of 
nanostructured ITO Thin films, specifically the Shimadzu 
6000. An Instrument of SPM AA3000 Angstrom Advanced 
Inc. was utilized to study the topographic characteristics of 
nanostructured ITO thin films. A Spectrophotometer type 
(Shimadzu UV-1650 PC) was utilized to study the optical 
characteristics of nanostructured ITO thin films by 
analyzing the spectra of transmittance and the spectra of 
absorbance as a wavelength difference from 300 to 900nm. 

 

Figure 1 Instrument of CSP. 

 
3. RESULTS AND DISCUSSION 

3.1 Structural characteristics 
 

The X-ray diffraction technique was used to determine the 
crystal structure of deposited nanostructured ITO thin 
films. The films were deposited onto a glass substrate at a 
temperature of (450 ℃) with varying levels of Sn doping, 
and the resulting XRD patterns were recorded in the range 
of (15-70) degrees 2θ. All diffractograms displayed the 
characteristic 𝐼𝑛2𝑂3 orientations, and the observed d-
values were compared to standard values from the JCPDS 
(card 06-0416 𝐼𝑛2𝑂3,cubic). The matching of the observed 
and standard d-values confirmed that the films had a 
polycrystalline cubic structure. The X-ray diffraction 
spectra showed that all ITO films with different Sn doping 
levels had a preferred orientation of (400), with the (222) 
peak being the strongest in all the films. Other peaks, such 
as (211), (431), (440), and (622), were also detected but 
with lower intensities. Figure 1 depicts the XRD patterns of 
spray-deposited ITO thin films with different Sn doping 
levels of 0, 3, 6, and 9 wt%. The intensity of the (222) peak 
increased with increasing tin content, while the intensity of 
the (400) peak decreased. This decrease in (400) peak 
intensity may be due to a change in growth rate, which 
results in thinner ITO films. Table 1 lists the structural 
characteristics of nanostructured ITO thin films for 

different Sn-doping corresponding to the (400) as preferred 
peak orientation. 

 
Figure 2. X-ray diffraction peaks of nanostructured ITO coatings 

as a function of tin content. 

Lattice distance (a) of nanostructured ITO coatings was 
calculated using the inter planer spacing (d) for (400) peak 
as preferred growth orientation using the following 
equation: 

𝑑 =
𝑎

√ℎ2+𝑘2+𝑙2
                                                          (1) 

Furthermore, the Debye - Scherrer formula [23] was used to 
calculate crystallite size: 

𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑡𝑒 𝑠𝑖𝑧𝑒 (𝐷) =
0.9 ×  𝜆

𝛽 × 𝑐𝑜𝑠𝜃
                          (2) 

The amount of defects in the nanostructured ITO crystal can 
be represented by dislocation density (δ) is calculated using 
the following equation [24]: 

𝛿 =
1

𝐷2                                                                        (3) 

The stretching or compression in the nanostructured ITO 
crystal lattice leads to the deviation in the distance between 
the atoms from the standard value and is represented by  
the strain which is calculated using the following 
equation[24]: 

𝜀° =
𝛽 𝐶𝑂𝑆𝜃

4
                                                                (4) 

The Texture coefficient (TC) of nanostructured ITO coatings 
describe the preferred growth orientation is calculated 
using the following equation [25]: 

𝑇𝑐(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

𝑁𝑟
−1 ∑𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

                                  (5) 
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Table 1 Structural characteristics of nanostructured ITO coatings 

 

Sn-doping wt% 0 3 6 9 

Interplaner spacing 

𝒅 (Å) 
2.534 2.536 2.538 2.535 

𝟐𝜽 (𝐝𝐞𝐠) 35.39 35.36 35.32 35.36 

𝑭𝑾𝑯𝑴 (𝐝𝐞𝐠) 0.354 0.366 0.347 0.351 

Crystallite size (nm) 23.5 22.7 23.9 23.7 

Dislocation density 

𝜹 (𝒍𝒊𝒏𝒆 𝒎𝟐⁄ ) × 𝟏𝟎𝟏𝟓 
1.81 1.94 1.75 1.78 

Strain 𝜺𝟎 × 𝟏𝟎−𝟑 1.47 1.52 1.44 1.46 

Lattice parameter 

𝒂 (Å) 
10.13 10.14 10.15 10.14 

Texture coefficient 
(𝑻𝑪) 

2.1730 1.6736 1.7304 1.3328 

 
3.2 Topography characteristics 

Figure 3 illustrates three-dimensional atomic force 
microscopy (AFM) images of nanostructured ITO samples 
with varying levels of tin doping. Table 2 demonstrates that 
increasing the tin doping causes variations in the AFM 
parameters. As the tin content rises, the root mean square 
(RMS) roughness of the nanostructured ITO thin films 
increases from 2 to 3.56 nm due to a rise in vacancy defects 
and the rearrangement of atoms. Morphological 
measurements indicate that the samples possess a highly 
uniform surface. The size of grains (D) for the 
nanostructured ITO thin films are 77, 95, 96, and 100 nm for 
tin doping of 0, 3, 6, and 9 wt%, in the same order, displaying 
a nanostructure for all samples. The AFM study reveals a 
strong dependence between the grain size, surface 
roughness, and the concentration of tin doping in the ITO 
samples. 

 
Figure 3 3Dimenssions-images of nanostructured ITO coatings as 

a function of tin content. 

Figure 4 shows the grain size distribution of ITO coatings 
fabricated on glass slides by the instrument of CSP under 
ambient atmosphere at a temperature of 450℃ . It can be 
observed from these figures that the addition of tin atoms 
as a dopant in the films leads to a more homogeneous 
distribution of the grains. The homogeneity of grain size 
distribution reaches its highest level when the Sn doping 
concentration is 9wt%. In other words, the granularity 

distribution of ITO grains becomes increasingly 
homogeneous, when the tin content in the ITO coatings 
rises. 
 

Table 2 Topographic characteristics of  nanostructured ITO 
coatings for different Sn-doping. 

Sn – Doping 
wt% 

RMS 
roughness 

(nm) 

Size of grains 
(nm) 

0 2 77 

3 2.3 95 

6 2.7 96 

9 3.5 100 

 

 
Figure 4 Granularity distribution of nanostructured ITO coatings 

as a function of tin content. 

 
3.3 Optical characteristics 

Figure 5 displays the transmittance of nanostructured ITO 
coatings prepared at various doping concentrations, which 
were examined at (27 ℃), as a function of wavelength. The 
absorption edge of nanostructured ITO coatings lies in the 
ultraviolet region with high optical transparency found for 
high values of wavelength range. The transmittance of 
nanostructured ITO coatings, as shown in figure 5, increases 
with increasing the value of tin content in the coatings due 
to improvements in the crystalline structure. It was 
observed that the minimum value of optical transmittance 
measured at room temperature for tin content equal to 0 
wt% is over 75%, while the transmittance of the Sn-doped 
films can range from 78% to 84% at a wavelength equal to 
700nm. These findings can be attributed to the decrease in 
coatings layer thickness which leads to a decrease in the 
amount of light that scatters from the nanostructured ITO 
coatings. 

The introduction of doping led to the gradual crystallization 
of the nanostructured ITO thin films, resulting in improved 
carrier density and mobility. As a result, surface resistance 
was reduced. The increased carrier density also led to a 
decrease in the presence of black indium oxide molecules, 
thereby enhancing the light transmission in the wavelength 
ranging from (400-700) nm. Figure 6 illustrates the 
absorption coefficient of the nanostructured ITO coatings, 
showing a decrease in absorption coefficient with 
increasing Sn doping. 
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Figure 5 UV-VIS transmittance spectra of nanostructured ITO 

coatings as a function of tin content. 

 
Figure 6 Absorption Coefficient of nanostructured ITO coatings 

as a function of tin content. 

The optical bandgap energy (𝐸𝑔) of nanostructured ITO 

coatings can be calculated using the equation [26]: 

Αℎ𝛾 = Α(ℎ𝛾 − 𝐸𝑔)𝑥                                               (7) 

For pure and doped films at 3, 6, and 9wt%, the values of the 
direct bandgap were measured as 3.6, 3.65, 3.675, and 
3.7eV, in the same order. Figure 7 illustrates that the energy 
bandgap of the nanostructured ITO coatings increases with 
higher tin content, which is consistent with previous 
research [22].  

 
Figure 7 energy bandgap of nanostructured ITO coatings as a 

function of tin content. 

The absorption edge is shifted towards higher frequencies 
due to the increase of energy bandgap of nanostructured 
ITO coatings as depicted in Figure 5. From the introduction 
of the Burstein-Moss formula, the shift of the Fermi level 
towards the conduction band causes the larger of the energy 
bandgap, subsequently increasing the number of carriers 
per unit volume. The shift of absorption edge towards the 
high frequencies leads to the increase of the size of grains in 
nanostructured ITO thin films, which is consistent with the 
research [27]. 

3.4 Electrical characteristics 

Figures (8 – 10) illustrate the electrical parameters of 
nanostructured ITO coatings that were prepared with 
varying Sn doping. The results indicate a desirable decrease 
in resistivity and an increase in carrier concentration and 
mobility with increasing Sn doping, This is favorable for the 
materials that have high conductivity and high 
transparency. The findings indicate that the prepared ITO 
coatings possess highly degenerate n-type conductivity. The 
increase in carrier concentration is attributed to the valence 
difference between 𝑆𝑛4+ and 𝐼𝑛3+ ions, resulting in the 
generation of an extra free carrier per atomic substitution 
and leading to a decrease in resistivity. The incorporation of 
Sn dopant significantly changes the overall electrical 
properties of indium oxide films. The minimum electrical 
resistivity (0.1459 Ω . 𝑐𝑚) and maximum carrier 
concentration (2.128 × 1018 𝑐𝑚−3) were achieved for tin 
content equal to 9wt%, which is consistent with previous 
literatures [22, 28]. The mobility of nanostructured ITO 
coatings increases with increasing tin content is explained 
by the decrease of grain boundary scattering, and the 
movement of electrons of the ultrathin coating is entirely 
related to the nanostructure and doping concentration. 

 
Figure 8 The Resistivity of nanostructured ITO coatings as a 

function of tin content. 
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Figure 9 Carrier concentration of nanostructured ITO coatings as 

a function of tin content. 
 

 
Figure 10 Mobility of nanostructured ITO coatings as a function 

of tin content. 

 
4. CONCLUSIONS 

Successful preparation of nanostructured ITO coatings with 
varying levels of tin content on glass slides was achieved by 
utilizing the instrument of CSP. The effects of tin content on 
the crystal structure, morphological, optical, and electrical 
characteristics of the ITO coatings were demonstrated. 
Raising the Sn doping in this study holds significance in 
enhancing the activity of nanostructured ITO coatings in 
optoelectronic instruments when utilized as electrodes that 
exhibit both transparency and conductivity. This 
improvement is achieved by increasing the size of grains 
and the transmittance of nanostructured ITO thin films in 
the visible area, thereby enhancing the electrical 
conductivity. ITO coatings exhibit a nanostructure, and with 
the increase in tin content, the grain size of the 
nanostructured ITO coatings also increases. Notably, in the 
visible area, the nanostructured ITO coatings exhibit 
elevated values of transmittance which makes them 
suitable for various optoelectronic applications such as 
window materials in solar cells. Additionally, the increase in 
tin content results in higher grossness, improved 
transmittance, and increased values of the energy bandgap 
for the samples. The incorporation of Sn dopant 
significantly changes the overall electrical properties of 
indium oxide films, this is favorable for transparent 

conducting oxide. This research illustrated that the optical 
transmittance and electrical conductivity of nanostructured 
ITO coatings are highly affected by the tin doping processes, 
this in turn, leads to improve optical and electrical 
properties of nanostructured ITO coatings in optoelectronic 
applications such as solar cells, touch screens and liquid 
crystal displays. 
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