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ABSTRACT: This study investigates the effect of varying SnO₂ percentages 

on the structural properties of TiO₂ thin films. The bare and doped samples 

were prepared using the spray pyrolysis technique (SPT) by deploying TiO₂ 

as a precursor. The crystal structural parameters were investigated using X-

ray diffraction (XRD), and it was found that the bare sample exhibited a 

permanent anatase phase of TiO₂. However, this phase transformed into the 

rutile phase upon doping with 9% SnO₂. Furthermore, the rutile phase 

intensity decreased when the prepared thin film was annealed at 250°C for 90 

minutes. UV-vis spectroscopy was used to investigate the effect of SnO₂ 

doping on the optical properties of TiO₂. The results revealed that doping with 

SnO₂ significantly decreased the transmittance of the TiO₂ thin film. On the 

other hand, the absorbance value of the TiO₂ thin film increased to the highest 
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value with the doping of 9 at.% of SnO₂. In conclusion, the results of structural 

changes and optical properties depicted the effectiveness of SnO₂. 

 
KEYWORDS: Thermal chemical spraying technique, TiO₂ membranes, 

structural properties. 

 

1.0 INTRODUCTION 
 

Recent advancements in various applications, such as light-emitting 
diodes, supercapacitors, gas sensors, anti-reflective coatings, optical 
waveguides, optoelectronics, photonic crystals, and semiconductor-
based devices, have highlighted the potential of transition conducting 
oxide (TCO) thin films [1, 2]. Among these oxides, titanium dioxide 
(TiO2) stands out due to its exceptional physical and chemical 
properties, including high transmittance (~80%), wide bandgap, high 
refractive index, and excellent thermal and chemical stability [3, 4]. 
These are the three phases of crystallization for TiO2: rutile, tetragonal 
anatase, and orthorhombic brookite [5, 6]. Among these three, the 
anatase phase is most commonly used due to its effective mass, 
reasonable cost, and stability against hydrogen plasma atmospheres in 
the production of solar cells [7]. Therefore, several research studies 
have focused on utilizing the solar spectrum by TiO2 to optimize its 
microstructural and optical properties for various environmental 
applications. The anatase modification of TiO2 is an outstanding 
material due to its unique chemical, optical, electrical, and electronic 
properties [8]. The ability to absorb UV radiation enhances the chemical 
stability and mechanical strength of this material. These features enable 
TiO2 to serve a wide range of applications across various areas. 
 
Most importantly, TiO2 has high photocatalytic activity in the anatase 
phase, which helps reduce environmental pollution through 
photocatalysis [9, 10]. Thin TiO₂ films are also used as photoelectrodes 
in waveguiding applications and for gas sensing. The TiO₂ layers 
exhibit excellent surface reactions that either facilitate the reduction or 
oxidation of gases, thereby influencing the conduction properties of the 
membranes [11]. Various techniques have been employed to deposit 
thin films with desired characteristics [12], such as magnetron 
sputtering [13], pulsed laser deposition [14, 15], spray pyrolysis [16, 17], 
sol-gel methods [18], and the chemical bath deposition (CBD) 
technique [19, 20]. The Spray Pyrolysis technique (SPT) method 
primarily involves the chemical decomposition of compounds to form 



Journal of Advanced Manufacturing Technology (JAMT) 

 

ISSN: 1985-3157    e-ISSN: 2289-8107   Vol. 20   No. 2   May – August 2026              25 

stable material precipitates [21]. In this process, thin films are deposited 
on heated substrates through a gaseous flow that atomizes the solution 
via capillary tubes of the spraying device [22]. The reactants are 
chemical entities in which the unwanted material vaporizes at the 
temperature corresponding to sedimentation. SPT is particularly 
suitable for creating thin films from ceramic materials, powders, and 
their oxides, offering benefits such as simplicity, cost-effectiveness, 
ease of adding materials in varying proportions, high growth rates, and 
the capability to produce uniform coatings over large areas [23]. 
Introducing suitable impurities to modulate the doping of wide-band-
gap TiO2 can significantly alter its electrical, optical, and structural 
properties. Prior research has documented the impact of transition 
metals, such as Zn, Mn, Fe, Ni, Er, and Co, on TiO2 thin films, with a 
focus on controlling these various properties. Patil et al. [24] deposited 
Ni-doped, spray-pyrolyzed nanostructured TiO2 thin films and found 
that the presence of Ni significantly influenced the surface properties 
of these films.  
 
On the other hand, Zn was also chosen as the dopant element for the 
parent sample. The selection of Zn is based on several factors: the ionic 
radius of Zn (0.60 Å) closely matches that of Ti (0.68 Å) [25], which 
suggests that Zn2+ can integrate into the TiO2 lattice or occupy 
interstitial sites without compromising the crystal structure, thus 
stabilizing the anatase phase [26]. Arunachalam et al. [27] observed that 
the presence of the transition metal zinc notably influenced the 
crystallite size of titanium dioxide (TiO2), reducing from 17.092 nm to 
4.955 nm. The band gap energy reduction, from 3.45 eV to 3.38 eV, was 
reported by Naffouti et al. [23], who doped TiO2 thin films previously 
deposited by the SPD technique with manganese. Despite these 
advances, a comprehensive understanding of the specific structural 
and optical effects induced by tin oxide (SnO2) doping in TiO2 thin 
films remains elusive. While the potential benefits of doping are 
recognized, the intricate interplay between SnO2 concentration and 
subsequent thermal annealing treatments on the crystallographic 
phase evolution (particularly the critical anatase-to-rutile 
transformation) and the resultant optical response (transmittance and 
absorbance across relevant spectral ranges) warrants further systematic 
investigation. Elucidating these relationships is crucial for achieving 
precise control over material properties, thereby enabling the rational 
design and optimization of SnO2-doped TiO2 thin films for advanced 
functional applications. 
 
Therefore, this research endeavours to address this specific knowledge 
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deficit. We systematically investigate the influence of varying SnO2 
concentrations (0.0, 0.09, 0.9, and 9 at.%) and post-deposition annealing 
on the definitive crystalline structural parameters—including phase 
constitution, lattice constants, crystallite size, microstrain, dislocation 
density, and unit cell volume—as well as the fundamental optical 
properties of TiO2 thin films synthesized via the Spray Pyrolysis 
Technique. The objective is to provide crucial insights into how SnO2 
doping, coupled with thermal treatment, can be strategically employed 
to tailor the functional characteristics of TiO2 thin films. 
 

2.0  EXPERIMENTAL DETAILS 

2.1  Materials  
 

Titanium butoxide [Ti(OCH2CH2CH2CH3)4], with a concentration of 0.1 
M, was the preliminary solution used to produce the pure TiO2 thin 
film. The spray pyrolysis system used ferric chloride as the raw dopant 
chemical in the starting solution to obtain the SnO2-doped products. A 
small amount of hydrochloric acid (approximately 10 mL) was added 
to both solutions to achieve consistency. Accordingly, the spray 
solution contained SnO₂ concentrations of 0.0, 0.09, 0.9, and 9 at.%. The 
different doping ratios were obtained according to the models 
illustrated in Table 1. Deionized water was used in all cases in the 
current research. 

 
Table 1: Details of the TiO2 doping percentage 

Doping 
molar ratio 

SnO₂ Solution TiO₂ Solution 
Sample 

No. Concentration 
mol/L (10⁻⁴) 

Volume 
c.c 

Concentration 
mol/L 

Volume 
c.c 

Pure ……. …… 0.12515 10 1 

1:0009 1.12275 90 0.12515 10 2 

1:009 11.2275 90 0.12515 10 3 

1:09 112.275 90 0.12515 10 4 

 
 

2.2 Synthesis of TiO2 thin films 

 
 In thermal chemical spraying pyrolysis techniques, the material to 
be deposited as a liquid is placed inside a solution cylinder. The 
powder of TiO₂ with a purity of 97.0% was purchased from Sigma-
Aldrich, and SnO2 powder with a purity of 99.9% was purchased from 
SkySpring Nanomaterials, Inc. The TiO₂ powder was dissolved in 10 
mL of concentrated hydrochloric acid, mixed using a magnetic stirrer, 
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and heated at 50°C for 1 hour. As a result, the transparent solution was 
diluted with distilled water to obtain a stock solution. For SnO₂ doping, 
the powder was dissolved in 10 mL of concentrated hydrochloric acid 
for 15 minutes. The resulting solution was diluted with distilled water.  
 
The sedimentation rate was 2.25 ml/min, and the normal distance 
between the spray nozzle and the glass substrate was 30-33 cm. The 
spraying time was 30 seconds, with an interval of 60 seconds. A closed 
or open reactor is then used, and gases are passed over it for reaction 
or carried as a spray to move through the reactor. The substance is then 
deposited from the vapor phase onto heated substrates. The system 
used to prepare the films consists of the following parts, as shown in 
Figure 1. The head of the spraying unit consists of a glass capillary tube 
connected at the upper end to a solution cylinder via a glass valve and 
at the lower end to a gradually reduced diameter, forming the spray 
nozzle, surrounded by a spherical glass capillary connected to an air 
pressure pump.  
 
Air is compressed through a network of pipes inside the drying 
furnace. This step aims to prevent the shattering of glass substrates due 
to thermal shock. The glass substrate heater primarily consists of a 
resistive thermal wire covered by a stainless-steel plate, on which the 
substrates are placed. The temperature is measured using a 
thermocouple, which is connected to a digital controller. The coating 
was applied to glass strips (75 × 25 × 1 mm³). The temperature of the 
glass substrates was maintained at 450°C to achieve a thin layer with a 
thickness of approximately 0.12 μm. After deposition, the pure TiO₂ 
and doped TiO₂ with 9% SnO₂ were subjected to annealing in air at 
250°C and 450°C for 90 minutes. This annealing process was conducted 
to investigate and reflect the impact of thermal treatment on the optical 
properties of the TiO₂ thin film. 
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Figure 1: Experimental setup of the spray pyrolysis technique. 

 
The hydrolysis of metal alkoxides has been followed by the formation 
of particles of metal oxide (TiO2). To produce a thin layer of TiO2, the 
following reaction can occur on a heated substrate: Ti (IV)-butoxide as 
a precursor and water as a reactant. Hydrolysis of Titanium Alkoxide 
[28]: 
 

Ti[OCH(CH₃)₂]₄ + 4H₂O → Ti(OH)₄ + 4C₃H₇OH (1) 
 
Hydrolysis of Tin(IV) Chloride: 
 

SnCl₄ + 4H₂O → Sn(OH)₄ + 4HCl (2) 
 
The possible chemical reactions during forming of SnO2-doped TiO2 
thin films, possibly with Sn⁴⁺ ions incorporated into the TiO₂ lattice, are 
given as:  

Ti(OH)₄ + Sn(OH)₄ → TiO₂ ⋅ SnO₂ + 4H₂O (3) 
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2.3 Thin film characterization techniques 

 
Pure TiO2 and doped thin films were used to examine structural and 
optical properties using various instrumental techniques. The 
crystallinity and phase identification analysis were performed using a 
Shimadzu-6000 X-ray diffractometer equipped with a nickel filter, 
employing monochromatic CuKα radiation at 40 kV and 30 mA to 
determine the crystal structure of the films. The films were scanned at 
2° per minute, with a scanning range of 20 ° to 60 °. Based on the XRD 
results, the crystal structure parameters were examined by calculating 
the lattice constants a and c, crystal volume D, dislocation density δ, 
internal strains ɛ, unit cell volume (V), and thin film density (ζcaI). The 
relationship calculates the lattice constants for the produced thin films 
[27]:  

1

𝑑2 =  
(ℎ2+𝑘2)

𝑎2 +
𝐼2

𝑐2    (4) 

 
Where d is the distance between adjacent planes in the group, (h, k, l) 
are Miller's indices, and a and c are the lattice parameters (in a 
tetragonal system). The crystal size is calculated from the Debye-
Scherrer formula [29, 30]:  

𝐷 =  
𝑘.𝜆

𝛽.𝑐𝑜𝑠𝜃
     (5) 

 
In the above equation, K is the Scherrer constant equal to 0.94, λ is the 
wavelength, β is the full width at half maximum (FWHM), and θ is the 
Bragg angle. The dislocation density (δ) of the crystal volume (D) can 
be calculated by the relationship [31]: 

𝛿 =  
1

𝐷2     (6) 

The microstrain (ε) of the prepared pure and doped TiO2: SnO2 thin 
films can be calculated based on the Williamson-Hall technique using 
the following equation [32]: 

𝜀 =
𝛽

4×𝑡𝑎𝑛𝜃
 (7) 

Where β is the full width at half maximum, and θ is the Bragg angle. 
The unit cell volume and density for a crystal structure of the bare and 
doped TiO2 thin films can be calculated using the following formula:  

𝑉 = 𝑎2 ⋅ 𝑐 

𝜁𝑐𝑎𝐼 =  
(𝑀𝑊 ×𝑍 × 1.66)

𝑉
  (8) 
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Based on the above relations, Mw is the molecular weight (mol/ց), Z is 
the number of formula units per unit cell, and 1.66 is a conversion 
factor. Using a PerkinElmer (Lambda-950) UV-visible-near infrared 
spectrometer with an integrating sphere, the optical properties were 
determined using UV-visible spectroscopy ranging from 100 to 1200 
nm. 

 

3.0 RESULTS AND DISCUSSION 

 

3.1 Microstructural investigations 

 
Figure 2 displays the XRD patterns of pure and doped Ti O2 thin film 
samples with 9 at.% SnO2 with and without annealing. The Results 
revealed that the XRD peaks confirmed the anatase phase of a 
tetragonal crystal arrangement in the pure sample, having a space 
group of I41/amd (JCPDS 21–1272) (Weng et al., 2005). A high-intensity 
peak indicates good crystallinity of the TiO2 nanoparticles. It was 
found that the anatase phase transformed to the rutile phase after 
adding SnO2; however, the intensity of this phase decreased after the 
annealing treatment. A comparative analysis in Table 2 reveals the 
standard and synthesized TiO₂, showing subtle but significant 
differences in lattice parameters, unit cell volume, and density, which 
can profoundly influence the material's properties. Both the standard 
TiO₂ and the TiO₂ from the present study exhibit a tetragonal crystal 
structure characteristic of the anatase phase of TiO₂. However, a closer 
examination of the lattice parameters reveals a slight reduction in the 
present study's values of (a) and (c).  
 
Specifically, the lattice parameter (a) decreases from 3.7852 Å in the 
standard TiO₂ to 3.77816 Å in the synthesized sample, while the lattice 
parameter (c) decreases from 9.5139 Å to 9.44128 Å. Consequently, the 
unit cell volume (V) also reduces from 136.31 Å³ to 134.769 Å³. 
Therefore, the contraction of the unit cell dimensions suggests that the 
TiO₂ analyzed here might be under compressive strain or that changes 
in synthesis conditions at some purity level affected the crystal 
structure. The lattice parameter and unit cell volume would thus 
correspond to changes in density. The density (ζcal) of the TiO₂ thin 
film in the present study is calculated to be 3.921037 g/cm³, which is 
slightly higher than the standard density of TiO₂, 3.892 g/cm³. This 
increase in density could indicate a more compact atomic arrangement 
within the unit cell or a reduction in porosity, leading to a denser 
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material. The higher density is consistent with the observed decrease 
in lattice parameters, as the atoms in the unit cell are more closely 
packed.  

 
Figure 2. XRD spectra of bare and SnO2-doped, and annealed TiO2 thin films. 

 

Table 2: Comparison of structural parameters of the TiO2 standard and the 

current study.   

TiO₂ Standard TiO₂ Present Study 

(hkl) I/Iᴏ dA° θ2 l/lᴏ dA° θ2 NO. 

101 100 3.5200 25.281 100 3.51737 25.3005 1 

004 20 2.3780 37.800 24 2.36032 38.0953 2 

200 35 1.8920 48.049 12 1.88908 48.1291 3 

105 20 1.6999 53.890 8 1.71239 53.4667 4 

211 20 1.6665 55.060 8 1.66304 55.1861 5 
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System: Tetragonal 
a = 3.7852 A° 
c= 9.5139 A° 

Vо= 136.31 A ° 
z= 4β 

Mw= 79.9 
 ζcaI= 3.892   g/cc 

 

System: Tetragonal 
a= 3.77816 A° 
c= 9.44128 A° 

Vᴏ= 134.769 A° 
z= 4β 

Mw= 79.9 
ζcaI= 3.921037 g/cc 

 

 

 
Table 3 shows the key parameters observed, including density (ζcaI), 
crystallite size (δ), strain (ɛ), and dislocation density (D), to declare the 
effect of annealing and doping on the crystal of the TiO2 thin film. 
Firstly, the density of TiO₂ increases significantly to 4.19906 g/cc when 
doped with 9 at.% SnO₂. This increase suggests that incorporating SnO₂ 
into the TiO₂ matrix results in a denser or more compact structure. 
When TiO₂ is annealed without doping, the density slightly increases 
to 3.9366 g/cc, suggesting that annealing alone also contributes to a 
denser material, possibly by reducing defects or porosity. However, in 
the case of the doped and annealed TiO₂, the density slightly decreases 
to 4.17403 g/cc compared to the non-annealed doped sample, implying 
that annealing may slightly counterbalance the densifying effect of 
doping, potentially due to changes in the microstructure that reduce 
overall material compactness. Encompassing dopants can lead to 
structural changes in TiO2, affecting crystallization density. The 
crystallite size (δ) with the doping of SnO₂ reduces this size to 0.24 x 
10¯⁴ A°¯², indicating that the presence of SnO₂ leads to a refinement of 
the crystal grains. 
 
Annealing the pure TiO₂ further reduces the crystallite size to 0.158 × 
10¯⁴ A°¯², indicating that the heat treatment process promotes the 
formation of smaller, more uniform grains. The smallest crystallite size, 
0.097 x 10¯⁴ A°¯², is observed in the annealed and doped TiO₂. This 
implies that simultaneous doping and annealing lead to the formation 
of an intended crystal structure, which, in turn, enhances the 
mechanical and optical properties of the material, as a larger number 
of grain boundaries will now be involved. Xue et al. (2020) quantified 
that high-level molybdenum doping caused lattice distortion, acting as 
a barrier to grain growth and suppressing the anatase-to-rutile phase 
transformation [33]. This is very important since the phase composition 
of TiO2 plays a critical role in its photocatalytic performance. Doping 
processes result in structural defects that may hinder crystallization. In 
the process of doping with nitrogen, for instance, the nitrogen atoms 
are accommodated within the matrix. Such a process leads to lower 
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crystallinity and higher amorphous phases within the TiO2 structure 
[34, 35].  
 
As doped materials may have the propensity to affect crystallization 
density, determining possible changes in thermal stability is also 
essential. According to their study, Kumaravel et al. (2021) introduced 
tantalum doping, which demonstrates that TiO2 is more thermally 
stable while simultaneously reducing the average crystallite size [36]. 
Thus, doping concentration, crystallization density, and thermal 
property have established a multidimensional relationship. It is also of 
significant interest to many applications that require high thermal 
stability, including solar cell-related technologies. Besides, aluminum 
tends to change the crystalline structure and surface roughness of TiO2 
during doping. Changes in crystallization density are related to higher 
surface roughness values [37, 38]. This implies that aluminum can also 
act bimodally, allowing structural and electronic properties to change 
and endowing new functionalities on TiO2. 
 

Table 3: Variation of density (ζcaI), the crystallite size (δ), strain (ɛ), and 

dislocation density (D) of pure, doped, and annealed TiO2 thin films. 
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Pure TiO₂ doped with 9 at.% SnO₂ results in a further decrease in 
microstrain, down to 2.076 x 10¯⁴, while doping relaxes part of the 
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internal stress in the host material. On the other hand, annealing 
treatment on pure TiO₂ reduced strain to 1.682 x 10¯⁴, suggesting that 
thermal treatment relaxed the crystalline structure by releasing part of 
the stress. The least strain recorded, 1.349 x 10¯⁴, was caused by the 
combined effect of doping and annealing. This observation indicates 
that when doping is applied successively, followed by annealing, 
maximum relaxation occurs within the crystal lattice, making the 
material more stable and less mechanically stressed. The incorporation 
of non-metal dopants, such as nitrogen, has been widely studied. In 
this respect, it has been reported that the incorporation of nitrogen into 
TiO₂ reduces its bandgap, hence increasing its absorbance within the 
visible light spectrum. The electronic structure may also influence 
microstrain, as the incorporation of nitrogen can lead to changes in 
interplanar spacing, which consequently affect the overall crystallinity 
of the films. Other defects can also be induced, particularly during the 
crystallization process, which, in turn, promotes further micro-strain 
and, hence, negatively affects the film's mechanical stability. Gd doping 
of TiO₂ established that micro-strain was d-level dependent and could 
be minimized under proper doping conditions, resulting in improved 
structural properties without excess strain that could lead to potential 
delamination or cracking. Similarly, at higher dopant concentrations, 
the dislocation densities and microstrain of the TiO₂ thin films are said 
to compromise their structural stability. For pure TiO₂, a dislocation 
density that was increasing to 204.106 A° with doping population did 
not show any plateau, suggesting that either doping introduces new 
dislocations or amplifies the existing ones, which perhaps contributes 
to the overall strengthening. Further annealing of pure TiO₂ increased 
the dislocation density to 251.547 A°, indicating that the annealing 
procedure provides strain relief, but possibly introduces additional 
dislocations. The most considerable amount, 320.749 A°, was observed 
for the sample that underwent simultaneous annealing and doping. 
That may indicate that such combined processes lead to a greater 
breakage of the crystal structure, thereby hardening it with increased 
brittleness. Eskalen and Kerli (2020) demonstrated that Gd doping 
alters the optical bandgap while enhancing pollutant photocatalytic 
degradation, which may be related to changes in dislocation density 
[39]. The structural characterization of the films revealed differences in 
crystallite size and microstrains in the doped samples, which are 
attributed to the origin of dislocation density. Doping concentration 
has a complex relationship with dislocation density, as high doping 
levels can increase lattice distortion, leading to a higher dislocation 
density. 
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The influence of nitrogen (N) doping on the properties of TiO₂ thin 
films has been extensively studied. It was reported that N-doping 
enhanced visible light absorption and photocatalytic activity, which 
were linked to changes in the thin film's dislocation density [40]. 
Therefore, integrating nitrogen into the TiO₂ lattice may introduce 
additional defects, increasing dislocation density and affecting the 
overall structural properties of the thin films. 

 

3.2 Optical properties  

 
Figure 3 shows the optical transmittance properties for SnO₂-doped 
and bare TiO₂ thin films at different SnO₂ doping concentrations. Pure 
TiO₂ is transparent; in fact, it exhibits high transmittance throughout 
the visible and near-infrared regions, approximately within the 
wavelength range of 400 nm to 1100 nm, with transmittance values 
above 60%. The TiO₂ thin film typically exhibits a high level of 
transparency, making it a suitable material for applications that require 
transparent or clear substances. SnO₂ doping into the TiO₂ matrix 
significantly influences their transmittance in a concentration-
dependent manner.  
 
The orange curve represents the sample with 0.09% SnO₂ doping, 
showing that the light transmittance in the visible and NIR regions 
decreases slightly compared to that of pure TiO₂. That is, doping affects 
the material's optical transparency in small percentages, likely due to 
the addition of extra scattering centers or absorption processes 
associated with the SnO₂ dopant. A drastic decrease in transmittance 
occurs at a 0.9% SnO₂ concentration. The test sample exhibits relatively 
poor transmittance across the spectrum, characterized by significant 
loss in the visible region. The reduction in transparency is likely due to 
the increased concentration of SnO₂, which likely creates more 
scattering centers or enhances absorption, thereby reducing the 
amount of light that can be transmitted through the material.  
 
This is most pronounced in the sample doped with 9% SnO₂; however, 
the transmittance is considerably lowered across the measured 
wavelength range and even falls below 20% in both the visible and NIR 
regions. A significant decrease in transparency across this range 
indicates that the high addition of SnO₂ results in a highly 
nontransparent material. The addition of SnO2 to TiO2 thin films has 
been found to affect the properties relating to transmittance. The 
reduction of the energy band gap of TiO2, upon incorporating SnO2, 
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has been observed in TiO2, which involves the optical transmittance. 
This is associated with the presence of intermediate energy states 
between the band gaps, which facilitate electron transitions, and thus, 
changes such as material absorption occur [41-43]. These results 
confirm that the optical bandgap of the composite material decreases 
from ~3.64 eV to ~3.57 eV by increasing the SnO2 concentration, thereby 
causing a significant increase in absorbance at specific wavelengths in 
the primarily ultraviolet regions of the spectrum [44]. 
Additionally, the optical properties of modifying SnO2 thin films by 
doping with various elements have been extensively studied. For 
instance, the transmittance of SnO2 films decreases with increasing 
doping concentration, indicating an optimal balance between doping 
level and optical absorption [45, 46]. This can be taken to mean that 
although doping might enhance specific properties, it is also likely to 
generate defects with light absorption capabilities.  

 
Figure 3. The optical transmittance of TiO2 thin films doped with different 

percentages of SnO2.  

 
Figure 4 shows the absorption features of materials that reveal how 
different doping concentrations of SnO₂ change the optical properties 
of the host material TiO₂. Such behavior is of utmost importance when 
designing a material with a specific application in mind, such as 
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regulating light absorption in solar photovoltaics, sensors, and optical 
coatings. In other words, the nature of the absorbance- the amount of 
light absorbed by it through which the wavelength of light has to pass- 
shows a direct relationship to its applicability in technological and 
industrial areas. The absorbance profile of virgin TiO₂ is defined by a 
characteristic profile with one central UV peak centered at 300 nm. This 
peak, present at an absorbance of just over 2.5%, indicates the strong 
ability of a TiO₂ thin film to absorb UV light. This is a direct result of 
the wide band gap of TiO₂, which effectively hosts high-energy UV 
photons. Absorbance behavior has been slightly different in TiO₂ 
doped with 0.09%. The peak absorbance in the UV region remains, 
albeit somewhat lower than that of pure TiO₂; thus, the reduction in 
UV absorption is marginal. This suggests that the electronic structure 
of the material is moderately altered by the presence of even a small 
amount of SnO₂, either through a slight change in the bandgap or the 
introduction of new scattering centers, which decrease the total UV 
absorbance. With an increasing concentration of SnO₂, changes in 
absorbance became increasingly significant, reaching 0.9 at.% addition. 

 

Figure 4. The optical absorbance of TiO2 thin films doped with different 

percentages of SnO2. 

It also showed an absorbance peak in UV at 2% lower than the pure 
TiO₂ and 0.09% SnO₂-doped sample. This even lesser decrease in UV 
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absorbance now indicates that the modification in bandgap electronic 
structure is enhanced by the increase in SnO₂ doping or increased light 
scattering, which generally reduces the material's potential to absorb 
UV light. This can be easily seen from the absorption behavior for 9% 
SnO₂-concentrated solid solutions, for which this concentration was 
assumed to stabilize the practical photocatalytic applications of the 
rutile phase of TiO2 [47]. The increase in the crystallite size tends to 
enhance the light-scattering and absorption properties of the doped 
TiO2 films. By the effect of SnO2 in a proper way, the specific surface 
area of TiO2 films increased, which increases the potential of the 
pollutants' adsorption and promotes the photocatalytic efficiency of 
these materials [48, 49]. Figure 5 shows the transmittance percentage of 
TiO₂ doped with 9% SnO₂ after annealing at two different 
temperatures, 250°C and 450°C, over a wavelength range of 200 nm to 
1000 nm. 
 
Regarding the transmittance percentage of the sample in the 
wavelength range of 200-400 nm, the difference in the transmittance is 
not significant with respect to the annealing temperature. Therefore, 
the lower annealing temperature maintains some transmission in the 
ultraviolet range compared to the higher one. For the full spectrum, the 
transmittance of the specimen with the 250°C anneal is always higher 
than the one annealed at 450°C within the 400-1000 nm range. This 
tendency becomes more visible in the case of longer wavelengths 
because, for the annealed specimen, the transmittance constantly 
increases to over 30% compared with the specimen annealed at 450°C. 
It retains a relatively low level, below 30%, of transmittance. Therefore, 
higher annealing at 450°C results in lower overall transmittance 
compared with the 250°C-annealed specimen. At higher temperatures, 
increased grain growth defects or even a phase transition may occur 
within the TiO₂-SnO₂ matrix, impairing the material's optical 
transparency.  
 
Annealing of TiO2 thin films at a moderate temperature, typically 
around 500 °C, has also been reported to improve optical 
transmittance. For instance, it has been demonstrated that TiO2 films 
exhibit an improvement in transmittance, increasing from 
approximately 45% in the as-deposited state to nearly 80% after 
annealing at 500 °C, particularly within the visible and near-infrared 
spectra [50]. The enhancements have been attributed to the improved 
crystallization and reduced scattering resulting from the densification 
of the films, thereby lowering the defects and surface roughness that 
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can scatter light [51, 52]. However, the gains that come with annealing 
plunge or even become null at high temperatures. Indeed, when the 
annealing temperature exceeds 500 °C, most of the transmission drops 
to very low numbers. This can be attributed to the creation of oxygen 
vacancies and increased surface roughness, which may enhance light 
scattering [51]. These have been noted by authors to be responsible, in 
turn, for diminishing optical transmittance when the annealing 
temperature exceeds 300 °C. Another aspect is that while the 
amorphous-to-crystalline phase transformation, and especially the 
appearance of the anatase phase, can improve transmittance at the 
initial stage, with increasing temperatures, absorptance rises, along 
with modifications in grain size and structure [50, 52]. 

 

Figure 5. The optical transmittance of doped TiO2 thin films subjected to 

250°C and 450°C for 90 min. 

 
Figure 6 shows the absorbance for TiO₂ doped with 9% SnO₂ at 
annealing temperatures of 250 °C and 450 °C. It was found that a 
considerable absorbance peak exists in the UV region, corresponding 
to TiO₂, which intrinsically absorbs high energy at UV wavelengths. In 
contrast, the sample annealed at 450°C shows a higher peak absorption, 
just above 2.5%, while the 250°C-annealed sample peaked at about 
1.7%. The result of higher absorbance at 450°C suggests that higher-
temperature annealing may increase the material's capability to absorb 
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ultraviolet light, either due to increased crystallinity or reduced 
defects, or by altering the electronic structure in favor of more efficient 
light absorption. The absorbance for both samples gradually decays 
with increasing wavelength in the visible and NIR regions. 
 
On the other hand, the sample annealed at 450°C systematically shows 
higher absorbance than the sample annealed at 250°C in the same 
region. In the visible region, the absorbance of the sample annealed at 
450°C is much higher, reflecting that the sample will absorb more light 
and, hence, be less transparent. Higher annealing temperatures have 
been shown to increase the material’s crystallinity, which is related to 
stronger electronic interactions among the thin film particles [53]. This 
improvement in crystallinity is essential, as it can potentially reduce 
defects and oxygen vacancies, which are known to affect the absorption 
properties of the films [54]. A shift of the absorption edge of Ni-doped 
TiO2 thin films to the visible range has been observed with increased 
annealing temperature. This denotes a change in the electronic 
structure of the films. Dussan et al. (2017) noted that the morphology 
of most TiO2 films is primarily influenced by the annealing process, 
which modifies their absorption characteristics, in addition to other 
properties [55]. Indeed, the results of Daamouche and Guitoume (2023) 
confirm that the improvement in the structural integrity of TiO2 thin 
films at an elevated annealing temperature enhances their properties, 
which in turn explains their optical characteristics [56].  
 
The relationship between film morphology and optical absorption is 
quite complex; changes in surface roughness can affect grain size, 
which in turn relates to light-scattering and absorption efficiencies. 
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Figure 6. The optical absorbance of doped TiO2 thin film subjected to 250 oC 

and 450 oC for 90 min. 

 

 

 

4.0 CONCLUSION  

 
In conclusion, this study has demonstrated that the addition of SnO₂ 
and subsequent annealing treatments have a significant impact on the 
structural and optical properties of TiO₂ thin films. The transformation 
from the anatase to the rutile phase, observed with increasing SnO₂ 
concentration, highlights the doping effect on the crystalline structure 
of TiO₂. XRD analyses of the doped films revealed a reduction in lattice 
parameters and, consequently, a decrease in unit cell volume, 
indicating an increase in material density. Furthermore, after 
annealing, the crystalline size and microstrain of the doped films 
decreased, suggesting enhanced material stability. SnO₂ doping 
resulted in a significant reduction in transmittance and an increase in 
absorbance, particularly at higher doping levels, as indicated by the 
optical characteristics. This effect was more pronounced in films 
annealed at higher temperatures, suggesting that doping and 
annealing processes can be controlled to achieve specific optical 
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responses. Additionally, the decrease in the energy band gap due to 
SnO₂ doping supports the potential use of tailored TiO₂ films in 
applications where precise control of optical properties is required. 
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