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Abstract 

Fluorine-doped titanium dioxide (TiO2) thin films were synthesised using a spin coating technique from titanium tetra isopropoxide, 

acetic acid, and ethanol. These films are coated on glass substrate for various coating cycles ranging from 5 to 30 and were further 

annealed at 450°C. For initial cycles, films are amorphous in nature. Films attains crystallization after coating cycle of 15. Films 

shows significant changes in the surface morphology, which depends on the coating cycle.  Film thickness shows linear variation 

with coating cycle. Increase thickness result in the enhancement of crystallite size and relaxation of film as evidenced from peak-

width of X-ray diffraction patterns. 
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1. Introduction 
Because of its extremely intriguing optical qualities, including its, high transmittance, high dielectric 

constant, high refractive index, and nontoxicity, titanium dioxide (TiO2) is the metal oxide semi-conducting 

substance that has been the subject of most research (Ayorinde and Sayes, 2023; Marcelis et al., 2024). 

With all of these characteristics, it is a good candidate for a variety of technical uses, including wastewater 

treatment, glass defogging, self-cleaning, photo-catalysis, and antimicrobial sterilization (Fujishima et al., 

2000). 

 

TiO2 is widely employed for the photodegradation of organic and inorganic contaminants due to 

environmental concerns, photovoltaic energy generation, and water photo splitting to produce hydrogen, 

optical filters (De et al., 2024), gas sensors (Zhao et al., 2024), wave-guides, DSSCs, PSCs, photocatalysts, 

and ceramic membranes (David et al., 2024). 

 

The structural, and optical properties of TiO2 are varied with different doping elements (Dubey et al., 2021). 

It is also reported that fluorine is a suitable candidate to enhance different properties of TiO2
 likewise surface 

morphology, crystalline phase and electronic structure (Subalakshmi and Senthilselvan, 2018). Fluorine 

doping is capable to modify the electronic structure by introducing new energy states, this impact also on 

electrical properties (Todorova et al., 2008). Chemical impurities, chemical precursors, and the synthesis 

process all have a significant impact on the concentration of these defects. As a matter of fact, temperature 

and pressure during the synthesis process are critical in regulating defect type and density. Amazing 

synthesis techniques, including chemical vapor deposition, wet chemistry, and physical approaches, were 
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employed for this goal (Choudhury and Choudhury, 2013). Important factors influencing the photo-

electrocatalytic (PEC) performance, such as surface structure and lattice disorder, such as oxygen vacancies, 

are clarified by the work of Eftekhari et al. (2017). Thus, number of methods are utilized to synthesize TiO2 

nanoparticles (Farooq et al., 2024; Hsu et al., 2024), thin films (Aghaee et al., 2019; Hajjaji et al., 2015; Hu 

et al., 2017), and other nanostructures (Reghunath et al., 2021) to control these factors. Among these, spin 

coating method is widely adopted method for growing oxide films (Nandy and Chae, 2023; Panwar et al., 

2023). It’s cost-effective, time saving and easy to use method compared to physical deposition method (Yin, 

2023). Thus, extensively used by researchers to grow TiO2 films (Lukong et al., 2022; Khamkhash et al., 

2022). Hence, this work is aimed to grow F doped TiO2 films and investigate the impact of film thickness 

on various characteristics. 

 

2. Experimental Details 

2.1 Film Deposition 
Titanium tetra Isopropoxide (TTIP), and tri fluoro acetic acid as a source of Ti and F respectively and 2-

methoxy ethanol, were purchased from Sigma-Aldrich. The water utilized during the experiment was DI. 

No additional purification was done in the chemicals; all of the compounds were analytical grade when 

they were applied. Chemically and thermally stable films of TiO2 were prepared using spin coating 

technique. Glass substrates were used for film deposition. The glass slides were cleaned properly. The very 

first step of cleaning was detergent cleaning then an ultrasonic bath with water was done, and finally, the 

films were dried properly. The precursor solution was prepared by using 2 methoxy ethanol as a solvent, 

and TTIP was used as a precursor, the solution was doped with Tri fluoro acetic acid 6%.  The solution 

obtained was stirred at room temperature in an open atmosphere for one h. After stirring the solution was 

kept for 24 h for ageing. After aging the films were prepared. The solution was dispensed on the substrates 

from a distance of ~ 10 mm distance and a spinner was employed to spin the substrates at a speed of 2500 

rpm. The film so obtained was dried at a temperature of 200°C for 10 min. After repeating this process for 

respective number of coatings, the films were placed for in furnace for annealing at 450°C for 1 h. Firstly, 

the experiment was done to optimize the thickness of the films, so the samples were prepared with various 

thicknesses by varying the number of coating cycles i.e. 5, 10, 15, 20, 25, 30. 

 

2.2 Characterizations 
The thickness of deposited films was estimated using Stylus profilometer. The structural properties were 

analyzed by using an X-ray diffraction (XRD) which operates at an accelerating voltage of 40 kV. using 

CuKα radiations (λ = 0.15406 nm), a rate of 6°/min. The morphologic of these TiO2 films were achieved 

with a high-resolution TESCAN Model: Magna LMU scanning electron microscope (SEM) operating at an 

acceleration voltage of 10 kV. The film thicknesses of films were measured with a Dektak- 8-stylus profiler 

(stylus diamond tip radius = 12.5 mm, vertical range from 5 nm to 1 mm, stylus tracking force range from 

0.03 to 15 mg). The transmittance of films was recorded by UV-VIS-NIR Spectrophotometer (Shimadzu 

3600, Japan) in the range of 200 - 800 nm.  

 

3. Results and Discussion 

3.1 Thickness Analysis 
The thickness of deposited F-doped TiO2 films is 0.4, 1.0 1.6, 2.1, 2.6 and 3.2 µm for coating cycles of 5, 

10, 15, 20, 25 and 30 respectively. Increase of material on the substrate with increasing coating cycle is 

responsible for the increase of film thickness. This is in agreement with the film grown by other methods. 

To get deeper insights of this effect, variation of film thickness with increase of coating cycle is shown in 

Figure 1. Variation of thickness (t) with coating cycle (n) exhibit a linear variation, which can be described 

by the following equation, 
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𝑡 = (0.11 ± 0.01)𝑛 + (−0.15 ± 0.03). 

 

In case of spin coating method, similar variation of thickness with cycle number is also observed by other 

kind of films such as AlN (Eom et al., 2006), TiO2 (Chen et al., 2016), ZnO (Smirnov et al., 2010), ferrite 

films (Yusuf and Mustaffa, 2019) etc. Such variation of film thickness in spin-coating method is explained 

on the basis of hydrodynamic analysis (Park, 2022). 

 

 
 

Figure 1. Variation of film thickness with coating cycle. Error bar is taken 10% of value. 

 

 

3.2 Morphological Studies  
Since, film thickness dependent morphology changes are characteristics of film deposited films (Taylor et 

al., 2011), hence morphology of selected films are investigated using SEM. SEM images of F-doped TiO2 

films for coating cycles of 10, 20 and 30 are shown in Figure 2. Significant changes are observed in the 

morphology of these films with increase of coating cycles (Grilli et al., 2018; Momeni and Ghayeb, 2016). 

The surface morphology of films grown at coating cycles of 10 and 20 is identical (Monazzam and Kisomi, 

2017) and exhibit crack like structures. However, film grown for coating cycles of 30 layered film is smooth 

and shows crack-free morphology. 

 

3.3 Crystalline Phase Study 
The XRD results of these films at different coating cycles are shown in Figure 3. It is observed from Figure 

3 that the coating cycles such as 5 and 10 shows no clear peaks, this may be due to presence of film on the 

substrate in amorphous nature (Pandey et al., 2016).  

 

On further increasing, coating cycles, diffraction peak at 25±0.020 appear in the XRD patterns. This peak 

is assigned to the (101) plane of tetragonal anatase phase of TiO2 (JCPDS 21-1272) (Li et al. 2014). Other 

diffraction peaks located at 2θ ~ 37.6±0.02, 47.4±0.02, 53.7±0.02, 54.9±0.02, and 62.4±0.02o can been seen 

in the patterns. These peaks are due to the contribution from (004), (200), (105), (211), (204) planes of this 

phase. This show that deposited TiO2 thin films are polycrystalline with an anatase phase. Thus, XRD study 

shows a transformation from the amorphous to the crystalline thin films with coating cycles (Figure 4). 

This kind of transformation with deposition parameter is also observed for MgO thin films and explained 

on the basis of X-ray absorption spectroscopy (Singh et al., 2020). Change of XRD peak intensity is 

associated with change in degree of crystallization of these films (Bellardita et al., 2018; Singh et al., 2016) 

which is also confirmed from the value of peak width as shown in Table 1 (Toroya, 2023).  
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Figure 2. SEM images for (a) 10 (b) 20 (c) 30 coating cycles (Top View). 
 

 

 
 

Figure 3. XRD patterns of TiO2 thin films for different coating cycles. Values in parenthesis denotes the coating 

cycle number. 
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Figure 4. Schematic representation of amorphous and crystalline nature of F-doped TiO2 films with coating cycles. 

 

 

Table 1. Full-width at Half maximum (FWHM) of peak corresponding to (101) plane. 
 

No. of coating cycles Thickness (μm) FWHM (o) 

5 0.4 - 

10 1.0 - 

15 1.6 0.52±0.02 

20 2.1 0.41±0.02 

25 2.6 0.26±0.02 

30 3.2 0.15±0.02 

 

 

3.4 Structural Parameters  
Structural parameters for the crystalline F-doped TiO2 films are estimated by determining the peak position 

and FWHM of most intense peak in the XRD pattern shown in Figure 3. The crystallite size (D) of the 

films was determined by using the Debye-Scherrer’s formula (Hassanzadeh-Tabrizi, 2023; Singh et al., 

2016). 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
𝑛𝑚                                                                                                                                              (1) 

 

Here, β stands for FWHM, λ for 1.5407Å, k = 0.94, and θ for diffracting angle. The values of crystallite 

size are 50, 105, 157 and 198 nm for coating cycles of 10, 15, 20, 25 and 30 (Table 2). Thickness(t) and 

crystallite size can give an estimation of number of crystallites in these films (Ferro et al., 2001), Number 

of crystallites (N) can be estimated as follows: 

𝑁 =
𝑡

𝐷3                                                                                                                                                         (2) 

 
Table 2. Structural parameters of TiO2 thin film for different thickness. 

 

Thickness (μm) Crystallite size D (nm) No. of crystallites 

N×1016 

1.6 50 15.2 

2.1 105 6.5 

2.6 157 2.9 

3.2 198 1.2 
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The growth mechanism that involves dislocation is a very significant issue. A crystal's flaw known as a 

dislocation result from the lattice in one area of the crystal not matching the lattice in another. Linear flaws 

in the crystal structure are called dislocations. The number of flaws in the crystal is measured by the 

dislocation density (𝛿) is shown in Equation (3) which is defined as the dislocation line length in the unit 

volume (Erdogan and Kundakçı, 2019). The following formula can be used to determine the dislocation 

density of the deposited films. 

𝛿 =
1

𝐷2                                                                                                                                                             (3) 

 

The strain (µ) of the TiO2 films calculated by following relation using the FWHM (Ovid, 2000; Rahman 

and Khan, 2014). 

µ =
𝛽𝑐𝑜𝑠𝜃

4
                                                                                                                                                     (4) 

 

 
 

Figure 5. Variation of dislocation density and microstrain with thickness for F-doped TiO2 films. 

 
Figure 5 shows that both the dislocation density and micro strain decreases with increase of film thickness. 

Decrease of strain with thickness is due to increase in relaxation of the films at higher thicknesses (Ali et 

al., 2023; Qiao et al., 2004) 

 

4. Conclusion 
Using a spin coating approach, TiO2 thin films were deposited on a glass substrate with different thickness. 

The film's thickness increased with increased the number of coating cycles, while the dislocation density 

falls. The SEM results show the films' rough surface and irregular crystalline development. Thus, this work 

demonstrates that coating cycles have a significant impact on the characteristics of TiO2 thin films. 
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