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Abstract 

Titanium dioxide (TiO2) is well known for its excellent photocatalytic properties and potential 
applications, particularly in gas sensing. However, its high resistivity can limit its 

performance in such applications. This study explores the effect of aluminium (Al) doping on 

the structural, electrical, and Raman properties of TiO2 thin films, to optimise their 
performance for gas sensor applications. TiO2 films were prepared with varying Al 

concentrations (1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 5 wt.%, and 6 wt.%) using the sol-gel spin 
coating method. The films were characterised using X-ray diffraction (XRD), current-voltage 

(IV) measurements, and Raman spectroscopy. The results show that doping with 3 wt.% Al 

significantly improves the structural, electrical, and Raman properties of the films, yielding 
the lowest resistivity value of 734.873 Ω-cm and the most pronounced anatase peak in the 

Raman spectra. These findings indicate that 3 wt.% Al doping optimises TiO2 thin films for 
gas sensor applications, offering potential improvements for environmental and industrial 

sensing technologies. 

 

Keywords: Al Doping Concentration, Inorganic Semiconductor, Nanomaterials, Sol-gel, 

Spin Coating 

 

1.0 Introduction 

Titanium dioxide (TiO2) has garnered significant attention in recent years due 

to its exceptional chemical and mechanical stability, non-toxicity, low cost [1], 

and flexibility, making it a promising material for various modern 

technologies, including solar cells [2] and gas sensors [3]. Despite its 

advantages, TiO2 suffers from high charge carrier recombination rates, which 

limits its efficiency in applications. One effective way to address this issue is 

by doping TiO2 with aluminium (Al), which has been shown to reduce 

resistivity and enhance charge carrier concentration [4]. This study explores 

the effect of varying Al concentrations (1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 5 wt.%, 
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and 6 wt.%) on the structural, electrical, and Raman properties of TiO2 thin 

films, aiming to optimise their performance for gas sensor applications. TiO2 

films were prepared using the sol-gel spin coating method and characterised 

via X-ray diffraction (XRD), current-voltage (IV) measurements, and Raman 

spectroscopy. Results indicate that 3 wt.% Al doping significantly improves 

the structural, electrical, and Raman properties, achieving the lowest 

resistivity value of 734.873 Ω-cm and the most pronounced anatase peak. 

These findings suggest that 3 wt.% Al-doped TiO2 films could offer enhanced 

performance for gas sensor and solar cell applications, addressing the 

challenges associated with charge carrier recombination and paving the way 

for improved environmental and industrial sensing technologies. 

 

Doping has emerged as a vital method for tailoring the electrical and chemical 

properties of TiO2, enabling its use in various technological applications. By 

introducing impurities, the conductivity of TiO2 can be modified from n-type 

to p-type, providing a versatile platform for applications in semiconductors, 

photocatalysts, and sensors. For example, impurities like aluminium (Al) and 

nitrogen (N) have been successfully doped into TiO2 to enhance its 

photocatalytic and electrical properties [2], [3]. However, despite these 

advancements, the full potential of doping in TiO2 remains underexplored, 

leaving room for further investigation. 

 

Traditional methods of doping, such as diffusion and ion implantation, have 

been extensively studied and applied to TiO2. Diffusion doping involves the 

movement of dopant atoms from a region of higher concentration to one of 

lower concentration, driven by random motion, while ion implantation entails 

bombarding the TiO2 surface with high-energy ions [4]. Although these 

methods are effective, they often lead to inconsistencies in doping efficiency 

due to structural defects and phase transformations induced during the 

process. These inconsistencies highlight the need for innovative doping 

techniques to achieve uniform and stable results. 

 

The choice of doping elements significantly impacts the resultant properties 

of TiO2. Studies have shown that different dopants, such as Al, N, and Fe, 

alter phase relations, crystal size, resistivity values, and Raman peak shifts 

differently [5]. For instance, Al-doped TiO2 thin films have exhibited enhanced 

conductivity but also introduced complex Raman shifts, which complicates 

the characterisation of their structural properties [6]. The challenge lies in 

selecting dopants that maximise desirable properties while minimising 

structural disruptions. 

 

One of the major challenges in doping TiO2 is managing the structural defects 

that arise during the process. Defects, such as oxygen vacancies and 

interstitials, can either enhance or hinder the desired properties depending 

on their concentration and interaction with dopant atoms [7]. While some 

defects are beneficial for enhancing conductivity, excessive defect formation 

can degrade the material's stability and performance. Understanding this 

delicate balance is essential for advancing doping techniques. 
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Although doping has demonstrated potential for improving TiO2's electrical 

and photocatalytic performance, its long-term stability under environmental 

stress remains a critical issue. Factors such as thermal fluctuations, 

humidity, and prolonged exposure to ultraviolet light can alter the structural 

and electronic properties of doped TiO2, leading to performance degradation 

over time [8], [9]. Addressing these concerns requires further investigation 

into the durability of doped TiO2 under real-world conditions. 

 

To overcome the limitations of traditional methods, researchers have explored 

novel doping techniques, such as co-doping and plasma-assisted doping. Co-

doping, which involves introducing multiple dopants simultaneously, has 

been shown to improve the synergistic effects of dopants, leading to enhanced 

properties [3]. Plasma-assisted doping, on the other hand, offers better control 

over dopant distribution and minimises structural damage, making it a 

promising alternative [10]. However, these techniques are still in their infancy 

and require further optimization for scalability.  

 

Despite considerable progress, several research gaps remain in the field of 

TiO2 doping. A deeper understanding of the interactions between dopants, 

defects, and the TiO2 matrix is needed to optimise doping efficiency and 

reproducibility [11]. Additionally, the lack of comprehensive studies on the 

environmental and operational stability of doped TiO2 limits its practical 

applications. Therefore, the main purpose of this study is to explore the effect 

of aluminium (Al) doping on the structural, electrical, and Raman properties 

of TiO2 thin films, to optimise their performance for gas sensor applications. 

By comprehensively exploring these effects, the study contributes to paving 

the way for more efficient and reliable use of doped TiO2 in advanced 

technologies [6].  

 

2.0  Methodology 

The materials used were titanium (IV) butoxide (Ti(OC4H9)4 as precursor, 

ethanol as solvent (C2H5OH), deionized water as a function of adding the 

oxygen (O), acids and triton X-100 (C14H22O(C2H4O)n) as a stabilizer to avoid 

precipitation in solution In addition, the type of acids were glacial acetic acid 

(CH3CO2H) and hydrochloric acid (HCl) also added to solution. For solution 

preparation, titanium (IV) butoxide mixed with ethanol, acid catalysts, triton 

X-100 and aluminium nitrate nanohydrate [Al(NO3)3∙9H2O; Sigma-Aldrich, ≥ 

98%] were stirred for 3 hours for the ageing process at room temperature.  The 

Al doping concentrations were 0wt.%, 1wt.%, 2wt.%, 3wt.%, 4wt.%, 5wt.%, 

and 6wt.%. 

 

The acquired solution is spin-coated on a glass substrate at a speed of 3000 

rpm for 30 s to form 5 layers of uniform films. TiO2 solution was dropped up 

to 10 times onto the substrates. After spin–coating, the formed layer was 

preheated at 100 °C for 5 min. All layers were then annealed at 500 °C for one 

hour to achieve crystallisation. The structural properties were characterised 

by PAnalytical Smartpowder X-ray diffractometer (XRD). XRD is used to 

identify the crystallinity and phases of the Al-TiO2 thin film. The measurement 

was obtained at 2θ degree by Cu Kα radiation. The electrical properties of the 
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thin film were determined by doing the current-voltage (I-V) analysis on the 

thin film. Raman spectroscopy is to identify the Raman peak. The estimation 

of the crystal size, D according to Scherrer’s equation (1):  

      




cos

9.0
=D                       (1) 

where  is the light wavelength,  is the full-width half maximum and  is the 

degree of diffraction. 

 

3.0 Results and Discussion 

 

3.1 XRD Analysis 

Figure 1 shows the XRD patterns of different Al doping concentrations (0 

wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 5 wt.% and 6 wt.%). It can be seen from 

the figure that the peak heights 233.8 cts, 108.8 cts, 101.5 cts, 103.7 cts and 

77.28 cts correspond to 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.% Al doping 

concentrations, respectively. All obtained thin films had an anatase peak and 

peak height lower than the pure TiO2 (233.8 cts) due to an increase Al doping 

concentration.  

 

 

Figure 1: XRD patterns of different Al doping concentrations (0 wt.%, 1 

wt.%, 2 wt.%, 3 wt.%, 4wt.%, 5wt.% and 6wt.%) 

 

Generally, anatase has a small band gap. Such a small band gap reduces the 

light that can be observed and it might enhance the valence band into a higher 

energy level [5]. At 5 wt.% and 6 wt.% Al doping concentrations, there was no 

anatase peak. Anatase TiO2 peaks developed minor with the rise of the Al 

doping concentration due to the disorder produced by the size of the ionic 

radii of Al3+ and Ti4+ [6]. Doping of Al into TiO2 can indicate a crystallite-sized 

anatase TiO2. Consequently, the crystallite sizes would be smaller paralleled 

to the pure thin films. According to Hanini et al., however, XRD showed almost 

the same peak compared the reported research (100 cts) [7]. This 

phenomenon was observed due to the reduced anatase peak in the increase 
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of Al doping concentration [8]. This phase was thermodynamically stable due 

to being assigned with 101 facets and possessing the lowest surface area [6]. 

 

The difference Al doping concentration had a smaller crystal size 22.62 nm, 

13.87 nm,18.85 nm and 10.39 nm corresponds to the 1 wt.%, 2 wt.%, 3 wt.% 

and 4 wt.% Al doping concentration, respectively, against the pure TiO2 

(22.62 nm) [9] when compared to the reported research that the crystal size 

was almost the same (11 nm to 26.2 nm) [6,123].  

 

Table 1: Peak properties of Al-doped TiO2 thin film with different Al doping 

concentrations (0 wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4wt.%, 5wt.% and 6wt.%) 
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0 wt.% 25.3735 233.83 0.360 22.62 1.954 0.147 0.340 0.37760 0.94860 

1 wt.% 25.3574 108.8 0.3542 22.62 1.892 0.105 -0.245 0.37800 0.95100 

2 wt.% 25.3044 101.5 0.576 13.87 5.192 0.053 0.123 0.37860 0.94950 

3 wt.% 25.2528 103.70 0.432 18.85 2.814 0.589 1.370 0.37960 0.94440 

4 wt.% 25.3310 77.28 0.768 10.39 9.256 4.316 10.476 0.38070 0.90900 

 

Table 1 reveals the peak properties of Al-doped TiO2 thin film with different Al 

doping concentrations. The dislocations were 1.954x1015, 1.892x1015, 5.192 

x1015, 2.814 x1015 nm-2 and 9.256 x1015 correspond to 0 wt.%, 1 wt.%, 2 wt.%, 

3 wt.% and 4 wt.% Al doping concentrations, respectively. The decrease of 

dislocation indicated a decrease in defect concentration in the crystal lattice 

with an increase in Al doping concentration. According to Zhu et al., the value 

of the FWHM was less than with the reported research (0.45 to 0.78) due to 

the dislocations that were inhomogeneous and it produced the macro 

heterogeneity of the crystals [13]. This phenomenon was also observed by 

Raman [6].  

 

The strains were 0.147%, 0.105%, 0.053%, 0.589% and 4.316% 

corresponding to 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.% Al doping 

concentrations, respectively. When a 3 wt.% Al doping concentration was 

affected, the strain of the thin film added due to the strain energy that could 

limit the dopant solubility in the thin film [6]. According to Bensouici et al., 

the value of the strain was slightly higher compared to the reported research 

(0.23x10-6) due to strain broadening from dislocations which affected the 

width of the diffraction peaks [14]. 

 

The stresses were 0.340, -0.245, 0.123, 1.370 and 10.476 GPa corresponding 

to 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.% Al doping concentrations, 

respectively. All the thin films were tensile stress except 1 wt.% Al-doped TiO2 

due to the AFM results whereas the roughness is the highest compared with 

other thin films. When 3 wt.% Al doping concentration was affected, and the 
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stress of the thin film produced a tensile thin film due to the positive sign due 

to the uniform distribution of the Al dopant [14]. At 3 wt.%, the value of the 

stress was the same as the reported research due to the stretching that 

occurred when a stretching force was applied to the thin film [14]. According 

to Pfeiffer et al., the value of the stress was slightly lower compared to the 

reported research (4 GPa) due to stress broadening from dislocations which 

affected the width of the diffraction peaks [16]. Then, the types of thin film 

were determined as either tensile or compressive thin film. If tensile, the thin 

film would be positively signed and if compressive, the thin film was negatively 

signed. In this case, the 3wt.% Al-doped TiO2 thin film was a tensile thin film 

due to bending in the surface and it was adjusted to have concave geometry. 

It was also substitutional doping [17]. 

 

The insert to the Ti4+ ion was referred to as substitutional doping and the Al 

dopant dissolved well into the TiO2 crystal [7]. At 3 wt.% Al doping 

concentrations, the value of lattice “a” increased and lattice “c” decreased 

compared to the reported research. Lattice “a” and “c” decreased due to the 

decreasing of the lattice constant “c” which indicated the Al3+ replaced Ti4+ in 

the lattice and formed a solid solution. Doping Al atoms added the lattice 

constant “a” of the tetragonal TiO2 structure which can reveal that Al had 

inserted into the TiO2 lattice.  

 

XRD data states that Al ions dissolve in the TiO2 lattice due to the similar 

ionic radius to Ti. At 3 wt.% Al doping concentration, the structural 

modification of the thin film was optimised due to the distorted anatase 

structure [18]. 

 

3.2 I-V Measurement 

The electrical properties of the TiO2 thin film for different Al doping 

concentrations were analysed using an IV-probe. Figure 2 shows the sheet 

resistance and resistivity measurement for difference Al doping 

concentrations.  

 

Figure 2: Sheet resistance and resistivity measurement for different Al 

doping concentrations (0 wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4wt.%, 5wt.% and 

6wt.%) 
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The resistance and the resistivity of the Al-doped with TiO2 depended on two 

factors, namely (i) the presence of a charge carrier doping concentration in 

the thin film and (ii) the mobility of the metal atom charge carriers [18]. The 

sheet resistance was proportional to the resistivity of the Al-doped TiO2 thin 

film [20]. The sheet resistances were 1.01x109 /sq, 8.07887x108 /sq, 

6.09x108 /sq, 2.37056x107 /sq, 6.10x108/sq, 7.94x108/sq and 

8.75258x108/sq corresponding to 0 wt.%, 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 

5 wt.% and 6 wt.% Al- doped TiO2, respectively. The pure TiO2 thin film had 

a resistivity of 4150 -cm. At 3 wt.% Al-doped TiO2, the resistivity value 

achieved a minimum level of 734.873 -cm lower resistivity compared to 

resistivity 4089.93 -cm,49500 -cm, 4147.3 -cm, 5659.86 -cm and 

5990.90 -cm at the extreme.  

 

Thus, the mobility of the Al atom's charge carriers prevented the 

counteraction of this rise in the charge carrier concentration The valence 

electron of each Al atom was then free to move through the whole crystal 

structure and was no longer bound to the outer shell of any Al atom [21]. 

From the decrease in sheet resistance and resistivity, it was noted that the 

mobility of the Al atom charge carriers at the optimised doping concentration 

was significant enough to determine the decreasing resistivity of the thin film. 

The surface interaction between particles increased due to the increase in 

particle size which produced better electron mobility in the thin films. 

Therefore, the resistivity of the film decreased. The reported research found 

that the resistivity value of the Al-doped TiO2 was around 1.05x105  -cm [22]. 

It was perceived that the resistivity of the Al-doped TiO2 for this research was 

much lower than the reported research [20]. The reported research found that 

the hall mobility was around 0.312(cm2 / Vs) and carrier concentration 

4.245×1015cm-3 [22]. The sheet resistance (2.37056x107 /sq), and the 

resistivity (734.873 -cm) were lower than other thin films as shown in 

Figure 4.15. The lower sheet resistance and the mobility of the charge carriers 

were greater than the rise in the concentration of the charge carriers. After 

that, the process of optimisation was determined [24].    
 

3.3 Raman Analysis 

Therefore, the Raman spectrum of the pure TiO2 and Al-doped TiO2 thin films 

was recorded at room temperature at a spectral range of 50 to 800 cm-1 as 

shown in Figure 3. The intensity peak at 144.913 cm-1 increased with 

increasing doping temperature. Therefore, it might be believed that an 

increase in peak intensity was due to a high crystallinity film. When the thin 

film was characterised using Raman Spectroscopy, the thin films were 

determined to have an anatase peak. In this case, the anatase peak was 

(34912.39 a.u) at 3 wt.% Al doping which was higher than the pure TiO2  

(9776.157 a.u),  1 wt.% (8930.329 a.u), 2wt.% ( 9753.12 a.u) and 4wt.% 

(19028.8 a.u) because of the raise in the Al doping concentration. At 5 wt,% 

and 6wt.% there no anatase peak due to the increase in the Al doping 

concentration. The shrillest and strongest peak at 147 cm-1 was allocated to 

the high-frequency branch of the Eg mode of 3 wt.% Al-doped TiO2, which was 

the strongest mode in the anatase phase. The anatase peak was allocated to 
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the high frequency of the Eg mode of the 3 wt.% Al-doped TiO2 branch. This 

showed the good crystallinity [19]. Furthermore, FWHM showed Al-doped TiO2 

at the strongest peak, significance that the FWHM reduced when the doping 

concentration was raised. The Raman spectra were consistent with the results 

revealed from the XRD analysis [19]. 

 

 
Figure 3: Raman Spectra of different Al doping concentrations (0 wt.%, 1 

wt.%, 2 wt.%, 3 wt.%, 4wt.%, 5wt.% and 6wt.%) 

 

The Raman spectrum of 3 wt.% Al-doped TiO2 showed broadening in each 

mode of vibration and shifting in the Eg mode as compared to the pure TiO2. 

This could be ascribed to a decrease in particle size affecting the phonon 

modes and the electron-phonon interaction. The intensity of the anatase peak 

of 3 wt.% Al-doped TiO2 was approximate to the reported research 

(34912.39 a.u) [18]. 

 

4.0 Conclusion 

In conclusion, the objective of this study was successfully achieved by 

exploring the effect of aluminium (Al) doping on the structural, electrical, and 

Raman properties of TiO2 thin films, with the aim of optimising their 

performance for gas sensor applications. Aluminium-doped TiO2 thin films 

were prepared using the sol-gel spin coating technique, and their structural 

characteristics were found to be similar to those of undoped TiO2, exhibiting 

anatase nanocrystalline structures. The study optimised the doping 

concentration at 3 wt.% Al, which significantly influenced the electrical and 

Raman properties of the films. The electrical resistivity of the 3 wt.% Al-doped 

TiO2 thin film was notably reduced to 734.873 Ω-cm, with higher aluminium 

content leading to a more pronounced anatase Raman peak. These results 

demonstrate that the 3 wt.% Al-doped TiO2 thin film offers the best 

performance in terms of structural, electrical, and Raman properties, making 

it a promising candidate for gas sensor applications. The findings highlight 

the potential of aluminium doping as an effective method to enhance the 

performance of TiO2-based materials for advanced technological applications. 
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