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Abstract: TiO2-based materials have high strength and suitable electronic properties that make TiO2 

widely used. In this research, Co-doped TiO2 thin films were created through the sol-gel spin-coating 

method. The deposition process was conducted 3 times to prepare 1 to 3 layers. The structural, 

morphological, and optical properties of Co-TiO2 thin films were explored by XRD, SEM, and UV-VIS 

analyses. The prepared films were amorphous without a crystalline structure. SEM images demonstrate 

highly uniform particles on the surfaces. With the rise of thickness, nanoparticles get closer, and the 

particle size decreases. EDS spectra verify the existence of Ti, O, and Co in all samples. The 

transparency of thin films was reduced by increasing the thickness. Bandgap energy decreased with 

increasing the deposition layers, while Urbach energy increased. 
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1. Introduction 

The suitable electronic properties, less amount of toxicity, and high strength have made 

Titania (TiO2) and Titania-based materials popular for various applications in photocatalytic 

activity [1], solar cells [2], and optical devices [1,3]. Titanium nanoparticles have some other 

compelling properties, such as chemical durability [3], high amount of dielectric constant and 

refractive index, and transparency in the visible and near-infrared area [3,4].  
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However, titanium nanoparticles have some drawbacks. TiO2 has a wide bandgap that 

gives rise to a low absorption activity [5-8]. Besides, one major limitation of using TiO2 as a 

photocatalyst application is its low photo quantum efficiency and the swift recombination of  

photogenerated electron-hole pairs [9]. It is reported that using titania alone demonstrates no 

activity or low activity for photocatalysis [10,11]. In this case, TiO2 doped with metals possess 

optimized properties for different applications [12].  

Cobalt ion has intriguing properties among various metals, including wide bandgap, 

interesting ferromagnetic characteristics, and high Curie temperature [13-15]. Herein, we focus 

on Co2+ ions as doping transition metal with TiO2 because Co2+ possesses analogous radius 

like Ti4+ and can easily enter into interstitial lattice sites to modify the nanostructure, create 

electron-trap in the crystal lattice, decrease the bandgap [16], and broaden some functions like 

photocatalytic activity [9,17]. 

Liu et al. (2018) [16] have reported that cobalt ion incorporates into TiO2 crystal 

structures. Thus, the bandgap is decreased because of the formation of the electron-trap center 

in the crystal lattice. Regarding some published articles [18-21], metal or non-metal dopants 

increases capacitive properties of TiO2 and its absorption shifts to the larger wavelengths. In 

terms of pollutants removal from water, it was shown in previous studies that titania modified 

by metals and dopant ions including Ag, Pd, Ru, Pt, Cu and Fe3+, Cr3+, Mg2+, and Co3+ had 

shown the improved selectivity of nitrogen from water [22-27]. 

Various deposition techniques have been applied to get Co-doped TiO2 thin films such 

as sol-gel [12], chemical vapor deposition [28], pulsed laser deposition [29]. Of all the variety 

of deposition techniques, the sol-gel is the simplest and cheapest deposition technique [30]. 

This study aims to prepare titanium dioxide thin films doped with Co through the sol-

gel method. The deposition process was repeated 3 times to prepare 1 to 3 layers. The structural, 

morphological, and optical properties of Co-doped TiO2 thin films are evaluated. 

2. Materials and Methods 

 To prepare Co-doped TiO2 thin films, two solutions were prepared. The first one is 2 g 

of cobalt (II) acetate tetrahydrate was completely dissolved in deionized water (5cc). 

Afterward, the solution of ethanol and acetic acid was added to the beaker and stirred for 30 

min. The second one, tetra-n-butyl orthotitanate, and ethanol were mixed with constant stirring 

for 15 min. After the two solutions' preparation, the second solution was added dropwise to 

that of the first one and kept stirring for an extra 30 min to obtain a clear homogeneous titanium 

dioxide doped with Co solution [12,30]. 

The glass substrates (2cm × 2cm) were respectively cleaned with ethanol, acetone, and 

deionized water in an ultrasonic cleaner in 15 min, then dried in the air. Titanium dioxide doped 

with Co films were coated on soda-lime glass through a homemade spin-coater with a speed of 

4821 rpm for 30 sec. After each coating, layers were dried into an incubator (100 °C) for 15 

min. The deposition process was done 3 times to prepare 1 to 3 layers.  

To investigate titanium dioxide's structural and morphological characteristics, doped 

with Co thin films, an x-ray diffractometer (XRD) and scanning electron microscope (Model: 

DSM-960A) were utilized. XRD pattern of varying layers of titanium dioxide doped with Co 

films was recorded through an x-ray diffractometer (Model: STOE STADI MP) with CuKα 

source (1.54 Å) in 2θ angular ranges between 10° - 90°. Furthermore, the energy-dispersive 

spectra analysis attached to SEM device provided the elemental and chemical content of the 
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samples. The optical property of films was studied by a UV-VIS spectrophotometer (Model: 

Varian Cary500 Scan). 

3. Results and Discussion 

3.1. Structural properties. 

Figure 1 presents the XRD pattern of 1-3 layers of Co-doped TiO2 films. All the films 

displayed amorphous nature that could be due to the low growth process at a lower temperature 

(100 °C in this study), as has also been reported by other research groups [31,32]. It is evident 

that single-layered Co-doped TiO2 film depicted short-range crystallinity, as reported 

previously [33,34]; however, with increasing the thickness, the film lost the slight crystalline 

nature displaying higher amorphous nature suggesting the effect of film thickness on the 

crystallinity [33]. The same behavior was observed with Renugadevi et al. [34]. They found 

that the XRD peaks of Co-doped TiO2 synthesized using sol-gel method peaks are not sharp, 

reflecting the small crystallite size. It can also be observed that the XRD pattern did not 

demonstrate any discrete cobalt phase indicating the uniform dispersion of cobalt ions [35]. 

 
Figure 1. XRD patterns of TiO2 doped with Co for 1- to 3- layers. 

3.2. Morphological characteristics. 

Figure 2 presents FESEM images of 1-3 layered Co-doped TiO2 as-deposited films. 

The three micrographs depicted highly uniform TiO2 particle alignment on the coated surface, 

as indicated in [36]. All the layers showcased granular TiO2 morphology; however, the porosity 

was observed to decrease with the increasing film thickness with successive layering [32]. The 

increment of thickness leads nanoparticles to get closer, indicating the decrease of average 

nanoparticle size. In fact, the doping of cobalt impedes the development of the particles. 

[12,37,38] The surface morphology of films is identical, although the thickness is different, 

signifying their non-crystalline structures [39]. In addition, the lack of clusters confirms the 

amorphous structures of all samples that were consistent with the XRD data results (Figure 1). 

A significant feature of the surface of the 3-layered film was observed compared to the 1- and 
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2-layered Co-doped TiO2 films; the 3-layered film showed a better adhesion and a crack-free 

morphology. 

 
Figure 2. FESEM images of (a) 1-, (b) 2- (c) 3-layered TiO2 thin films doped with Co. 

3.3. Elemental properties. 

Figure 3 indicates the EDS spectra of 1- to 3- layered Co-doped TiO2 thin films to 

identify the elemental composition. The spectra verify the existence of titanium, oxygen, and 

cobalt. The peaks at 0.7 KeV and 6.9 KeV belong to the presence of cobalt. The good 

interaction of Co with TiO2 through the sol-gel preparation method is confirmed by the less 

intense peak of cobalt [12,38-42]. 
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Figure 3. EDS spectra of (a) 1-; (b) 2-; (c) 3-layered TiO2 doped with Co thin films. 

3.4. Optical properties. 

We have studied titanium dioxide doped with Co films by UV-Vis spectrophotometer. 

From Figure 4, TiO2 thin films doped with Co are transparent in the visible area. This 

transmission spectrum confirms the preparation of Co-doped TiO2 thin films by the sol-gel 

method [23,43].  

 
Figure 4. Transmittance spectra of multilayers of Co-TiO2 thin films. 
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The as-deposited all layers Co-doped TiO2 thin films show ∼80% transmittance that 

reduces to ∼10%, caused by the thickness difference of each layer. As the number of coating 

layers increased, the absorbance of the photons increased [44]. It can be attributed to the 

thickness change and the decrease of the average size of nanoparticles shown in FESEM images 

(Figure 2). 

The reflectance spectra (Figure 5) are almost identical in the reflectivity minimum's 

peak position at 347 nm. The reflectance spectrum of 3-layered Co-coated TiO2 film was 

observed to depict a contrasting pattern to the similar 1- and 2- layered coated films. The 

pattern's deflection could be due to the variation in the film thickness in the 3- layered coating 

compared to the 1- and 2- layered counterparts. The 3-layered deposited film has a low 

percentage of reflectance caused by an amorphous phase that can be confirmed by XRD 

analysis resulting in the decreased film density. In this case, these films' surface morphology 

has highly dense into porous and oxygen vacancy defects. The oxygen vacancy (OV) formation 

energy (EF*) is 5.48 eV for Co dopant, which leads to strong bonds with oxygen atoms [45]. 

On the other side, the defects of oxygen also reduce the reflectance that was confirmed by EDS 

spectra with a more intense oxygen peak and published literature [46], which indicates the 

dominant composition of the TiOx films. The Co-doping content influenced to decrease the 

light scattering can pass through these films. 

 
Figure 5. Reflectance spectra of Co-TiO2 thin films. 

 

Figure 6 shows the absorption spectrum of TiO2 thin films doped with Co with different 

growth layers at room temperature. The samples' absorption spectra demonstrate the dominant 

absorption peak in the UV region and less in the visible region. The transfer of charge from the 

valence band (O2p state) to the conduction band (Ti3d state) was indicated by absorption bands 

at 200–400 nm [38]. Based on the literature [47], it was a similarity in the Te+4 and Co+2 ionic 

radii (68 and 72 pm) that enables the occurrence of the interstitial incorporation of cobalt ions 

into titanium dioxide anatase structure, and Co cation has been inserted into titanium dioxide 

structure and results in bandgap energy reduction [12]. 

https://doi.org/10.33263/BRIAC121.718731
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC121.718731  

 https://biointerfaceresearch.com/ 724 

 
Figure 6. Absorbance spectra of Co-TiO2 thin films. 

The relationship between the photon of energy excitation versus the bandgap energy 

(Eg) is given by the Tauc formula [48]: 

(αhѵ) n = A (hѵ – Eg) (1) 

Where A is constant, the power of n for the indirect energy gap is equal to 1/2, and for 

the direct energy, the gap is 2. The optical band gap energy Eg for TiO2 thin films doped with 

Co is obtained by extrapolating the curve hѵ versus (αhѵ)1/2. 

 
Figure 7. Indirect bandgap energy (Tauc’s plot) of (a) 1-, (b) 2-, (c) 3-layered TiO2 thin films doped 

with Co. 
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Regarding the literature [49], it was supposed that films own an indirect bandgap. Thus, 

the plots of (αhѵ )1/2 vs. photon energy (E) are illustrated in Figure 7. 

The obtained Eg of Co-TiO2 thin films is 3.89, 3.80, and 3.75 eV, with a thickness of 

395.44, 542.70, and 793.23 nm, respectively, which are larger than the bandgap of bulk TiO2 

∼3.20 eV [50], as well as the values published in the literature (3.44–3.64 eV) [51,52]. As 

expected, the value of the indirect bandgap decreased with the thickness of layers increased. 

This can be due to the increment of defects in the forbidden band. The bandgap energy 

decreased from 3.89 eV for 1-layered Co-doped TiO2 thin film to 3.80 eV for 2-layered  

and further decrement to 3.75 eV for 3-layered. The variation of the indirect bandgap is a 

minute decrease of about 0.14 eV. Further, there are no reports of the higher bandgap energy 

of Co-doped TiO2 as-deposited films grown by sol-gel method without annealing. 

Furthermore, the extended states of the width below the conduction band are 

represented with Urbach energy given by equation [53]: 

α=α0 exp(
E

EU
) (2) 

where α is the coefficient of absorption, α0 is constant, E is the photon's energy, and EU 

is the Urbach energy.  

The experimental value proposed with the Urbach energy empirical relationship 

between the straight line slope of Lnα vs. photon energy plot (Figure 8), using the following 

equation: 

Ln(α)=Ln(α0)-(
hѵ

EU
) (3) 

 
Figure 8. Urbach energy of 1-layered, 2-layered, 3-layered TiO2 thin films doped with Co. 

The refractive index is an optical property that is essential for materials to be applied in 

optical devices. We proposed to determine the refractive index by the following Herve and 

Vandamme relation [54]: 

n2 = 1 + (
𝐴

𝐸𝑔 +𝐵
)2 (4) 

where A = 13.6, B = 3.4, Eg is bandgap energy, and n is the refractive index of the film. 

The values of bandgap energy (Eg), Urbach energy, and refractive index for TiO2 thin 

films doped with Co are tabulated in Table 1. It is found that the Eg values decreased with 
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increasing doping thickness, indicating a positive effect of Co2+ on the activation under UV-

Visible. Douven et al. [55] found a similar positive effect when using iron and nitrogen-doped 

with TiO2. Consequently, Urbach energy increased from 0.215 to 0.275 eV, as Ghasemi et al. 

[56] reported that Urbach energy increased from 237.64 to 257.2 meV. This shift indicates that 

there have been band-to-tail and tail-to-tail transitions [57], which is because of an increase in 

the oxygen defect in the host structure of TiO2 [58]. This may be attributed to the high density 

of defects throughout the intergranular regions, leading to the optical energy gap reduction. 

Urbach energy increases with increasing refractive index and the film thickness. The refractive 

index varies from 2.12 to 2.15 with increasing thickness. The value of the refractive index of 

the 3-layered film was the same as reported by Ref [59], Co-doped TiO2 film annealed at 

400°C. Other researchers have reported refractive index values between 2.35–2.40 with 

increasing cobalt concentrations, indicating that the crystallinity of film becomes dense [60]. 

Table 1. Comparison of values of bandgap, Urbach energy, and refractive index of Co-doped TiO2 as-deposited 

films. 

Co-doped 

TiO2 

Tickness (nm) Bandgap (eV) Urbach energy (eV) Refractive index 

1-layer     395.44       3.89       0.215 2.12 

2-layer     542.70       3.80       0.246 2.14 

3-layer     793.23       3.75       0.275 2.15 

Table 1 indicates that the thickness of 1-layered (Eg=3.89 eV), 2-layered  (Eg=3.80 eV), 

and 3-layered (Eg=3.75 eV) film are found to be 395.44, 542.70, and 793.23 nm, respectively. 

The 3-layered film thickness shows a significant effect on the absorption band. The thicker 

film has a relative reduction in the absorption and bandgap energy confirmed by the XRD 

spectra, as shown in Figure 1. The 3-layered film is amorphous, as shown by the lower 

percentage of reflectance. It can possibly happen as the Co dopant is embedded in the TiO2 

matrix. The increase in Co dopant can cause greater crystallization into large particles due to 

greater deposition time as-deposited films by a spin-coater. It can be interpreted that the 

bandgap energy decreases with the increase of thickness because the film crystallinity also 

increases in the crystallite size. Interestingly, our results for the 3-layered film are similar to 

the calculated bandgap energy of 3.75 eV (330 nm) for annealed Co-doped TiO2 nanoparticle 

at 500°C with 8 wt% of Co2+ via sol-gel method [38]. 

 
Figure 9. Comparison of optical band gap and Urbach energy of Co-TiO2 thin films with different thicknesses 

of 395.44 nm, 542.70 nm, and 793.23 nm.  
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Figure 9 shows the dependence between bandgap energy and the Urbach energy for the 

film with thicknesses of 395.44 nm, 542.70 nm, and 793.23 nm. Note that with the increase of 

thickness, the bandgap's value increases, and Urbach energy decreases. Urbach energy 

increases from 0.215 to 0.275 eV as the bandgap energy decreases because of the donor's level 

into impurity bands. These Urbach energy values are close to those reported by Ref. [59], in 

which the Urbach energy of Co-doped TiO2 films observed from 0.237 to 0.257 eV with the 

addition of Co. Co-dopant content causes band-tailings due to the level of donor broadening 

into the impurities band merging with the conduction band [61]. It is similar to decrease the 

bandgap energy with increasing Urbach energy in the nanocrystals of TiO2 doped with Cr 

prepared by a sol-gel method [62]. 

4. Conclusions 

 Titanium dioxide thin films doped with Co were fabricated through the sol-gel method. 

EDS spectra verified the existence of elements used in the samples. XRD patterns displayed 

the amorphous nature of films due to the low growth process at lower temperatures. FESEM 

images showed a highly uniform particles alignment on the surface. The transparency of thin 

films was reduced with increasing the thickness that is attributed to the decrease of the average 

size of nanoparticles. The absorption spectra demonstrate a dominant absorption peak in the 

UV region. The absorption bands at 200–400 nm indicate a transfer of charge from the valence 

band (O2p state) to the conduction band. It also could be observed that with increment thickness, 

bandgap energy decreases, and, consequently, the Urbach energy increased. 
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