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Abstract 

TiO2 thin films are deposited on glass substrates by using the sol-gel dip coating technique. The 

annealing temperature was varied to investigate its effect on the surface morphology, structural, 

electrical, and optical properties of the film. The crystalline structure, surface morphology, and electrical 

properties were investigated by XRD, SEM, and four-point probe. The results show that with an increase 

in annealing temperature, the value of the intensity of (101) peak increases while the value of the full-

width at half maximum decreases. Thin films deposited at high annealing temperatures result in higher 

absorbance and an increase in surface roughness and grain size. The electrical properties of these films 

show that the resistivity varies between 3.44×103 and 1.62×103 Ω.cm when the annealing temperature 

changes from 350 to 550°C, respectively. The TiO2 thin films annealed at 900°C exhibited lower 

resistivity than other films. It found that the annealing temperature influences the surface morphology, 

structural, and electrical properties of TiO2 thin film. 
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1. Introduction 

Titanium dioxide (TiO2) also known as titanium oxide or titanium IV oxide or titania, is the naturally 

occurring oxide of titanium. It is a versatile transition-metal oxide and a useful material in various 

present/future applications related to The TiO2 photoanode is an important component in various thin-

film technologies, e.g., devices for hydrogen production [1, 2] energy storage [3], and photocatalytic 

treatment of water [4, 5] as well as DSSCs [6-9], and PSCs [10-13] PSCs have made extraordinarily 

rapid progress over the past decade, and one of their key advantages lies in their compatibility with 

flexible substrates [14-16]. 

 

Three crystalline phases of TiO2 material are known to exist: the orthorhombic brookite phase, the 

tetragonal rutile, and the anatase phases [17]. The anatase TiO2 phase exhibits the highest photo-activity 

when compared to the rutile and brookite phases [18]. It is a tetragonal crystal  with lattice parameters of 

a = b = 0.3784 nm, and c = 0.9514 nm [19]. It also has an optical band gap of around 3.23 eV [20]. One 

major impediment to TiO2's usage as an effective visible-range absorber is its wide band gap (3.0-3.2 

eV). TiO2 is only active in the UV because of its wide band gap. 
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As a bulk material, rutile is the stable phase. However, anatase is generally favored for solution phase 

preparation [21]. Anatase and brookite are metastable phases and readily transform to rutile when heated 

[22]. After synthesis at any relatively low temperature below 600°C, the anatase phase of TiO2 is 

normally obtained and then transformed to a rutile phase above 800°C [23, 24]. Despite this general 

effect, the starting material, its composition, deposition method, and annealing temperature also play an 

important role in the formation of the resulting TiO2 crystal phases [23]. 

 

It has been established by research that the preparation technique and processing conditions strongly 

impact the microstructure and physical properties of the material. Each technique has its advantages and 

limitations. Among them, the sol–gel method yields stable, adherent, uniform, and hard films with good 

electrical and optical properties. However, some factors that affect the quality of the TiO2 thin films 

deposited using the sol-gel method include (sol concentration, sol agent, pre-heating temperature, post-

annealing temperature, and sol aging temperature [25]. 

 

In the other hand, the sol-gel processing starting from metal alkoxide or some other metal-organic 

precursors still requires processing temperatures over 400°C for the crystallization and removal of 

organics. The strong reactivity of the alkoxide towards H2O often results in uncontrolled precipitation 

and limiting the use of the sol-gel technology. These problems have been overcome with the aid of 

chelating agents, such as acetic acid [26]. Amorphous and polycrystalline forms of TiO2 can be readily 

prepared using the sol-gel technique [27] which offers the possibility of relatively low-cost, large-scale 

production of thin films. Several researchers have been done to identify significant interactions between 

process parameters such as withdrawal rate, sol concentration and the number of coating layers and their 

effects on structural, optical and electrical properties of sol-gel derived TiO2 thin films [28]. To optimize 

the properties of TiO2 films, the films must be prepared with enhanced crystallinity. However, the as-

deposited TiO2 films are often mainly amorphous when the substrates are not heated during spin coating 

process, and this is the manner adopted industrially. So, it is necessary in the preparation of TiO2 films 

to anneal them after spinning to improve their crystallinity, thus achieving TiO2 films optimum for 

applications. 

 

In this paper, we report on the study of the surface morphology, optical, structural, and electrical 

properties of TiO2 thin films deposited on silicon substrates by sol-gel dip coating technique as a 

function of the annealing temperature as many annealing parameters, such as the atmosphere annealing 

time and temperature schedule, can affect the film structure. In this paper, we investigate deposited thin 

film, 350°, 400°, 450°, 500° and 550° of annealing temperatures. 

 

2. Material and method 

2.1. Material 

Titanium (IV) isopropoxide (Ti(OC3H7)4) [98%], Methanol, Acetonitrile, Ethanol, Flouro acetic acid 

(CH3COOH), HCL, Acetone and 2- Methoxy ethanol all HPLC grade, 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. 

 

2.2. Synthesis of thin Films 

The solution was prepared by dissolving 1.4 mL Ti(OC3H7)4 with 10 mL of 2-methoxy ethanol. Then 

stirred at room temperature for 1 hour., followed by dropwise adding of 0.05 mL of flouro acetic acid for 

fluorine doping. and stirring was continuously done for 1 hr to yield a clear homogeneous solution. The 

glass substrate was cleaned with ultrasonic, acetone, ethanol, and distilled water. Film deposition is 
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carried out in the air at room temperature. The spin coating process included two steps, the spin coating 

speed was done for 30 sec at 2500 rpm, during which the sol covered the substrate. Then the film dried 

in a furnace at 100ºC for 30 min. Finally, to crystalline the films, samples were annealed at different 

annealing temperatures (350, 400, 450, 500, and 550°) in the air at a heating rate of 1.65°/min and 

cooled down to room temperature. 

 

2.3. Characterization 

The sample's X-ray diffraction (XRD) pattern was obtained by diffractometer over an extensive range of 

10° to 80° on a 2θ scale. The CuKα wavelength of the monochromatic light in the XRD diffractometer is 

1.54Åat 40 kV at a rate of 6°/min. A scanning electron microscope (SEM) was used to assess the 

sample's surface morphology. Under AM 1.5 sun intensity, current density, and voltage curve (J-V) were 

measured using a Keithley 2400 source table and alight source of 450 W (xenon lamp) (Newport 6279 

ns).  

 

3. Results and discussion  

3.1. X–ray diffractometer  

The crystal structure and orientation of the TiO2 thin films were investigated using an XRD. Figure 1 

shows the XRD patterns of the TiO2 thin films after annealing under various temperatures (350, 400, 

450, 500, and 550°C). From Figure 1, XRD data for different annealing temperatures, the diffraction 

peaks located at 2θ = 25.0, 37.6, 47.4, and 50.7 are assigned respectively to the (101), (004), (200), 

(105), and crystallographic planes of the tetragonal anatase phase of TiO2 (JCPDS 21-1272) [29-31]. 

 

 
Figure 1: XRD Analysis for the Samples Prepared with Various Temperatures 

 

The (101) anatase peak appeared at the annealing temperature of 350ºC, 400°C, 450°C, and 500°C. The 

crystallinity further increased with increasing annealing temperature shown in Figure 1. A similar result 
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was observed by Lin et al. (2013) [32]. This characteristic is due to the fact that with increased annealing 

temperature, the surface mobility increases, the preferred orientation is enhanced, and the adhesion 

between the particles and the substrate is improved. The diffraction peaks located at 2θ = 25.0, 37.6, 

47.4, and 50.7, are assigned respectively to the (101), (004), (200), (105), and crystallographic planes of 

the tetragonal anatase phase of TiO2 (JCPDS 21-1272). From Table 1 the FWHM of the (101) 

diffraction peak decreases with annealing temperature increment. The smallest FWHM value is obtained 

for the films annealed at 550ºC, which corresponds with the increase in crystallite size and crystalline 

quality.  

 

The crystallite size D (Eq. 1) of the TiO2 films was estimated from the XRD pattern according to the 

Debye-Scherrer’s relation [63], shown in Table 1: 

 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 (1) 

 

where λ = X-ray wavelength (1.54184 Å), θ is the Bragg diffraction angle of the XRD peak, and β is the 

FWHM. It was found that the crystallite size increase with annealing temperature increment from 350 ℃ 

to 500℃. This result can be explained by two reasons. First by raising the annealing temperature, the 

atomic mobility increases which improved the ability of atoms to find occupy stable position inside the 

TiO2 crystals. Second, increasing the annealing temperature rapidly reduces the crystallographic defects. 

 

Using Bragg's diffraction law by (𝑛𝜆 = 2𝑑(ℎ𝑘𝑙)𝑠𝑖𝑛𝜃(ℎ𝑘𝑙)), one can calculate the interplanar distance (d) 

by knowing the wavelength of the used X-ray source, λ=1.54184 Å and the position of the diffraction 

line (the diffraction angle 2θ).  

 

Whereas, when the film was initially deposited, it consisted of small crystallites and the distances 

between them is very large. But, when the sample was annealed, the crystallites begin to coalesce with 

each other and the grain boundaries approaching from each other and even they gather [61]. The internal 

microstrain µ can be evaluated using the relation (Eq. 2) [62]: 

 

µ =
𝛽𝑐𝑜𝑠𝜃

4
 (2)  

 

where β is full-width at half-maximum of the (101) peak. It is clear that when the annealing temperature 

is increased the strain decreased considerably. This result can be attributed to the decreasing volume 

occupied by the atoms arranged due to crystallites agglomeration. The dislocation density which 

represents the amount of defect in the film was determined from the formula given below (Eq. 3) [63] 

 

 𝛿 =
1

𝐷2 (3) 

 

where D is the crystallite size of TiO2 thin film. Overall, the dislocation density increases with the 

annealing temperature increases. It may be due to the decrease in concentration of lattice imperfections 

and improve the crystallite of the deposited films. 

 

The eq. (4.6) was used to calculate the number of crystallites (N) [64].  

 

𝑁 =
𝑡

𝐷3 (4.6) 
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Where "D" is the size of the crystallite and "t" is the film's thickness. 

 

The films thickness values are shown in Figure 2. It was observed that increasing annealing temperature 

from 350 to 500°C for TiO2 films resulted in increased film thickness. This can be explained as with 

increasing annealing temperature, the growth rate increases, which in turn to enhances the film thickness 

and the crystallite size. It also can be attributed to enhancement of nucleation and coalescence of grains 

[65] 

 

 
Figure 2: Variation in Dislocation Energy and Crystal Size with Different Annealing 

Temperatures 

 

It is clear from Figure 3 and Table 1 that when the annealing temperature is increased the strain 

decreases considerably. This result can be attributed to the decreasing volume occupied by the atoms 

arranged due to crystallite agglomeration. The film thickness values are shown in table 1. It was 

observed that increasing the annealing temperature from 350°C to 500°C for TiO2 films resulted in 

increased film thickness. This can be explained as with increasing annealing temperature, the growth 

rate increases, which in turn enhances the film thickness and the crystallite size. It also can be attributed 

to the enhancement of nucleation and coalescence of grains [33]. 
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Figure 3: Effect of Increasing Annealing Temperature on Micro Strain and Thickness of Film 

 

The calculated values of dislocation density, strain, and stress are tabulated in Table 1. From table 1 it is 

found that the calculated stress values for annealed films are negative. The negative sign of the stress 

value indicates that all the films are in compressive stress. It is noticeable that the 350°C films have a 

larger stress value and this stress value decreases as the annealing temperature reaches to 450°C i.e. 

annealing temperature relaxes the film stress. The dislocation density and strain values of the film have 

been found to decrease with the increase of annealing temperature up to 450°C and then increase. This 

tendency indicates that annealing reduces the lattice defects of the films and increases the crystalline 

quality by modifying the periodic arrangements of atoms in the crystal lattice [34-37]. The dislocation 

density and strain value show a reverse relation when the films are annealed above 450°C i.e. at 500°C 

temperatures. The crystallite sizes are inversely proportional to the FWHM, as seen in Table 1. On the 

other hand, Figure 1 illustrates how the peak intensities of the TiO2 nanoparticles rise as the annealing 

temperature rises, indicating better crystal quality [38, 38]. 

 

Table 1. XRD Parameters with Varying Annealing Temperature 

Annealing 

Temperature 
2θ 

FWHM 

(β) 

Crystal 

Size (D) 

(nm) 

Dislocation 

Density δ x 

1015(lines/m2) 

Micro 

Strain μ 

x10-3 

No. of 

Crystal 

Nx1016 

Thickness 

of Film 

(µm) 

350 25.40 0.4701 10.73 13.65 0.10925 40.45 0.3 

400 25.40 0.4316 16.84 8.26400 0.10574 40.28 0.812 

450 25.40 0.3957 21.47 2.12300 0.09694 41.56 2.168 

500 25.00 0.3802 22.65 3.19315 0.10315 40.23 2.589 

 

3.2. Optical Properties 

The absorbance & transmittance results Figure 4, and Figure 5 graphs illustrate characterization. The 

absorbance rate of F-doped TiO2 thin film is influenced by changes in annealing temperature, as 

indicated by the results of absorbance experiments. The absorbance value of the F-doped TiO2 thin film 

increases with increasing temperature. This implies that during the annealing process, high temperatures 

promote the evaporation of oxygen. The F-doped TiO2 thin film with low transmittance is more 

absorbing than high transmittance since a high absorbance value leads to a low transmittance value. As 

Figure 5 displays the transmittance measurements' outcomes. Due to TiO2's excessive absorption of the 

UV wavelength area, transmittance significantly decreases in the 290-350 nm wavelength range. For the 
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TiO2 film annealed at 450 and 500 C, respectively, a little drop in average transmittance was noted, 

going from 68% to 60%. The lowest transmittance TiO2 film is obtained by annealing it at 550 C. It 

implies that samples that have been annealed at higher temperatures have a higher absorbance. This 

could be because the annealing process reduces the amount of oxygen condensation [40, 41]. Its 

increased surface roughness can also be linked to the result of TiO2 crystallization and to the loss of light 

scattering [41, 42]. The same can also be verified with SEM results.  

 

The annealing temperature also affects others parameters, such as optical band gap (Eg). The 

recombination of electron from the conduction band to the valence band by absorption of photon energy 

usually occurs either in direct or indirect transitions. The optical band gap of the film can determined by 

the absorption coefficient using the Eq. 4 [66]:  

 

(𝛼ℎ𝜐) = 𝐴(ℎ𝜐 − 𝐸𝑔)𝑚 (4)  

 

where A is a constant that depends on the electron-hole mobility with a value between 105 and 106, α is 

the absorption coefficient (cm-1), hν (eV) is the photon energy, and m is equal to ½ for a direct gap and 2 

for an indirect gap.  

 

 
Figure 4: Absorbance for Different Annealing Temperatures 
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Figure 5: Transmittance for Different Annealing Temperatures 

 

As depicted in Figure 6, band gap narrowing can be confirmed by the notable red shift in the absorption 

spectrum for TiO2 films that underwent annealing at 500°C. This outcome is consistent with findings 

documented in the literature [43-46] that show how surface roughness or smoothness is related to the 

optical band gap and annealing temperature, this can also be verified with SEM images. It can be 

inferred from the absorption edge value and band gap calculation graph by Tauc’s plot as shown in 

Figure 6. The band gap decreases as the annealing temperature of TiO2 increases. The band gap 

calculated values from Tauc’s plot graph are 2.9, and 3.2, respectively, for annealed temperature of, 

550°C and 450°C. The band gap energy Eg are calculated by the tangential linear portion of (αhν)2 v/s. hν 

curves cut at (αhν)1/2 = 0 in the energy axis as shown in Figure 6 These results are also in agreement with 

the literature [47].  

 

 
Figure 6: Band Gap for 450°C, and 550°C 

 

The decrease in band gap energy may be a result of the change in film density, and increase in crystallite 

size and the results can also be verified from XRD parameters Table 1. As a result, a greater annealing 

https://www.ijirmps.org/


Volume 12 Issue 3                                              @ 2024 IJIRMPS | ISSN: 2349-7300        

 

IJIRMPS230712          Website: www.ijirmps.org Email: editor@ijirmps.org 9 

 

temperature decreases transmittance, which validates XRD data showing a larger crystallite size. 

Furthermore, the bandgap value is significantly influenced by the size of the crystallites as well as by the 

combination of various TiO2 polymorphs. Annealing led to increased levels of localized near valence 

band and conduction band and these levels are ready to receive electrons and generate tails in the optical 

energy gap and tails are working toward reducing the energy gap [48]. Also, can related to improving 

the film crystallinity with annealing increment. 

 

3.3. Surface Morphology 

The structural and surface characteristics of TiO2 thin films were studied in a SEM. The microstructures 

of the sample and annealed at different temperatures are shown in Figure 7. It has been observed that 

deposited TiO2 thin film on glass substrate has less grain size and pore area [49]. Referring to Figure 7 

the average grain size and pore area is increased. In Figure 7 (a-c) the average grain size and the pores 

size of TiO2 thin film are improved in a spherical shape. This shows that by increasing temperature the 

grain and pore size both increased which is in good agreement with the results by previously reported 

results [50, 51]. These results showed that surface porosity and surface morphology of TiO2 could be 

affected by changing the annealing temperature. All the films displayed an 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 [52, 53] and can also be verified from XRD data. 

 

 
Figure 7 (a-c): SEM Image for Different Temperatures (350°C, 450°C, 550°C) 

 

3.4. Electrical measurements 

The resistivity (ρ) of TiO2 thin films varies with annealing temperature, as seen in Figure 8, and Table 2. 

The obtained results show that as the annealing temperature increases, the resistivity of the samples falls 

and reaches a low value of 0.0802 Ω cm with films annealed at 550°C. One reason for this resistivity 

characteristic is the rise in Ti atom regular sites in the film's network. Since TiO2 is an n-type 

semiconductor, the concentration of Ti4+ in TiO2 films reduces the recombination of photogenerated 

electrons and holes by forming a donor level between the band gap of TiO2 [54, 55]. As a result, films 

made at high annealing temperatures have more Ti4+ ions than O2- ions, increasing the free electron 

concentration and causing a subsequent drop in the resistivity of the film [54, 55].  

 

Table 2. Resistance and Resistivity for Different Annealing Temperatures 

Temperature Resistance (Ω) Resistivity (Ω-cm) 

350 8.6×107 3.44×103 

400 7.8×107 3.22×103 

450 6.2×107 3.0×103 

500 8.3×107 3.09×103 

550 9.7×107 3.68×103 

(a) (b) (c)
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From the four point probe measurement, the resistivity is calculated using the formula below (2): 

 

𝜌 = 2𝜋𝑠
𝑉

𝐼
 2 

 

Where ρ is the resistivity, s is the spacing between the probe, V is the voltage, and I is the current. The 

conductivity of the TiO2 thin films is the reciprocal of resistivity. The relationship between resistivity 

and conductivity is shown by the following equation (3) [67]: 

 

𝜎 =
1

𝜌
 3 

 

Where 𝜎 is the conductivity and ρ is the resistivity. This equation shows that as resistivity decrease, the 

conductivity increases. The results show that the resistivity of the TiO2 thin films is dependent on the 

annealing temperature. It is observed that the resistivity decrease when the annealing temperature 

increase. This phenomenon due to increase in the grain size which leads to a decrease in the grain 

boundaries and hence resistivity. The decrease in grain boundaries enhances the electron mobility, thus 

improve the conductivity. 

 

 
Figure 8: Resistivity with the Variation of Annealing Temperature 

 

3.5. Photoluminescence (PL) 

The PL spectra of TiO2 thin films are displayed in Figure 9. The excitation peak is located at 335 nm, 

and the ultraviolet emission peak is centered at 411 nm and comes from the recombination of free 

exciton [56, 57]. According to earlier reports, the UV emission of TiO2 thin films gradually increases as 

the annealing temperature rises [58, 59]. Because of the increase in order (in a medium-order range) and 

the tensile stress that the nanomaterials were subjected to, peak intensities were seen to decrease at 

higher annealing temperatures, which was linked to the structural alteration of TiO2 [60]. 
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Figure 9: PL Spectra for Different Annealing Temperatures 

4. Conclusion 

In conclusion, the annealing temperature affects the surface morphology, structural, electrical, and 

optical properties of TiO2 films synthesized by sol-gel dip coating. According to the XRD analysis, 

TiO2 films crystallise in the anatase phase between 350°C and 550°C, which is the annealing 

temperature. According to the SEM examinations, the TiO2 film structure was nanocrystalline, with the 

annealing temperature determining the grain size and roughness, which ranged from 10.73 nm to 22.65 

nm. At the annealing temperature of 550°C, the resistivity was the lowest, measuring 1.62×103 Ω.cm. It 

is discovered that this drop in resistivity is caused by an improvement in the surface roughness and the 

crystal quality of the XRD data. 
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