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This study uses glass substrates to create nanostructured TiO, thin films employing Sol-
Gel method. Afterwards, TiO, films are annealed in air for two hours at (400, 450, and
500) °C. The XRD tests demonstrate that all films are tetragonal polycrystalline and have
orientations equal to those described in the literature. These findings suggest that when
the annealing temperature rises, grain size increases. As the annealing temperature is
raised, the Full Width at Half Maximum (FWHM) reduces from 0.57° to 0.0.51°, and the
dislocation density drops from 45.22 to 39.22.18 nm, respectively. AFM has examined the
thin films' surface morphology. The films formed using this method have good crystalline
and homogenous surfaces, according to AFM tests. With an increase in annealing
temperature, thin films' average particle size, average roughness, and Root Mean Square
(RMS) value all drop. The films' optical characteristics. The transmission was over 97%
decreased with increasing annealing temperatures. It is found that the band gap decreases
from 3.42 to 3.3 eV with increasing annealing temperature. Between 300 and 900 nm, the
films' refractive indices range from 2.89 to 2.2.76. With higher annealing temperatures, the
films' extinction coefficients fall.
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1. Introduction

The fabrication of oxide nanomaterials, including nanoparticles, nanotubes, nanofibers,
nanorods, and nanolayers has significantly advanced nanotechnology in recent years. These
materials have unique physical and chemical properties unheard of in ordinary materials. Due to
their widespread availability and ease of use, simple materials like TiO,, Al,O3;, ZnO, SiO,, and
Bi,0; [6] interest scientists. For more than 20 years, TiO, was one of the most extensively
researched and utilized oxides. TiO2 is highly sought after by industry and science because of its
many applications in various sectors, including chemical, electrical, pharmaceutical, architectural,
and cosmetic. Its outstanding catalytic capabilities, reasonable cost, strong physical and chemical
stability, and non-toxic composition are the reasons for its popularity in a scientific investigation
[7]. At the moment, one of the most intriguing photochemical materials is this one. [8]. In nature,
titanium dioxide can be found in three polymorphic minerals: rutile, reasonably unusual rhombic
brucite, and the most frequent, tetragonal anatase. Each polymorphic form has a different band
gap, which is 2.96 eV for brucite, 3.03 eV for rutile, and 3.32 eV for anatase [2]. TiO, can be used
as self-cleaning layers ,solar cells [9,10]. TiO, thin films can be synthesized using various
techniques: ion beam [11], anodic [12], PECVD [13], CVD [14], PLD [15], Plasma spray [16],
including thermal [17], Spray Pyrolysis Technique [18-20]. RF sputtering method [21, 22] and
sol—gel method [23-24]. The sol-gel process, can be applied in coating large surfaces, inexpensive,
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and easily the homogeneity of the layer's structure can be controlled [25-28]. In this study, we
focus on preparation of nanostrucured TiO; thin films, and examine how the annealing temperature
affects the optical, surface morphological, and structural characteristics of TiO, films.

2. Experimental

Titanium tetraisopropoxide [CL,H,80,Ti] 0.1M solution is dissolved in methanol to
prepare the sol. The cloudy solution was made clear by stirring one drop of HCL and 1 drop of
H,O with a 0.25 ml micropipette. After that, the entire solution was placed in a secure area to age
for two days. The solution is ready to create TiO, films utilizing spin coating on a glass substrate
of 2.5 x 7 cm”. The 140 Volt spinning rate was maintained. The wet films were annealed for one
hour after being dried at 75 °C for 10 minutes. The procedure was repeated to get the film's usable
thickness of 10 nm. Films with multiple layers were pre-annealed at 400°C and then post-annealed
for an hour at 450°C and 500°C. Using CuK radiation with a wavelength of 0.15406 nm, an X-ray
diffractometer (XRD, SEIFERT) was used to analyze the structural characteristics of thin films
(AFM, SPA 400). The transmission spectra were captured using a UV-VIS Spectrophotometer
(Systronics Double Beam Spectro-Photometer Model 2202).

3. Results and discussions

The X-ray diffraction patterns for films produced of the polycrystalline material TiO, are
shown in Figure 1. (3) Several peaks with diffraction angles of 25.26°, 48.43°, and 62.61° are
observed in TiO, thin films. They are, respectively, attributed to the (101), (200), and (204) planes.
The standard TiO, X-ray diffraction data file [No. 21-1272] JCPDS prevalent is consistent with
these findings. Nonetheless, TiO, thin films have been found to have the hexagonal favoured
orientation (101), as in our instance. [29].

The average grain size (D), which can be estimated via Scherrer’s formula [30-32]:

D= KA
" BcosB

€y

K =0.89, A is the wavelength of x-rays, p is FWHM, and 6 is the Bragg angle. D was raised from
14.87 nm to 15.96 nm with an increase in annealing temperature (T,) ,Which agree with [29], as
shown in Table. The surface morphology is fine and regular with spherical nanoparticles (1).

This Dislocation density (8) can be calculated from the formula [33-35]:

5= )

D2

The dislocation density is found to be 45.22, 43.96 and 39.22 as T,rise.
This strain (€) can be calculated from Eq.3[36-38]:

€= Bczs@ (3)

The strain is discovered to be 24.26, 22.99, and 21.75 annealed, as T, rise. Figure (2)
shows the prepared films' FWHM, D, §, and strain. D and other factors have an inverse relation.
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Fig. 1. XRD pattern of the intended films.

Table 1. Structural coefficient, D and optical bandgap of grown films.
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Sample | 260 | (hkl) | FWHM gﬁggg; Grain size Dlzl;f:‘itt‘yons Strain
(OC) (0) Plane (o) (ev) (nm) (>< 1014) (1ines/m2) (>< 10-4)
400 25.26 101 0.57 3.42 14.87 45.22 24.26
450 25.22 101 0.54 3.37 15.08 43.96 22.99
500 25.19 101 0.51 3.33 15.96 39.22 21.75
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4. Topography surface analysis

Figure 3 displays the AFM images after annealing them at (400, 450, and 500) °C. The
grains are distributed somewhat equally over the scanning zone (10 x 10 m), as seen in Figures
(3). The three-dimensional properties at (400, 450, and 500) °C are displayed in Figure 3 (A1, A2,
and A3). As can be seen from the AFM micrographs, the grains are consistently round. According
to Table 2, the average particle size (P,,) of a TiO, film after annealing was arranged to be
between 70.4 and 33.4 nm, with the average surface roughness Ra falling between 6.31 and 2.77
nm and the root mean square (rms) falling between 9.10 and 2.78 nm. Figure (3) and Table 2
provide AFM parameter (Papy) values for the grown films.

Table 2. PAFM of the grown films.

Sample P, R, RMS
49 (nm) (nm) (nm)
400 70.4 6.31 9.10
450 50.3 3.42 7.93
500 334 2.77 2.78
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Fig.3. AFM information of deposit films.

5. Optical properties analysis

According to Fig., T, significantly influences the optical transmittance (T) measurements
of the TiO, films (4). It is discovered that films have a near-infrared transparency of nearly 97%. It
has been found that T decreases with increasing the T, for all films examined; this is due to the
film surface becoming rougher and the surface scattering of light becoming more pronounced as a
result of increasing columnar growth with needle- and rod-like shapes [36,37]. Higher-temperature
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annealed TiO, films exhibit decreased transmittance. Since annealing increases the roughness of a
film's surface, it scatters light [39].

The measured absorbance (A) of TiO, thin films is related to T by [40-41]:

s=ta(2)= (1)

where (I) is the transmitted light and (I,) is the incident light. T, affects A, as seen in Fig (5).
Further analysis indicates A increases with an increase in T,. The increase in particle sizes is
responsible for this. The TiO, film annealed at 500 °C exhibits the highest absorption. The
absorption edges exhibit a slight red shift as T, rises. The absorption edge may redshift for a
variety of reasons. One is that the absorption edge may redshift due to bigger crystals [42].
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Fig. 5. Absorbance with wavelength of the as-deposited TiO; thin films.

Equation 5 [43, 42] was used to determine the absorption coefficient (o) as shown in Fig. (6):
@ =(2.303xA)t )

where (t) is film thickness, since o is inversely proportional to the transmittance, it increases
strongly in the UV range and progressively decreases (Fig. 6). As the annealing temperature rises,
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the absorption coefficient rises as well, and its value is more than (10* cm™). This is related to
increased grain size, and the light scattering effect may explain its high surface roughness. [4].

The analysis was conducted using the method described in [27, 28] to ascertain the
energy gaps in the materials created. The following is assumed to be the dependence of the
substance under investigation's of o on radiation: [45-46]

(ahv) = A(hv — E,)" (6)

where E; is the band gap, A is energy independent constant, (hv) is photon energy, n=1/2.
The conditions for film deposition and its preparation procedure, which impact the crystalline
structure, determine the energy gap value. [47]. The cause for the variance in the energy gap is the
variation in the structural characteristics and other changes. Fig. 7 shows that as T, is raised, the
allowable E, decreases from 3.3.42 to 3.3 eV. They are well-concordant with those reported for
TiO, thin films made using other methods. [14].
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Fig. 6. a of the as-deposited TiO, films.
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Fig. 7. (ahv)2 of the as-deposited TiO; films.

Equation (7) relates the extinction coefficient (K) [48-49]:

= 7
=i (7)
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where (L) is the wavelength of the incident radiation, so (k) can be measured by using the previous
relation. Figure 1 displays k curves for TiO, films grown and annealed (8). Extinction coefficient
has the same behavior as o due to their prior relationship, but the k declines as annealing
temperature increases [50, 51].

Equation 8 is used to determine the thin films of TiO,'s refractive indices (n) [52,53]:

"= (1J—r2>+ a iRR)Z -k ®

The fluctuation in n in the (350-900 nm) wavelength range is depicted in Fig. (9). n in the
visible/near-infrared range increases as T, rises. n also drops in the visual region as the wavelength
rises [9]. This pattern demonstrates an increase in n value with greater annealing temperature [54].
The increased packing density and T, impact the films' morphology (change in crystalline
structure), which is responsible for the change in n. n values range from 2.1 to 2.8 for films with
various T, [55] According to a few researchers, n of deposited or annealed TiO, films ranges from
2.1 to 2.9, and annealing treatment causes n to drop because it increases crystallization. [56].
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6. Conclusion

Sol-gel creates nanostructured TiO, thin films. A polycrystalline structure with high peak
intensities in the (101), (200), and (211) planes is seen in the TiO, films, and the grain size
increases as T, is elevated from (400 to 500 °C), but the dislocation density and strain decreases.
According to the AFM data, the average particle size reduces from 70.4 nm to 33.4 nm as the
annealing temperature rises from 400 to 500 °C. As T, increases, the root mean square (RMS)
similarly drops from 9.1 to 2.78 nm. The average transmittance is around 97% in the near-infrared
range. The least transmitting of all the films is the one that has been annealed at 500 °C. Still,
because optical absorptance is vital at short wavelengths, the film is suitable for a detector in the
ultraviolet region. TiO, sheets have an o of approximately (>10* cm™), meaning that as photon
energy increases, so does o. Also, the optical characteristics of thin films made of TiO,
demonstrate that direct transition was possible. The optical band gap, n , and k, all drop as the
annealing temperature is raised for all films.
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