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Influences of the different annealing ambient (in air, 1 bar, 2 bar, 3 bar and 4 bar oxygen partial pressure) on 
the titanium dioxide (TiO2) thin films deposited on soda lime glass by standard radio frequency (RF) 
magnetron reactive sputtering method at 100 W were investigated by means of X–ray diffractometer (XRD), 
ultra violet spectrometer (UV–vis), and Scanning Electron Microscopy (SEM). It was found that either optical 
properties or energy band gaps of the films enhanced with increase in the oxygen partial pressure up to 3 bar. 
The energy band gaps of the films (except for the film annealed in 4 bar oxygen partial pressure) became 
larger than the film annealed in atmospheric pressure. The best transmission was observed for the thin film 
annealed in 3 bar oxygen partial pressure. Moreover, not only was grain–like structure found to be more 
dominant than dot–like structure but also growth of anatase phase was observed instead of that of the rutile 
phase with increasing oxygen partial pressure up to 3 bar. 
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1 Introduction 

The (TiO2–based) films are processed using a wide range of deposition methods including chemical vapor 

deposition [1], chemical spray pyrolysis [2], sol–gel [3], and sputtering methods [4-6]. The studies on the 

produced (titanium dioxide) films increase day by day owing to the fact that the increased interest in either 

fundamental research or application in technology and industry of these materials in the last decade stems from 

its remarkable physical, optical and electronic properties [7]. TiO2 films were extensively investigated due to 

the high transparency in visible light [8] and high refractive index [9] thus they are convenient for applications 

such as multilayer optical coatings [10] and optical wave guides [11]. Furthermore, their high dielectric 

constant and good thermal stability make it be suitable for high–k insulator and capacitor in semiconductor 

technology especially in Si devices [12]. In addition, when the titanium films are illuminated by energetic 

photons (higher than band gap energy), charge carriers are photogenerated promoting oxidation and reduction 

reactions [13-17]. With this photocatalytic activity, they can be used to purify pollutants in air [18] and water 

[19]. Thin film technology also plays an important role in solar cells and sensors systems [20-23] such as 

biosensors. In this work, we tried to analyze the effects of the various annealing ambient (in air and different 

oxygen partial pressures) on the titanium dioxide thin films fabricated on soda lime glass substrates by reactive 

radio frequency magnetron sputtering via X–ray diffractometer (for accuracy in determining the lattice 

parameters of phase composition), ultra violet spectrometer (for optical properties and energy bad gap) and 

Scanning Electron Microscopy (for surface morphologies and microstructures). The aim of this study is not 

only to investigate the structural changes of the films produced in different annealing ambient and determine 

the best ambient for the film fabrication but also to show the feasibility of obtaining TiO2 films with tailored 

structures going from amorphous to partially anatase films, including a small amount of rutile phase under the 

oxygen partial pressure. We also reported that how the oxygen partial pressure affected the energy band gaps 

and the transmission of the films. The results show that the film fabricated in 3 bar oxygen partial pressure may 

be used in multilayer optical coatings or biosensors.  

____________________ 
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2 Experimental 

Titanium (99.99% purity) thin films were deposited on soda lime glass by NSC–3000 Sputter Coater. Before 

the film deposition process, the substrates were ultrasonically cleaned by acetone and deionized water and then 

dried by way of nitrogenous gas. After they were placed on a hot plate (170 °C) in the vacuum chamber 

evacuated up to 66.7 nbar, 60 cm3 argon for sputtering gas and 20 cm3 oxygen for reactive gas were filled into 

the chamber. The internal pressure was noted to be 4.01 µbar. The distance between target and glass substrates 

was adjusted to be about 5 cm. The RF power was also adjusted to be 100 W so that the films were obtained to 

be about 1 µm in thickness. The films annealed at 475 °C in air, 1 bar, 2 bar, 3 bar and 4 bar oxygen partial 

pressure for 2 h in a home–made rigid cylindrical tube evacuated up to 1.33 µbar by a rotary pump will be 

hereafter denoted as Tf–0, Tf–1, Tf–2, Tf–3 and Tf–4, respectively.  

After the annealing process, the rigid tube was removed from the furnace and cooled down to room 

temperature. The films, thickness of which was obtained to be about 1 μm, were observed to be transparent 

(especially Tf–3). In order to verify the reproducibility of these results, new films produced with the same 

condition were measured and it was found that the executed measurements of the samples were observed to be 

reproducible. Moreover, we realized that sizes of the new films are good agreement with old ones, which 

shows the size and reproducibility of the produced films are well-controllable. 

Phase purity and crystallinity data of the films were taken by using the Rigaku multiflex diffractometer 

(CuKα) in the range 2θ = 20°– 60° with a scan speed of 3 °/min and a step increment of 0.02°. In addition, the 

surface morphologies of the films were observed by the JEOL 6390–LV scanning electron microscopy (SEM). 

The transmittance spectra of the films were also recorded in the wavelength range from 200 to 1000 nm by a 

JASCO 430 UV–VIS spectrophotometer. 

3 Results and discussion 

X–ray diffraction patterns Figure 1 shows the x–ray diffraction patterns between 20° and 60° for the 

fabricated thin films. When (1a) indicates the pattern of the thin film without annealing process; (Fig. 1b-f) 

represent the pattern of the Tf–0, Tf–1, Tf–2, Tf–3 and Tf–4, respectively. As can be seen from the figure, while 

anatase phase (101) peak appears rutile peak (110) peak starts to disappear with increasing oxygen pressure. 

Whereas oxygen partial pressure (up to 1 bar) was found to be not enough to obtain the anatase phase peaks 

both (101) and (200) on the patterns of the films, these phases were clearly observed on the Tf–2 and Tf–4 and 

especially Tf–3 (Fig. 1 d–f–e). Additionally, above 1 bar oxygen partial pressure, the growth of anatase phases 

was observed instead of that of the rutile phase with increasing oxygen partial pressure. In fact, 3 bar oxygen 

partial pressure from the annealing processes was noticed to be optimum to obtain for anatase phase peak 

(200). 

 

Fig. 1 X–ray diffraction patterns for the films. 
(Online color at www.crt-journal.org) 
 
 

 

SEM micrographs The surface morphology images of the thin films were taken by Scanning Electron 

Microscopy as a function of the different ambient oxygen pressure. The micrographs pictured in figure 2 show 

that even though perfect surface morphologies were not obtained on the thin films, forming of the grains was 

obtained from 0.1 μm to 0.3 μm. The Tf–3 was noted to have the smoothest surface owing to the fact that an 

equiaxed grain structure was observed fully covering the glass substrate. Moreover, dramatically dot–like 
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structure was determined to turn to grain–like structure with increasing oxygen pressure up to 3 bar. Whenever 

the oxygen partial pressure is over that value, the surface morphology of the microstructure begins to degrade 

because of the fact that coatings (arranging in an order from 0.92 μm to 1 μm, respectively) become denser and 

denser. 

 

 

Fig. 2 SEM micrographs of the films annealed in (a) atmospheric pressure, (b) in 1 bar, 
(c) 2 bar (d) 3 bar and (e) 4 bar oxygenpartial pressure. 

 

 
 

  
 

Fig. 3 Transmission spectra of the films annealed in 
atmospheric pressure, 1 bar, 2 bar, 3 bar and 4 bar oxygen 
partial pressure. (Online color at www.crt-journal.org) 

 

Fig. 4 Band gap energies of the thin films at different 
annealing ambient. (A shows anatase phase while R 
presents rutile phase). (Online color at www.crt-
journal.org) 

 

Transmission spectra The surface roughness and homogeneity of the film can be determined by 

transmission spectra, such that high transmittance of the film indicates its low surface roughness and good 

homogeneity [24]. In this study, the dependence of transmittance T on the wavelength λ in the spectral range 

200–1000 nm was recorded to research the optical transmission of the thin films. Figure 3 shows the 

transmission spectra of the Tf–0, Tf–1, Tf–2, Tf–3 and Tf–4, respectively. It can be seen from the figure, the 

transmission of the films was observed to gradually improve up to 3 bar oxygen partial pressure where the 

transmission was measured to be about 85%. Yao et al. [25] reported similar evolution of transmission with the 

oxygen partial pressure. The absorption coefficient is apparently high for the film deposited at the lowest 

pressure because of nonstoichiometric defects, including oxygen vacancies (Vö), Titanium substitutes (Ti’Ti) as 

well as electronic defects (e’) in the film [26-28]. Hence these defects lead to degrade the transmittance of the 

film. On the other hand, the film is nearly fully oxidized with the increase of oxygen pressure, so the 

concentration of nonstoichiometric defects becomes to decrease whereas the transmittance of the film becomes 

to increase. Likewise, Hai–Ning Cui [29] stated the film transmittance increases with increasing oxygen partial 

pressure (PO2). However, the transmission of the Tf–4 was found to suddenly decrease towards 40% due to the 

fact that coatings become denser and denser when the oxygen partial pressure is over 3 bar. Therefore optical 

transmittance of the films begins to degrade. The results show that excessive oxygen pressure applied on the 

film during annealing process causes to the decrease of film transmittance.  
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Band gap energies There are considerable models and reports to find the absorption coefficient and 

energy band gap (Eg) [30]. In this paper, similar to calculation of Zribi et al. [7], the optical band gaps of the 

films estimated with calculation of absorption coefficient α were determined from interceptions of the photon 

energy axis. Figure 4 depicts (αhυ)2 versus photon energy (eV) plots for the Tf–0, Tf–1, Tf–2, Tf–3 and Tf–4, 

respectively. The results point out that the compactness of titanium dioxide films changed from a porous 

structure to a dense structure (except for Tf–4). In other words, dramatically the packing density of the films 

increased with the increase of annealing oxygen partial pressure. However; like effect on transmittance of 

oxygen partial pressure, excessive oxygen pressure caused the decrease in the energy band gaps of the films, 

which is supported by studies of literature [31-34]. As seen from the figure, the optical band gap was found to 

be about 2.94 eV for the Tf–0. The band gap of the Tf–1 was observed to increase to 3.01 eV, in fact that of the 

Tf–3 was noted to be about 3.25 eV. Nevertheless, the gap energy was observed to sharply decrease towards 

2.77 eV for the Tf–4. Hai–Ning Cui et al. [29] both recorded the energy band gap Eg ranges from 3.26 eV to 

3.66 eV and indicated a change on the energy band gap depending on the oxygen partial pressure. Although 

ranges of the energy band gaps were found to be different from each other, the band gap values observed the 

similar trend (firstly increase then decrease) with the increase in oxygen partial pressure.  

4 Conclusion 

It was analyzed that how the titanium dioxide thin films produced on soda lime glass were affected in different 

annealing ambient via X–ray diffractometer, ultra violet spectrometer and Scanning Electron Microscopy. The 

results show that rutile phase (110) peaks of the films substitute with anatase phase (101) and (200) peaks with 

increasing the oxygen pressure through the annealing process. Likewise, either the films have smoother surface 

morphologies or grain–like structures appear on the surfaces of the films with increasing oxygen pressure up to 

3 bar. Moreover the band gaps and transmission of the films annealed in different oxygen ambient were found 

to become larger than that of the film produced in atmosphere. However the rapid decrease in the energy band 

gap (towards 2.77 eV) and transparency (towards 45%) of the film annealed in 4 bar oxygen partial pressure 

was noted. At the same time, the best transmission was recorded to be about 85% and the largest band gap was 

also found to be 3.25 eV at 3 bar oxygen partial pressure. Therefore, it was clearly understood that the 

excessive oxygen pressure damages to the energy bad gap and transmittance of the thin films. As a result, the 

effects of the various annealing ambient on physical properties of the titanium dioxide thin films were 

obviously indicated via this study which may therefore show the way the thin films studies on biosensor and 

bioelectronics using different ambient gas pressure in the future. 
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