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Abstract

:

Titanium dioxide (TiO2) thin films are used for a broad range of applications such as wastewater treatment, photocatalytic degradation activity, water splitting, antibacterial and also in biomedical applications. There is a wide range of synthesis techniques for the deposition of TiO2 thin films, such as chemical vapor deposition (CVD) and physical vapor deposition (PVD), both of which are well known deposition methods. Layer by layer deposition with good homogeneity, even thickness and good adhesive nature is possible by using the PVD technique, with the products being used for photocatalytic applications. This review studies the effects of magnetron sputtering conditions on TiO2 films. This innovative technique can enhance the photocatalytic activity by increasing the thickness of the film higher than any other methods. The main purpose of this article is to review the effects of DC and RF magnetron sputtering conditions on the preparation of TiO2 thin films for photocatalysis. The characteristics of TiO2 films (i.e., structure, composition, and crystallinity) are affected significantly by the substrate type, the sputtering power, the distance between substrate and target, working pressure, argon/oxygen ratio, deposition time, substrate temperature, dopant types, and finally the annealing treatment. The photocatalytic activity and optical properties, including the degree of crystallinity, band gap (Eg), refractive index (n), transmittance (T), and extinction coefficient (k), of TiO2 films are dependent on the above- mentioned film characteristics. Optimal TiO2 films should have a small particle size, a strong degree of crystallinity, a low band gap, a low contact angle, a high refractive index, transmittance, and extinction coefficient. Finally, metallic and nonmetallic dopants can be added to enhance the photocatalytic activity of TiO2 films by narrowing the band gap.
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1. Introduction


Titanium dioxide (TiO2) is a low-cost non-toxic oxide semiconductor that is extensively employed in various industries due to its optical, electronic, and photocatalytic properties. It is mostly used in thin film form, which enhances the quantum efficiency. Because TiO2 has high transparency and a high refractive index, it can be employed for optical coatings such as those for dielectric interference filters [1], multilayer mirrors, and anti-reflection coatings [2]. Its high dielectric constant and lower resistivity (~10−7Ω·cm−1) give TiO2 the potential for use in the fabrication of capacitors for microelectronic devices [3,4]. In addition, the high chemical stability and modest band gap of TiO2 make it suitable for fabricating dye-sensitized solar cells [5] and photocatalysts. Photocatalysis using TiO2 films has been used to clean up environmental problems [6,7]. TiO2 films have gradually replaced conventional TiO2 powder, which requires stirring during the reaction process and is difficult to separate after the end of reaction [8].



According to electrochemical properties, TiO2 is typically characterized as an n-type semiconductor [9]. TiO2 can exist as an amorphous layer or one of three crystalline phases: anatase (tetragonal, a = 0.3785 nm, c = 0.9514 nm), rutile (tetragonal, a = 0.4594 nm, c = 0.2958 nm), and brookite (orthorhombic, a = 0.9184 nm, b = 0.5447 nm, c = 0.5145 nm) (Figure 1). In all crystalline forms of TiO2, titanium atoms surrounded by six oxygen atoms form TiO6 [10]. In the anatase phase, corner (vertice)-sharing octahedra form (001) planes (Figure 1a) and result in a tetragonal structure. In the rutile phase, the octahedral share edges at (001) planes, therefore, forming a tetragonal structure (Figure 1b). In the brookite phase, both edges and corners are shared, which create an orthorhombic structure (Figure 1c) [11].



The thermal stability of crystallineTiO2 is affected by the film structure and particle size [10]. Rutile is a thermodynamically stable phase, whereas anatase and brookite are metastable. It has been reported that for pure TiO2 films, the metastable anatase phase can easily transform into the more stable rutile phase at high temperature [12,13]. Each crystalline form has practical applications. Rutile is desirable for optical applications, whereas anatase has suitable photocatalytic properties [14,15]. The bandgaps of anatase, rutile, and brookite are 3.2, 3.0, and ∼3.2 eV, respectively [16]. In photocatalysis, TiO2 is excited by photons with energy equal to or higher than their band gap energy level and electrons on the TiO2 surface are excited to the conduction band (eCB−, CB), generating positive holes in the valence band (hVB+, VB) (Equation (1)). Moreover, the CB and VB can further react with water and molecular oxygen, respectively, resulting in the formation of the hydroxyl radical (·OH) (Equation (2)) and the superoxide radical anion (O2·−) (Equation (4)). O2·− subsequently reacts with H+ to generate the hydroperoxyl radical (·OOH) (Equation (6)), and then it may further react with itself to produce H2O2 (Equation (8)). The radicals produced by photocatalysis are powerful oxidants that can efficiently oxidize organic species, with mineralization producing mineral salts, CO2, and H2O (Equations (3), (5) and (7)). For TiO2, the photocatalysis reactions (1) to (8) are listed below [16]:


    TiO  2   →  h v    e  CB  −  +  h  VB  +   



(1)






   H 2  O +  h  VB  +  → · OH +  H +   



(2)






   · OH +  pollutant    →  H 2    O +   CO  2    



(3)






   O 2  +  e  CB  −  →  O 2  · −    



(4)






   O 2  · −   + pollutant →  H 2  O +   CO   2      



(5)






   O 2  · −   +  H +  → · OOH  



(6)






  · OOH + pollutant →  H 2   O 2  +   CO  2   



(7)






  · OOH + · OOH →  H 2   O 2  +  O 2   



(8)







TiO2 films have been modified to enhance their photoelectric properties and make them excitable by visible light (narrowing the band gap) [17]. Many studies have demonstrated that the addition of dopants (metal and non-metal) onto TiO2 films can enhance the effect of photocatalytic activity [16].



Metal dopants can act as electron traps at the semiconductor interface that prevent recombination (see Figure 2) [18,19], and non-metal dopants substitute the lattice O atom in the structure of TiO2 to increase the absorption of light in the visible spectrum (see Figure 3) [20,21].



Moreover, non-metal dopants can also increase the thermal stability of anatase [22]. There are many important parameters which control and enhance the photocatalytic performance of the TiO2 thin films. The parameters are listed as follows: different pathways during reaction process, i.e., nucleation growth, formation of different phases like anatase or rutile, surface area, at the interface of the reactants. TiO2 thin films can be deposited by some advances techniques like physical vapor deposition (PVD), chemical vapor deposition (CVD), and wet chemical methods including dip coating, spin coating, spray pyrolysis, etc. Moreover, thermal evaporation, reactive sputtering, ion or electron beam evaporation methods are widely used. These mentioned applications are low cost, and easy to access which is preferable for outdoor applications. The disadvantages of these techniques are that they must be followed by secondary process which include drying and annealing of the thin films to increase the stability and crystallinity of the films, which are some of the essential criteria for the desired enhanced photocatalytic activities. Generally, vapor phase methods present various advantages such as well controlled homogeneity and thickness over a large area and good adhesive nature [23]. The CVD method requires higher temperatures (400–900 °C) compared to PVD processes [24]. This disadvantage of requirement of excessive heat can be incompatible with some substrate materials. Some titanium precursors and their byproducts are highly corrosive in nature, which leads to various material handling and storage problems [25]. However, the PVD processes have garnered great interest since they are not limited to deposition only at thermodynamically equilibrium and they run at much lower costs in comparison to CVD processes [26]. There are many PVD methods that are being applied for the deposition of thin films such as oxidation, deposition, DC magnetron sputtering, RF magnetron sputtering, thermal evaporation, pulsed laser deposition (PLD), etc.



Highly homogenous and high-density films are obtained in these processes due to bombardment of energetic particles, thus these energetic hot particles take part in the photocatalysis process followed by surface plasmon resonance mechanism [27]. This method yields highly porous and dense films at relative low temperatures. TiO2 thin films prepared in this technique can exhibit diverse photocatalytic activities, including high surface area, morphology, defect density, and crystallization pathways. In comparison with TiO2 bulk nanoparticles, TiO2 thin films exhibit a limited surface area, which hinders the efficiency of the photocatalysis for the decomposition of the organic compounds [28]. Thus, various strategies are reported to enhance the surface area of thin films for higher photocatalytic dye degradation studies, where novel sputtering methods are established to produce highly porous thin films for better adsorption of the dye molecules on the surface of the photocatalyst TiO2 thin films. Suzuki et al. [28] have reported a sculptured TiO2 thin film providing a higher photocatalytic efficiency. To achieve a high surface area, nowadays another effective process is established, namely to control nano-crack network formation within sputter deposited TiO2 thin films [29,30].



This review is focused on the effect of magnetron sputtering conditions on TiO2 films. Magnetron sputtering allows the structure and composition of TiO2 films to be easily controlled, yields uniform films, and is suitable for large-scale industrial production. Thus, the optimal operating conditions for magnetron sputtering are of interest. The considered operating conditions, which influence the quality of photocatalytic thin films (PTFs) during magnetron sputtering, are the substrate type, sputtering power, distance between substrate and target, working pressure, argon/oxygen ratio, deposition time, substrate temperature, dopant type, and annealing treatment.




2. Working Principle of Magnetron Sputtering Technique


DC magnetron sputtering techniques are used for depositing thin films over large areas. The continuous current glow discharge that originates the energetic particles that support sputtering process can be obtained by applying a potential difference between two electrodes in the presence of a gas (usually argon) kept at low pressure inside a vacuum chamber. The potential difference can be delivered by a continuous current power supply that can provide tens of thousands of volts, depending on the equipment configuration. An electric field is formed between the electrodes separated by a distance d and having a potential difference V due to the presence of electrons formed by processes such as ionization, thermionic emission and collisions between particles. Here ionization is caused by cosmic rays, but it cannot be maintained. A schematic diagram is shown in Figure 4a.



The gas pressure inside the chamber should not be very low in order to allow a collision between electrons and some atoms before the electrons hit the anode. If the gas pressure is very high, the electrons will neither reach enough velocity nor achieve enough energy in order to form new ions or excited species in the collisions. Under the electrical field, positive ions are accelerated towards the cathode while electrons are accelerated towards the anode. Once electrons travel a long enough distance before the collision, they will acquire enough kinetic energy to promote a new ionization. The main difference between the RF and DC magnetron sputtering is that they work in AC source and DC source mode, respectively. The main advantage of using RF sputtering techniques is that they work well with insulating targets. Moreover, the electric field inside the plasma chamber changes with RF frequency, which avoids any charge up effects. A schematic diagram of RF magnetron sputtering is shown in Figure 4b.




3. Effect of Deposition Conditions on Photocatalytic Thin Films


3.1. Substrate Type


Many materials have been used as substrates in magnetron sputtering, including organic materials (cotton fabrics [31] and polycarbonate [18,32]), inorganic materials (glass [16,33,34] and quartz [35,36]), metals (wafers of alumina (Al2O3) [37] zinc oxide (ZnO) [38], and stainless steel [39]), and minerals (sapphire [5]). Since the transmittance of PTFs affects the photocatalytic efficiency, materials such as glass and quartz are widely used as substrates due to their high transmittance.



Applying TiO2 coatings on a glass surface is the most commonly used method of fabricating PTFs. Sun et al. [40] reported that TiO2 coated on glass has good antibacterial, disinfectant, antifogging, and self-cleaning properties. PTFs have been deposited using chemical vapor deposition, spin coating [40], the impregnation method [41], electrodeposition [42], the sol-gel process [43], evaporation [44], and other sputtering methods [45,46]. Using magnetron sputtering for fabricating PTFs has several advantages, including a high deposition rate, low substrate temperature, good surface flatness, and high density of the deposited layer. However, many researchers have demonstrated that the sodium ions (Na+) from the glass can diffuse into the TiO2 film at a high substrate temperature [47,48] and this Na+ ion diffusion from the glass can reduce the photocatalytic actively of TiO2 films. In order to restrain Na+ ion diffusion, many researchers have applied a silicon (Si) pre-coating on the glass [49]. Meng et al. [50] and Nair et al. [36] used a quartz substrate to prevent light refraction and Na+ ion diffusion. Many researchers have found that a metal oxide coating on the surface of glass (e.g., indium tin oxide (ITO) [51,52,53] and fluorine-doped tin oxide (FTO) [32,54]) can increase the electrical conductivity, however, the photocatalytic activity of TiO2 films mainly depends on the crystalline structure of the surface, not the substrate type [32].




3.2. Sputtering Power


Sputtering power is an important parameter for fabricating TiO2 films via RF [33,55,56,57] and DC [58] sputtering. The crystal phase of TiO2, which affects photocatalytic activity, strongly depends on the sputtering power used [34,58,59,60].



Chen et al. [32] investigated the effect of RF power on the photodecomposition of the dye methylene blue (MB). The results showed that an increase in RF power during TiO2 film fabrication decreases subsequent MB photodecomposition. This result is consistent with that reported by Huang et al. [59] that RF power has a significant influence on MB photodecomposition. This can be attributed to changes in the crystalline phase, surface morphology, and optical properties caused by RF power.



TiO2 exists in an amorphous phase or one of three crystal polymorphs, namely anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic). These crystalline phases can be prepared using magnetron sputtering [12]. Huang et al. [59] fabricated TiO2 films at increasing RF powers (50–250 W) and observed the conversion of the crystalline phase using X-ray diffraction (XRD). Their results showed that the rutile phase is the favored structure during deposition. With an increase in RF power during deposition, the amorphous, rutile, and a combination of rutile and anatase phases are obtained in sequence. Nevertheless, the anatase phase content levels are similar (in the range of 34% to 37%) at all RF power levels. Sputtering power also affects the elemental composition of the deposited films. The bonding condition of titanium on the surface of TiO2 films can be investigated by X-ray photoelectron spectroscopy (XPS). Lin [58] and Lin and Wu [61] found that Ti4+ forms compared favorably to other types of titanium ion and that the deposited films become non-stoichiometric with increasing sputtering power density, as determined using XPS. The components with the highest and lowest energies on TiO2 films were Ti4+ and Ti0, respectively. The intermediate components (Ti3+, Ti2+, and Ti+) have an energy shift, with resulting energies that fall between those of Ti4+ and Ti0.Substantial contributions from lower oxidation states (Ti3+ or Ti2+ and Ti+) are their large oxygen deficiency. The photocatalytic activity of TiO2 mainly depends on the crystallinity and density of surface defect sites [61]. Liu et al. [62] reported that the dominant defects on TiO2 surfaces are Ti3+ defects and oxygen vacancies. Ti3+ is considered to be an important reactive agent for many adsorbates. Hence, some studies have suggested that Ti3+ sites might play an essential role in the photocatalytic process over a TiO2 photocatalyst [61,63]. Su et al. [60] studied the orientation transformation of crystalline TiO2 film for various RF powers. The sputtering power was set in the range of 100 to 300 W. The results showed that the schematic phase diagram of the crystalline phases can be divided into four regions, as shown in Figure 5.



An anatase-preferred orientation transformation between (101) and (112) is observed. At low total pressure conditions (<11.5 mTorr), anatase (101) exists at low sputtering power (200 W), whereas mixed anatase and rutile phases formed at high RF power (200 to 300 W). Anatase (112) is obtained only at high levels of RF power and high total pressure. These findings are confirmed by using a high RF power, resulting in a mixture of highly crystalline anatase and rutile phases [55]. Rutile is a thermodynamically stable phase, whereas anatase and brookite are metastable. Therefore, the rutile phases of TiO2 films are formed with high sputtering power. In addition, these results imply that the crystalline phase of TiO2 in turn becomes amorphous, anatase, and rutile as the sputtering power is increased. The efficiency of photodecomposition of anatase phase in TiO2 films is found to be better than those of amorphous, rutile, brookite, and anatase/rutile phases [64]. Bombardment on the substrate at higher power may cause film damage and decrease compactness, which can be an obstacle to rutile growth [55]. This trend has also been reported by Chow et al. [65], who found a similar effect of negative-bias-induced bombardment.



Film density is also directly affected by sputtering power. It has been well established that the refractive index is closely correlated with film density [66]. Many researchers found that the refractive index increases with increasing sputtering power [34,35,67]. Theoretically, for a well-balanced magnetron, the power per sputtered adatom increases with increasing total sputtering power, delivering more energy to the growing film and thus improving densification. Therefore, a higher refractive index (n) means a denser film [34] and a finer film nano/micro-structure [37,68,69]. In addition, the refractive index of a transparent thin film is directly proportional to its electronic polarization, which is in turn inversely proportional to the inter-atomic separation [1]. The refractive index of TiO2 films also depends on porosity (volume of pores per volume of film) of the film layer and can be calculated using the Swanepoel method [1,35,68,70] (Equations (9) and (10)). The porosity of the deposited film was calculated from the refractive index obtained from previous studies [70,71,72] (Equations (10) and (11)). From the refractive index, the porosity of each sputtered film can be derived using Equation (12) [72].


   N ′  =  1 2   (  1 +  n s 2   )  +   2  n s   (   T  max   −  T  min    )     T  max   ·  T  min      



(9)






  n =   N ′ +    N ′    2  −  n s 2       



(10)






     ρ  film    ρ  =    n 2  + 1    n  film  2  − 1    n 2  − 1    n  film  2  + 2    



(11)






  P o r o s i t y  ( % )  =  (  1 −    (   n p 2  − 1  )     (   n 2  − 1  )     )  × 100  



(12)




where Tmax and Tminare the corresponding transmittance maximum and minimum, respectively, at a certain wavelength λ in the optical transmittance spectrum (for determination of Tmax and Tmin, refer to [69]). ns is the refractive index of fused quartz. ρfilm is the film density, ρ is the bulk anatase TiO2 density (3.9 g/cm3) or rutile TiO2 density (4.23 g/cm3), nP is the refractivity of porous thin films, and n is the refractivity of bulk TiO2. As is well known, the refractivity of bulk anatase TiO2 is na= 2.52 and that of rutile TiO2 is nr = 2.92 at 500 nm [72].



Nair et al. [36] attributed the increase in the refractive index to the densification of layers treated at a high RF power. Since the densification of layers is correlated with the thickness of the films, an increase in the sputter power increases the deposition rate at the target [57,73]. Yang et al. [35] found that a high sputtering power can increase the surface roughness of the film, which results in decreased transmittance [57,74]. The surface roughness affects the contact angle of films; the contact angle increases with roughness [75]. Many researchers have demonstrated that the rutile phase is more hydrophilic than the anatase phase [74,76,77]. Therefore, the sputtering power is an importer factor when the magnetron sputtering process is used to fabricate TiO2 films. It also directly influences the crystalline phase (including elemental composition), optical properties, and physical characteristics of deposited films.




3.3. Distance between Substrate and Target


Relatively little research has been conducted on the effect of the distance between substrate and target (S-T) on the crystalline phase of TiO2 films during the magnetron sputtering. Ogawa et al. [15] have investigated the crystalline phase of TiO2 films obtained with various S-T distances during RF magnetron sputtering with an MgO substrate. According to XRD results, the crystalline structure of TiO2 changes with S-T distance. When the S-T distance is under 90 mm, the rutile phase of TiO2 film is dominant. At an S-T distance of 100 nm, mixed rutile and anatase phases are observed. At S-T distances of 110 and 120 mm, the anatase phase is dominant, with epitaxial growth with its α-axis perpendicular to the MgO substrate. Shibata et al. [78] reported that the anatase phase grows from the reaction between neutral Ti and neutral O2 or O2−, and that the rutile phase results from the reaction between decelerated Ti+ or activated Ti and O2−. Hence, more anatase TiO2 film is created at low kinetic energy of sputtering compared to rutile TiO2 film [59]. This result implies that the crystal structure shift is due to the reaction of sputtering particles between the substrate and the Ti target. When the substrate bias voltage is increased, the electrons in the plasma bombarded Ti atoms, creating Ti+ or activated Ti, resulting in increased formation of rutile TiO2 [79]. In the magnetron sputtering process, a magnetic field configured parallel to the target surface can constrain secondary electron motion to the vicinity of the target [80]. Therefore, a decrease of S-T distance (increase in magnetic field range) increases the kinetic energy of sputtering, and thus rutile TiO2 film is formed under this sputtering condition. While the S-T distance increased resulting in the decrease of magnetic field strength, secondary electrons can easily recombine in the plasma, resulting in a decrease in the kinetic energy of sputtering and the formation of anatase TiO2 film.



The S-T distance also affects the deposition rate and particle size. Sundaram and Khan [81] found that a 2–7 cm distance between S-T during the magnetron sputtering process decreases deposition rate due to a large number of negative and neutral ions in a small space, which led to the occurrence of resputtering on the surface of the growing film. Regarding particle size, Barnes et al. [82] indicated that the clusters nucleate close to the target and migrate to the substrate via convection. A small S-T distance limits convection, leading to an almost uniform cluster size and small grain size. An increase in S-T distance increases convection space, and thus leads to an increased size distribution of clusters and grain size on TiO2 films. This phenomenon has been observed in metal evaporation systems [83]. The grain size influences the photocatalytic activity of TiO2 films [18,84]. Using the Scherrer Equation, the crystalline grain size can be calculated from an XRD pattern as:


  D =   0.9 × λ   B cos θ    



(13)




where D is the mean grain size for crystalline planes, B is the full width at half maximum (FWHM) intensity in radians, and λ is the wavelength of the Cu Kα radiation source. Many researchers have reported that smaller particles enhance photocatalytic activity [18,85,86] due to the decrease of distance between the crystal interface and the surface of the substrate [87]. Smaller particles induce the quantum size effect, which influences the optical absorption edge of the films, resulting in an increase of the band gap and the absorption onset blue-shift. Therefore, photocatalytic activity increases with increasing oxidation rate. For large particles, the e−/h+ volume recombination is the dominant process. An appropriate S-T distance is thus important when fabricating TiO2 films using magnetron sputtering.




3.4. Working Pressure


The deposition rate, surface morphology, and crystalline phase of TiO2 films are affected by the working pressure during the sputtering process [14,87,88]. The working pressure directly affects the photocatalytic activity of TiO2 films since it affects the gas collisions, which affect the characteristics of deposited films. Many researchers have also reported that the photocatalytic activity of TiO2 films is significantly correlated with the working pressure [8,89]. For example, TiO2 films with high photocatalytic activity can be prepared using a relatively low-working pressure [90]. Thus, specific parameters of deposited films are influenced by the working pressure, namely the deposition rate (thickness), surface morphology, and crystal phase of TiO2 films.



The effect of working pressure in the sputtering process on the deposition rate has been investigated by many researchers [14,87,91]. Zeman and Takabayashi [14] found that the increasing working pressure (0.18—1.50 Pa) significantly decreases the deposition rate during magnetron sputtering (Figure 5). Zhu et al. [91] obtained different experimental results when using ZnO and Al to fabricate films. They measured the deposition rate for fabricating ZnO-Al films at various working pressures. The experimental results showed that the deposition rate is low at low working pressure (0.5 Pa) and then it increases with the working pressure up to 1.0 Pa. Above 1.0 Pa, the deposition rate is decreased with increasing working pressure. They also found that the decrease in deposition rate with higher working pressure (above 1.0 Pa) can be fitted using the Keller-Simmons model [92], which suggested a decay of the deposition rate at high pressures is caused by shielding effects of gas particles between the target and substrate. Nevertheless, the low deposition rate at low working pressure can be explained by the resputtering of ZnO by highly energetic particles, which are more prevalent at lower pressure. Chaoumead et al. [87] used RF magnetron sputtering to deposit ITO thin film on glass substrates. The trend of the deposition rate of the ITO film was similar to that reported by Zhu et al. [91]. Decreases in deposition rate of ITO film is observed when the working pressure is increased from 5 to 15 mTorr (low working pressure). When the working pressure is further increased to 20 mTorr yielding decreases in the deposition rate. Finally, it is clear that the surface morphology is affected by the working pressure.



Scanning electron microscopy (SEM) [14,92] and atomic force microscopy (AFM) [89,93] can be applied to observe the surface morphology of PTFs. In PTFs, the particle size influences surface morphology. Many researchers have demonstrated that particle size depends on sputtering pressure [88,89,94]. It has been suggested that the pressure influences the energy transfer from the applied electric field to the species present in the discharge, and thus increasing the sputtering pressure results in an increase in the number of gas-phase collisions and a reduced fraction of particles with sufficient energy reaching the TiO2 film [95]. In other words, higher sputtering pressure leads to lower ion kinetic energy, which decreases the particle size [96]. Jin et al. [88] indicated that the surface morphology is strongly influenced by working pressure. Spherical TiO2 particles are observed on the surface of TiO2 films via field-emission SEM. When the working pressure is increased from 5 to 10 mTorr, the grain size of TiO2 particles decreased from 35 to 25 nm. The working pressure thus affects the grain size of TiO2 particles; hence, increasing working pressure increases surface roughness [97] during the sputtering process. Zeman and Takabayashi [14] also found that working pressure affects surface morphology. A significant change in film density is observed when the working pressure is increased from 1.35 to 15.3 mTorr. Three types of surface morphology are observed. (i) A dense surface with only a few distinct symmetrical particles corresponds to rutile film (working pressure: 1.35 mTorr) [14]. (ii) The anatase surface (working pressure: 4.8 to 9.75 mTorr) is characterized by relatively densely packed surface particles resembling an array of different polygons. These particles have a symmetrical or elongated shape with a size of 10 to 50 nm. (iii) When the working pressure exceeded approximately 1.30 Pa, the surface morphology changed again [14]. The surface obtained at a higher working pressure is less dense, which implies that voids occupy more space and the surface roughness increases. Zhang et al. [93] have confirmed these findings by using AFM (Figure 6)



The surface of TiO2 film deposited at 0.4 Pa is much smoother than that of film deposited at 1.4 Pa. El Akkad et al. [98] found similar results, where rough surfaces are obtained at high working pressures. The change in surface morphology is due to the transition of the crystal phase at high working pressure [14].



Many researchers have found that the anatase phase of TiO2 films is dominant at high working pressure, whereas the rutile phase is dominant at low working pressure [14,87]. Wang et al. [89] showed that the band gap increases with increasing working pressure. This is due to the different content levels of anatase and rutile phases. For wavelengths below 400 nm, the transparency of films sharply decreases in the ultraviolet (UV) region; it is almost constant for wavelengths above 400 nm. This decrease is caused by the fundamental absorption of light [99]. This phenomenon is due to the quantum size effect when the particle size is very small [100]. Nair et al. [36] found that the increase in porosity with increasing sputtering pressure results in a decrease of the refractive index. This suggests that sputtered particles undergo more scattering and that fewer atoms reach the substrate, resulting in lower crystallinity at high working pressure.



The absorption coefficient (α) can be expressed as [36,90,100]:


  α =  d  − 1   ln  (   1 T   )   



(14)




where T is the transmittance and d is the thickness of the film.



The band gap energy (Eg) can be calculated based on the absorption spectra using [36,94]:


  α h v = A    (  h v −  E g   )    n / 2    



(15)




where α, hv, Eg, and A are the absorption coefficient, light frequency, band gap energy, and a constant, respectively. The value of n depends on the type of optical transition of the semiconductor (n = 1 for direct transition and n = 4 indirect transition). TiO2 has been demonstrated to have both directly forbidden and indirectly allowed transitions. The indirectly allowed transition dominates the optical absorption because the directly forbidden transition is weak. The value of the direct optical band gap is obtained by plotting (αhv2) versus hv (Taucplot) in the high-absorbance region. Extrapolating the linear portion of the graph to the X axis yields Eg, which is the sum of terms correlated to carrier concentration [17], structural disorder [1], and thermal contribution [101].



An increase in the working pressure can effectively increase the density of gas particles in the chamber and decrease the cathode potential, which may further influence the probability of collisions and the acceleration of particles, resulting in changes in the crystalline structures formed. Šícha et al. [97] obtained the following results: (i) For the formation of amorphous TiO2 film, the energy E delivered to the deposited film decreases when the working pressure is below 2 Pa, and is thus insufficient to stimulate film crystallization. (ii) For the formation of rutile TiO2 film, crystalline phases are formed at low values of PT (total pressure) and PO2 (oxygen pressure) when the energy E (incident and condensing atoms) is sufficient for the crystallization and is delivered to the deposited film. The energy E increases with decreasing PT in consequence of a decrease of collisions between particles. In addition, the condition of low PO2 can change the chemical process, contributing to the formation of the rutile phase. (iii) For the formation of anatase TiO2 film, crystalline phases are formed when the working pressure is higher than 2 Pa. The increase of sputtering time also ensures that a sufficient amount of energy is delivered to the deposited films and stimulates the crystallization of the anatase phase. In addition, Zeman and Takabayashi [14] found that the boundary between the metallic and reactive modes shifts when the working pressure and the ratio of PO2/PT are increased.



The change in crystalline phase of TiO2 films is not only affected by the working pressure but also the argon/oxygen ratio in magnetron sputtering.




3.5. Argon/Oxygen Ratio


During magnetron sputtering, argon and oxygen serve as the plasma gas and the reactive gas, respectively. Thus, the oxygen partial pressure may influence the discharge parameters, such as plasma potential, discharge voltage, deposition rate, and ion composition of the discharge, and thus the characteristics of TiO2 films in the magnetron sputtering process [14]. Although numerous attempts have been made to study the relationship between the argon/oxygen ratio and photocatalytic activity, no clear consensus has been reached. Zhang et al. [101] found that TiO2 film deposited at a high argon flow rate absorbs lighter irradiation, which results in more electron-hole pairs generated in the TiO2 film and thus enhances photocatalytic activity. Huang et al. [66] reported that the photocatalytic activity of TiO2 films increases with increasing oxygen flow rate. These results differ from those reported by Chiou et al. [33], who found that the argon/oxygen ratio and the photocatalytic activity of TiO2 films are not significantly related. Since the photocatalytic activity of TiO2 depends on the strength of the crystalline phase and the characteristics of the deposited films, the effect of the argon/oxygen ratio on the characteristics of TiO2 films needs further study.



The effects of the argon/oxygen ratio on the photocatalytic activity of TiO2 films have been extensively investigated. Many researchers have found that a lot of properties of TiO2 film are affected by the argon/oxygen ratio in magnetron sputtering, including the deposition rate [62,74,82,102,103], grain size and surface roughness [37,76,87,104], crystallinity and surface chemical composition [33,86], and optical properties [1,37,62,105]. The dissociation energy of argon is about 15.76 eV and that of oxygen is about 48.77 eV. Thus, argon gas is more easily dissociated [33].



The deposition rate decreases slowly with increasing proportion of oxygen (Figure 7) [62,74,102,103]. Pradhan et al. [105] and Liu et al. [62] suggested that this decrease is due to the transition from metallic to reactive sputtering modes. Tomaszewski et al. [102] investigated the transition mechanism on the surface during magnetron sputtering. They found that increasing the oxygen flow rate led to a significant decrease in the sputtering voltage. In the low-energy state, Ti and O-related species sputtered from a TiO2−x target easily reach the substrate, forming stoichiometric TiO2 films. However, the oxygen of the sputter gas can be decomposed and changed to O− ions in the plasma, which are accelerated by the electric field around the target, increasing the opportunity for ion-induced secondary electron emission and thus decreasing the deposition rate. This explanation is consistent with those results reported by Zhang et al. [104].



The grain size and root-mean-square (RMS) surface roughness of TiO2 films are affected by the argon/oxygen ratio in magnetron sputtering [37,76,87,104,106]. Argon is the main sputtering gas that imparts kinetic energy to the sputtered atoms. The partial pressure of oxygen can affect particle collisions and the mobility and diffusion of the species approaching the substrate. Studies have found three different phenomena: (i) The grain size increases with increasing oxygen partial pressure. Laha et al. [37] suggested that the increase in the oxygen flow rate decreases the mobility of the sputtered ions, resulting in increased particle size. (ii) The grain size decreases with increasing oxygen partial pressure. Lin et al. [74] and Huang and Hsu [103] reported that the grain size decreases as the percentage of O2 increases. Huang and Hsu [103] found that high oxygen gas content in the sputtering process increases the resputtering effect, which results in insufficient energy for grain growth. (iii) The grain size initially decreases and then increases with further increases in the oxygen partial pressure [86,87]. Regarding the relation of surface roughness and the argon/oxygen ratio, many researchers have demonstrated that the surface roughness decreases when oxygen pressure increases [2,37,76,87,106]. Jeong et al. [2] found that Ti and Si atoms decreased with increasing proportion of oxygen. Laha et al. [37] found that the surface of the films become smooth and flat as a result of increased grain size. However, Xu and Shen [86] found that the RMS surface roughness of TiO2 films decreased with increasing oxygen gas pressure, and that the RMS surface roughness is not related to the grain size. Toku et al. [107] gave a different interpretation of the influence of oxygen pressure on the surface roughness of deposited films. They indicated that increasing the percentage of O2 makes the potential drop across plasma sheath decreases due to the abundant negative oxygen ions formed in the plasma; therefore, the impact of energetic ions on the surface is reduced. This impact may be the reason for the surface is becoming uniform in the absence of impurities. However, Huang and Hsu [103] reported an increase in RMS surface roughness (from 12.3 to 18.1 nm) when the percentage of oxygen is increased from 0% to 20% (argon% + oxygen% = 100%). Water and Chu [106] found a simialr trend, with an increase in the oxygen content there is increasing in the RMS surface roughness of ZnO films. Many researchers agree that both the grain size and surface roughness of TiO2 films are important factors of photocatalytic performance. A small grain size can decrease the recombination of electron-hole pairs [18,86] and a low surface roughness can prevent light scattering [108,109] and thus increase the hydrophilicity of deposited films [76]. However, studies on the effects of the argon/oxygen ratio on the grain size and roughness of TiO2 films have reported mixed results. The optimal argon/oxygen ratio for photocatalytic activity is thus difficult to determine.



The effects of the argon/oxygen ratio on the crystallinity and surface chemical composition of TiO2 films have been investigated in many studies [79,83,105,106,110,111,112]. Oxygen plays an important role in the preparation of TiO2 films via magnetron sputtering. Many researchers believe that the oxygen concentration during magnetron sputtering affects oxygen vacancies, which cause structural defects in the deposited films [37]. Zhang et al. [101] found that the discharge voltage increases with increasing oxygen flow rate up to a certain threshold. With increasing oxygen flow rate, the secondary electron emission in the reaction chamber is also increased. A mixture of metallic Ti and titanium oxides is deposited on the substrate before the threshold is reached. Only after the oxygen flow rate reaches the threshold can a uniform transparent TiO2 thin film form on the substrate



A large secondary electron emission may thus help convert the target into titanium oxides. In addition, the oxygen in the chamber can promote the substitution of Ti in the TiO2 crystal lattice, change the crystallinity of TiO2 films [113], and implant anion species on TiO2 films, leading to changes in the surface chemical composition [79]. Toku et al. [107] deposited TiO2 films at various oxygen concentrations and found that the degree of crystallinity (anatase 101) of TiO2 films is greatest at an oxygen content of 30%, and then decreases with increasing oxygen content (see Figure 8).



The crystal phases of TiO2 films are also affected by the oxygen concentration in magnetron sputtering. When the oxygen concentration is increased, the crystallinity of TiO2 films slightly changes from the anatase phase to a mixture of anatase and rutile phases [14]. However, the authors concluded that working pressure has the most influence on the crystalline phase of deposited films. Tavares et al. [109] also found that the oxygen flow rate influences the crystalline phase of TiO2 films. At flow rates below the 2.4 sccm threshold, the texture is very weak and only a slightly pronounced anatase (101) peak is observed. With increasing oxygen flow rate, other anatase peaks, namely (004), (200), (105), (211), (204), and (106), are enhanced at threshold conditions. When the oxygen flow rate is above the threshold, the crystalline phase of TiO2films gradually changes from anatase to rutile because the latter is more stable. Above 3.6 sccm, the crystal phase becomes amorphous due to the high pressure and inherent reduced adatom mobility. Xiong et al. [110] reported similar results, with TiO2 films showing a phase transition from anatase to rutile when the oxygen flow rate is increased. Kinetic energy (sputtering power or working pressure) is thus not the only factor in determining the crystal phase. Consequently, they inferred that the species sputtered from the target and the surface reactions on the substrates have a large impact on crystal nucleation and growth.



Several researchers have found that the argon/oxygen ratio affects the surface chemical composition. Ti4+ and Ti3+ are dominant species of the elemental compositions. Peaks at 2p3/2 (458.5 eV, TiO2) and 2p1/2 (464.1 eV, TiO2) are observed, representing the existence of Ti4+, when XPS is used to examine TiO2 films fabricated at high oxygen pressure in the magnetron sputtering process. If a high argon pressure is used to fabricate TiO2 films, Ti3+ will be the dominant species and peaks at 2p3/2 (457.5 eV, Ti2O3) and 2p1/2 (463.3 eV, TiO2) will appear in the XPS spectrum [2,62,106,114]. However, the Ti3+ state of TiO2 films may decrease the probability of electron-hole recombination, leading to enhanced photocatalytic activity. Vancoppenolle et al. [115] investigated the reactive species (Ti+, TiO+, TiO2+) are generated on TiO2 films at different argon/oxygen ratios. Ti+ decreases and TiO+ and TiO2+ increases when the oxygen content was increased from 0% to 20%. In addition, O2 is incorporated practically and completely into the growing films at a low flow rate. Barnes et al. [82] provided a schematic of the theory of charged clusters in terms of nanocrystal and thin film growth that is depicted in Figure 9.



This figure shows the nucleation of TiO2 clusters, which is a simulated reaction between Ti and O atoms during the magnetron sputtering process. The clusters are the growth unit for the thin film. Shibata [78] reported that the anatase phase is the result of the reaction between metallic Ti with neutral O2 or O2− and that the rutile phase results from the reaction between ionic Ti+ or activated Ti with O2−. Toku et al. [107] used mass spectra to measure the variation of Ti and TiO2 particles on TiO2 films with oxygen content (Figure 10).



They divided the elemental composition of TiO2 films into three categories: metallic, transition, and oxide. The results show that the three regions can be distinguished, since each one describing a different process occurring during discharge. At the condition of pure argon and low oxygen (Region I), the peak of Ti is predominantly due to the bombardment by argon ions. When the oxygen content is increased, an increase in the TiO2+ peak is observed (Region II). With oxygen content higher than 60% (Region III), an increase in oxygen content causes a decrease in the intensity of the anatase phase. As the oxygen is increased, the target becomes gradually oxidized, and consequently fewer Ti atoms and more TiO2 molecules are ejected from the target. TiO2 molecules in magnetron sputtering can originate from either the sputtering of the oxidized target or from the reaction of Ti atoms and O2 molecules being charged. Ti atoms cannot be deposited on the substrate without argon gas in the magnetron sputtering process. Some researchers claim that the overdose of oxygen content in the magnetron sputtering might be responsible for the growth of low-crystallinity films [107].



The optical properties of PTFs is depending on the crystal phase and surface characteristics. The crystal phase of PTFs is affected by the argon/oxygen ratio in the sputtering process. Jeong et al. [2] found that the structural characteristics of both TiO2 and SiO2 are significantly improved with oxygen gas addition in the sputtering ambient compared to those of films grown without oxygen gas. Choi et al. [52] obtained similar results, finding that low mobility could be caused by high oxygen content. Their study showed that the decrease of collisions of Ar/O2 gases during surface diffusion may result in the deficiency of crystallinity of TiO2 films. The band gaps of the rutile and anatase phases are 3.0 and 3.2 eV, respectively. Structural defects in deposited films may also cause a variation in the band gap. The structure of deposited films consists of the UV emission band and the visible emission broad band. UV emission causes exciton recombination, and visible emission is attributed to structural defects, which are related to deep-level emissions [37]. Laha et al. [37] and Tomaszewski et al. [102] found that the argon/oxygen ratio during magnetron sputtering influences the level of oxygen vacancies in deposited films. Therefore, the level of oxygen vacancies is related to the band gap of the deposited films.



Transmittance (T) and the refractive index (n) are also affected by the argon/oxygen ratio in magnetron sputtering. High transparency in the visible range and a proper band absorption edge are very important for self-cleaning applications and photocatalysis. Xiong et al. [110] have investigated the effects of the argon/oxygen ratio in RF sputtering on the optical properties of TiO2 films. They found that light transmittance in the visible range (400–800 nm) is slightly increased when the oxygen content is increased. At wavelengths below 350 nm, a significant drop in transmittance is discovered, which is attributed to the absorption of light caused by the excitation of electrons from the VB to the CB. Laha et al. [37] found that the transmittances of TiO2/Al2O3 films in the spectral range (200–1100 nm) is increased with increasing argon/oxygen ratio. Moreover, the maximum transmittances are red-shifted with increasing argon/oxygen ratio, which can be explained by the particle size effect. Regarding the refractive index (n), Tomaszewski et al. [102] found that it is reduced with increasing oxygen content. They also indicated that the refractive index is correlated with the deposition rate. Kumar et al. [1] found a similar trend for MgTiO3 films fabricated by RF magnetron sputtering at various oxygen content levels. The change in the refractive index is attributed to the packing density and crystallinity of the deposited films. The fabrication of thick TiO2 films requires a long sputtering time and sufficient energy, which results in high packing density. Kumar et al. [1] found that the amorphous nature of deposited films is highly disordered and thus the films have a low refractive index. This is attributed to the low film density and low adatom mobility when the energy applied during the magnetron sputtering is insufficient. The oxygen content affects the crystal phase of TiO2 films and its optical properties. The thickness of TiO2 films also affects these properties.




3.6. Deposition Time


The deposition time is directly proportional to the thickness of deposited films. The influence of thickness on photocatalytic activity is still being debated [8,46,66]. Some researchers hypothesize that photocatalytic activity mainly depends on the crystalline phase and optical properties of PTFs, not thickness [46,66]. Huang et al. [66] found that sputtering power is a more important factor than sputtering time in enhancing photocatalytic activity of fabricated PTF films to decompose MB. Chen et al. [32] revealed that the sputtering time of PTF film fabrication has no effect on the photodecomposition of MB. Jamuna-Thevi et al. [39] used Ag-doped TiO2 coatings on stainless steel to obtain antibacterial properties against Staphylococcus (S.) aureus. The results showed that the level of silver ions affected the reduction of S. aureus, not the deposition time. Nevertheless, Zheng et al. [8] and Eufinger et al. [67] found that film thickness plays an important role in the photocatalytic activity of TiO2 films. The thickness (d) of films can be calculated as [1]:


  d =    λ 1   λ 2    2  (   λ 1   n 2  −  λ 2   n 1   )     



(16)




where n1 and n2 are the refractive indices of two adjacent maximum and minimum at wavelengths λ1 and λ2, respectively.



When the film thickness is below a critical value, the photocatalytic activity of TiO2 films increases with increasing thickness. Once the film thickness exceeds the critical thickness, it has little influence on the photocatalytic activity of TiO2 films. Yang et al. [46] indicated that the deposition time had a dominant effect on MB absorbance. Zhang et al. [104] observed the optical properties of PTFs obtained with deposition times of 2, 3, and 5 h. The results showed that the three kinds of TiO2 film exhibits quantum size effects and that the blue-shift of their band edges is slightly increased with decreasing deposition time. The authors attributed this to increases in the film thickness and grain size, which resulted in complete crystallinity. Rahman et al. [111] shows the deposition of TiO2 homogeneous highly porous thin films by hydrothermal method and enhanced photocatalytic degradation efficiency with increase in film thickness with the increase in titania precursor concentration. They also reported that the thickness can be determined from the transmittance spectra, which shows that the transmittance of the films decreases with film thickness. This phenomenon occurs due to the increase of the atom on the surface because of the increase in deposition time or concentration of the precursor. In another article revealed that on increasing the deposition time of the magnetron sputtering the thickness, crystalline size and resistivity of the films are increased gradually [112]. In addition the structural and electrical properties of the ZnS film has been studied with the variation of film thickness have been investigated. It was observed that with the increasing the deposition time, the crystalline quality could be improved with developing better conducting behavior according to the increase in film thickness [113,116]. The better conducting behavior can increase the generation of the charge carriers on the surface of the material, which is the key reason for the enhanced photocatalytic activity. With the increase in film thickness, the quality of the crystallinity is improved as well as grain size value is increased, with increase in film thickness [117]. All characteristics are enhanced with the increase in deposition time. The roughness of prepared films is acquired from AFM measurements, and their evolutions with deposition time are increased by increasing the thickness, where it increases from 2 nm to a maximum value of 7 nm, when film thickness is from 70 nm to 170 nm, respectively. These results were confirmed by Abdalah et al. [118]. The cross section of the films, investigated from the SEM characterization, can be increased with deposition time and reaction rate. In sputtering technique, the parameters like base pressure, substrate temperature, deposition time and distance between the substrate and target are vital for better films properties. To obtain better optical properties and photo response properties in photocatalysis reactions doping elements, substrate, as well as deposition time can be changed for enhanced results. Abbas et al. [119] has reported in his research that the crystallization of the PbS thin films can be improved by increasing the deposition time and annealing temperature to increase thickness of film. The low value of transmittance in the UV region and increases gradually as the wavelength shifts to the NIR region. It can also be emphasized that the transparency window decreases with the deposition time, due to increasing thickness with time. Thickness of the film increases with increased deposition time or different nature of the substrate. Deposition time can affect the surface roughness by RF sputtering process [115]. The results show the highest roughness of the sample after depositing the films for 10 minutes, but it decreases with a deposition time of 15 minutes [120]. By lowering the amount of surface roughness the rate of surface reactions will increase.



Recent studies [36,117] have found that increased thickness increases the refractive index. This infers that higher thickness leads to higher photocatalytic activity. Šícha et al. [97] found that the deposition time (relative to the thickness of deposited films) in the magnetron sputtering process could be adjusted to form different crystalline phases of TiO2 films. When the thickness was above 1000 nm, the deposited films have an anatase (101) phase structure. With a thickness of 330 nm, the deposited films have a poor crystallinity and exhibited a mixture of anatase and rutile phases with very low intensity of the rutile phase. When the thickness of the deposited films was below 140 nm, the crystalline phase became an amorphous phase. In addition, Zhang et al. [101] and Šíchaet al. [97] both found that the substrate temperature increases with increasing deposition time. The final substrate temperature was approximately 150 °C. The energy of nucleation sites is a function of temperature [118]. Therefore, increasing deposition time might cause the substrate temperature to increase, which could further promote crystallite growth and increase grain size. This implies that substrate temperature also influences the optical properties of deposited films.




3.7. Substrate Temperature


The substrate temperature during magnetron sputtering can influence the characteristics of deposited films, including photocatalytic activity [32,46,55,121], crystallinity [48,56,72,122,123,124], refractive index [2,58,70], surface roughness [48,58,119,122], and optical properties [58,72,119,122]. Photocatalytic activity is usually tested using MB solution. When a substrate temperature higher than 400 °C is applied for depositing films, higher decomposition effect of MB solution can be achieved [46,55]. Substrate temperatures lower than 400 °C do not significantly influence the decomposition of MB [32]. This phenomenon can be attributed to the change of crystallinity with substrate temperature. Xu et al. [86] reported that a monotonic increase of the rutile/anatase phase ratio is observed with increasing substrate temperature. They suggested that the nucleation site energy increases with increasing substrate temperature. For substrate temperatures higher than 400 °C, nucleation sites have enough energy to transform metastable anatase into the thermally stable rutile phase.



It is generally recognized that deposition on unheated substrates usually results in amorphous films [101]. Increasing the substrate temperature promotes particle diffusion and provides the extra energy needed to grow the crystalline phase of deposited films. Haseeb et al. [48] prepared TiO2 thin films using the RF sputtering process at various substrate temperatures. They found that an increase in substrate temperature promoted the growth of the crystalline phases of TiO2 films. XRD patterns showed peaks of the main anatase phase, namely those for (101), (200), and (211), of TiO2 films at room temperature. Other anatase planes, namely (103), (004), (105), and (204), are formed when the substrate temperature was increased. However, anatase planes (101), (200), and (211) decreased significantly with increasing the substrate temperature. Ananthakumar et al. [122] used the DC sputtering process to prepare TiO2 films and obtained similar results. The degree of crystallinity of the deposited films is increased with increasing substrate temperature (in the range of 100 to 500 °C). They found that the polycrystalline tetragonal structures of anatase phase (101), (004), and (105) are obtained for TiO2 films when the substrate temperature was 400 °C. Random growth orientations are found for the deposited films due to the amorphous nature of the substrates. When the substrate temperature is higher than 300 °C, only the (004) peak is observed. When the substrate temperature is increased to 500 °C, the (004) peak decreases. This means that the formation of the (004) peak plays a major role in the decreasing c-axis orientation. Zheng and Li [125] studied the properties of Nb-doped TiO2 films deposited on LaAlO3 by RF sputtering. Their results show that the anatase (004) phase in the deposited films at temperatures of 650 to 800 °C became the main reflection, which indicates that the films had a good c-axis texture (growth direction). The diffraction peak of the anatase (004) phase in TiO2 only appears when magnetron sputtering is used [126]. The FWHM values of the (004) peak were used to estimate the crystallite size along the c-axis using Scherrer’s relation (see Equation (13)) [127]. According to Zheng and Li [125], the (004) peak becomes the main reflection for films deposited by RF sputtering. Moreover, the FWHM values of the (004) peak decreased with increasing substrate temperature (from 600 to 800 °C), while the intensity of the (004) diffraction increased with increasing substrate temperature. This indicates that better c-axis textured anatase films with larger grain sizes are likely to form at high substrate temperatures. Many researchers have found that better c-axis textured anatase ITO films with larger grain sizes are likely to form at high substrate temperatures [128,129]. The increase in particle size with increasing temperature can thus explain the diffraction patterns. XRD was used to analyze the effect of substrate temperature in magnetron sputtering on the crystalline phase of films. Except for the anatase (004) phase, the intensity of other anatase phases in PTFs decrease with increasing substrate temperature [72,126,130]. This means that the anatase (004) phase is relatively stable. During magnetron sputtering, the crystalline phases of TiO2 film change from amorphous to anatase and then to rutile with increasing substrate temperature [2,56,122,130]. A high substrate temperature may thus provide sufficient energy to generate crystalline phases.



The particle size increases with increasing substrate temperature. Because the surface roughness depends on the grain size, substrate temperature affects surface roughness. Takeuchi et al. [131] and Haseeb et al. [48] both found that surface roughness increased with increasing substrate temperature. They attributed this to the substrate giving extra energy, resulting in an increase in particle collisions. The surface roughness of films affects optical properties; a high surface roughness causes a lot of light scattering [58].



It has been demonstrated that the refractive index of films can be increased with increasing substrate temperature [2,58,72], which implies that the use of high substrate temperature during RF sputtering will lead to high packing density, crystallization, and oxygen deficiency. The transmittance of deposited films is affected by the substrate temperature during magnetron sputtering. Parameters such as stoichiometry, crystallinity, and thickness may also influence the transmittance of deposited films. The crystallinity of TiO2 films is easily affected by substrate temperature. Lin [58] used simultaneous RF and DC sputtering to deposit Ti-doped TiO2 nano ceramic films. The visible light transmittance is decreased following the increasing in substrate temperature. Takeuchi et al. [131] used RF sputtering with a high substrate temperatures ranging from 100 to 700 °C for the preparation of TiO2 films have confirmed these results; the anatase phase of TiO2 has higher visible transmittance than those of other crystalline phases [90]. However, the substrate temperature is a key factor for the transmittance of deposited films. Hasan et al. [72] used various substrate temperatures (room temperature, 200 °C, and 300 °C) to prepare TiO2 films via the RF sputtering method. They observed that substrate temperatures of 200 and 300 °C do not affect transmittance because the crystallinity is not altered significantly and there is no phase transformation to the anatase phase in TiO2 films. A change of crystalline phase in deposited films requires sufficient extra energy from the heated substrate. Moreover, the structure of the crystalline phases in deposited films may alter the transmittance. Ananthakumar et al. [122] used DC sputtering to prepare TiO2 films at various substrate temperatures and found that the degree of crystallinity of the deposited films are significantly increased with an increasing in the substrate temperature. The authors have postulated that multiple factors, such as the increase in structural homogeneity [122], defects in the oxygen structure, and impurities in plasma gas [132] are involved in this process. Moreover, a substrate temperature in the sputtering process may increase the band gap [122,127] because the substrate temperature affects the crystallinity of deposited films. Lin [58] used the co-sputtering process (RF and DC sputtering) to deposit TiO2 films and found that the band gap is decreased with increasing substrate temperature due to a possible Moss-Burstein shift; the change of the energy gap is the result of a large decrease in the free carrier concentration, and there is a corresponding downward shift of the Fermi level to below the band edge. In conclusion, a higher substrate temperature can provide extra energy to promote crystalline growth in deposited films, changing the optical properties.





4. Metal Oxide Doping


Many researchers have found that doping metals into TiO2 films enhances their photocatalytic activity and extends the absorption edge into the visible light region [107,133]. Metals can be doped into TiO2 films using layer-by-layer [45,134,135,136] and co-sputtering [57,137] methods. The co-sputtering method allows easy composition control and the layer-by-layer method yields higher quality thin films [136].



TiO2 is an important material for transparent conducting oxide (TCO) layers in thin films because it has high optical transmittance (>80%) in the visible range and low resistivity (10−7Ω·cm−1) [4]. Optical materials based on ITO [51,117] and FTO [52,133] are the most widely used TCO films due to their low resistivity (< 10−4Ω·cm−1) [120]. TCO thin films can be used as substrates for the deposition of TiO2 using sputtering to enhance the effect of electron transfer [51]. However, due to the scarcity and high cost of indium, ITO may not be able to satisfy anticipated demand in the future. Moreover, TiO2 films usually demonstrate poor responses under visible light due to their wide band gap (Eg = 3.20 eV). In order to solve this problem, many researchers have found that metal doping effectively enhances the photoelectric properties [57,94,138] and lowers the band gap of TiO2 films [139]. When the two materials are connected electrically, electrons migrate from the semiconductor to the metal until the two Fermi levels are aligned [17]. Therefore, several dopants, such as Ag [94,125], Al [61], Au [57], CdS, CeO [109], CeO2 [109], Cr, Cu [135], Fe [18], Mo [132], Nb [140,141], Pt [134], and Si [113], have been used for TiO2 thin film.



Metals such as Cr, Co, and Fe that are deposited on a TiO2 surface can react with oxygen, resulting in the reduction ofTiO2 and the oxidation of the metals [136]. These metals can produce a series change of structure, which affects photocatalytic activity. Liu et al. [62] found that the electron transfer between TiO2 and CeO2 networks via Ti–O–Ce structural units plays an important role in photocatalysis. The results revealed that the CeO1.62TiO2 phase is the original cause of visible light photocatalysis [121]. The holes drifting from CeO1.62TiO2 to TiO2 under an inner electric field can inject photo-induced holes into TiO2 and endow the TiO2-CeO2 composite films with photocatalytic properties. Therefore, the TiO2-CeO2 films have better activity than that of pure TiO2 films under UV illumination [121]. Matsuoka et al. [135] indicated that Pt loading in TiO2 films enhances photocatalytic activity; the optimum Pt loading is determined to be 21 µgcm−2. Carneiro et al. [18] found that the absorption edges of Fe-doped TiO2 films shifted to the visible region with increasing concentrations of iron. Fe-doped TiO2 films prepared at a low iron concentration have a better photocatalytic activity than that of pure TiO2 films. In TiO2, the CB consists of Ti 3d atomic orbital. For example, in Fe-doped TiO2, the mixing of Fe 2p state with O 2p state shifts the CB downward and narrows the band-gap energy of the photocatalyst [139]. Fe with different ion forms (Fe2+, Fe3+ and Fe4+) can act as traps for electron hole pairs and consequently inhibit their recombination. However, increasing metal concentration may increase the recombination rate of photo-generated electron-hole due to the metal ion species acting as both electron and hole traps, and thus forming multiple trap sites. If there are too many traps of charge carriers in the bulk of catalyst or on its way to the surface, its apparent mobility may become low and it will likely recombine with its mobile counterpart generated by subsequent photons before it can reach the surface [142]. The schematic diagram of the mechanism is shown in Figure 11 below.



Zhang et al. [104] reported that the absorption edges of Cu-doped samples shifted to the longer wavelength region; however, the optical transmittance of these films decreases abruptly with increasing copper concentration. Subrahmanyam et al. [19] further tested the photocatalytic activity of Ag-modified TiO2 under UV and sunlight. The silver content on the TiO2 surface is between 0.89 and 5.74 at.%. These results demostrated that the maximum photodegradations of rhodamine red molecules are 3.77 at.% and 0.89 at.% with Ag-doped TiO2 film for irradiation at 254 and 352 nm, respectively. This result suggests that the optimum Ag content in TiO2 films, which depends on the irradiation wavelength, is below 5.74 at.%. Similarly, the results of Jung et al. [57] confirmed that increasing the concentrations of Au in TiO2 films can decrease photocatalytic activity. In addition, Seong et al. [143] found that the type of doping metal in TiO2 films is an important factor; the photocatalytic activity of TiO2/SiOx double-layer samples is superior to that of pure TiO2 thin films and the TiO2/SiO2 double layer. Metal dopants can act as recombination centers for photogenerated holes. Therefore, excess mental dopant decreases the photocatalytic activity of TiO2.



The functional mechanism of photocatalytic activity on metal-doped TiO2 has been investigated [133,144]. Lee and Lee [49] employed the RF magnetron sputtering method to prepare TiO2/SiO2/glass thin films for their investigation of the effect of the SiO2 interlayer on the film properties. It is found that the SiO2 interlayer enhances crystallinity and induces a very fine columnar structure that prevents Na+ ion diffusion. For understanding the photochemical process for metal-doped TiO2 films, Zuo [94] has proposed that the surface plasmon resonance (SPR) of the metal dopant increases the absorption wavelength of the films. For instance, the SPR of Ag nanoparticles was centered at around 490 nm for a cluster-like film [145]. The electrons are trapped in individual clusters or islands, and cannot move freely. Sufficient energy (i.e., from irradiation) can excite surface plasmons, leading to absorption. Hence, the increase of the absorption edge on TiO2:Ag film is predictable. Generally, the mechanism of photocatalytic process is initiated when light with energy equal to or greater than the bandgap, incident on the TiO2 valence band that can lead to the generating positive (holes) and negative (electrons) charge carriers on the surface of TiO2 nanoparticle. These photogenerated electron hole pairs causes recombination, become it gets trapped in metastable states between the CB and VB, or react with the organic pollutant adsorbed on the surface of TiO2. These charge carriers initiate reduction and oxidation reactions of electrons and holes, respectively, at the surface of catalyst which in turns leading to the generation of highly reactive agents, such as superoxide and ∙OH hydroxyl radicals, by reacting with dissolved molecular oxygen, surface hydroxyl groups, and adsorbed water molecules. In the case of metal doping, defect levels are created near the CB, while nonmetals induce additional defect levels above the VB, which in turn narrows the bandgap and thus contributes to visible-light photoactivity. In co-doped and multi doped TiO2, electrons can jump either from these defect levels or from VB to the defect impurity level of the metal or to the topmost level of CB of TiO2. Metal ions existing in variable oxidation states can act as trapping centers of electrons, which results in the enhancement in the lifetime of charge carriers, thereby increasing the photocatalytic activity of TiO2.



A surface plasmon is a collection of electrons of the conduction band which oscillates in the interface between conductor and nonconductor or semiconductor and metal oxide or metal, or semiconductor oxide as well [136,146]. Warren et al. [145] has reported in his work that when an electric field (here we consider solar light, visible light or UV light source) is irradiated the metal’s surface plasmon, the density of electron is decreased on one side of the metal while is increased on the another side. This redistribution of the charge carriers inside the surface plasmon’s, creates an electric field inside and outside the metal. The metal is in opposite direction. A series of charge density oscillations will take place with this displacement of electron density which is caused by the coulombic restoring force. This phenomenon of oscillation of charge density and electric field creation are called either surface plasmon resonance (SPR) or localized surface plasmon resonance (LSPR) [147]. According to the mechanism of hot electron and hole present in the SPR, the excitation of the electron from the plasmonic metal because of the SPR effect, which further comes back to the conduction band of TiO2 for reactions of photocatalysis. The study of Tian et al. with Au-doped TiO2 nanocomposites in an electrochemical cell may be used to explain this mechanism [148]. In most of the studies Au, Ag and Cu have been used as plasmonic metals which elicit hot electrons to transfer from the metal to the semiconductor under solar light illumination. The difference stands for the surface plasmon on Au and Ag is that Au resonates under solar light, whereas Ag resonates in the near-UV light region. Electrons can be excited from the noble metals via the SPR mechanism [149,150,151]. Furube et al. [149] discovered that the flow of excited electrons uses the SPR effect from gold nanoparticles to TiO2 nanoparticles using femtosecond transient absorption spectroscopy. Chen et al. [152] reported the number of electrons that obtained sufficient energy to overcome the Schottky barrier via the Fowler Theory. Water oxidation assisted by plasmon using Au-NR–TiO2 electrodes was studied by Nishijima et al. [151] who confirmed that the evolution of O2 and H2O2 from the electrodes in the solution based on the finding of the induction of electron–hole pairs during water oxidation with a stable plasmon. By using a photoelectrochemical cell Chen et al. [152] have also evaluated the mechanism of water splitting over Au-ZnO photoelectrodes under visible light. The possible mechanism of the photocatalytic process and the transfer of hot electrons in Au- doped TiO2 are shown in Figure 12 [153].



Yan et al. [128] hypothesized that the mixing of metals with TiO2 implanted under a lightly doped layer may lead to: (i) the introduction of an upward self-built electric field which could promote charge separation; (ii) an increase in more photogenerated carriers under visible light as the energy gap is curtailed; (iii) the inhibition of charge separation because of a large number of defects; (iv) the intensify of the Schottky barrier between TiO2 and the metal substrate, and thus hindering a charge transfer.



György and Pérez del Pino [154] found that the dopant incorporation leads to the decrease of the crystallites’ average dimensions. Carneiro et al. [18] and Subrahmanyam et al. [19] reported that metals doped into TiO2 films can act as electron traps at the semiconductor interface. Kamisaka et al. [138] suggested that electron-trapping character of metal doped TiO2 films is affected by the crystal phase of TiO2 and the formal charged state of metals. The trapping of charge carriers can decrease the volume recombination rate of (e−/h+) pairs and thus increase the lifetime of charge carriers. The process of charge trapping is depicted as follows [84]:


   M  n +   +  e  cb  −  →  M   (  n − 1  )  +    



(17)




where Mn+ is the metal ion dopant. The energy level of Mn+/M(n−1)+ lies below the CB edge. Thus, the energy level of transition metal ions affects the trapping efficiency.



Seong et al. [143] illustrated the pathway of charged electrons (e−) and holes (h+) in TiO2/SiOx thin films (Figure 13).



The CB and VB edges of TiO2 are located within the SiOx bandgap. Under UV irradiation, the electron-hole pairs are initially generated in the TiO2 layer. The generated electrons are accumulated in the CB of TiO2 that are attracted to the trap level of SiOx due to a difference in the work functions of TiO2 and SiOx and thus preventing e−/h+ recombination. This may explain why the photoactivity of a dual-layer photocatalyst is the highest among the prepared samples, even though its light absorbance is not the largest [45]. Jung et al. [57] used the co-sputtering method to prepare Au/TiO2 thin films and found that some of the electrons reacted with lattice metal ions (Ti4+) to form Ti3+ defective sites. The formation processes of defective sites on the TiO2 surface can be expressed as:


    TiO  2  + hv →  h  vb  +  +  e  cb  −     



(18)






   e  cb  −  + Au →   Au  −   



(19)






    Au  −  +   Ti   4 +   →   Ti   3 +   +  Au     



(20)






   H 2   O   (  abs  )    +  h  vb  +  → OH · +  H +   



(21)






    Au  −  +  h +  → Au  



(22)







The Ti3+ sites arise from the Ti4+ sites at which the photogenerated electrons are trapped [144]. A certain number of Ti3+ ions reduce the electron-hole recombination rate and thus enhance photocatalytic activity [113]. Liu et al. [155] proposed that the doped Ag− ions convert Ti4+ to Ti3+ by charge compensation. These phenomena can be explained by the defective sites on the TiO2 surface. The electrons react with adsorbed oxygen molecules or surface Ti4+ can generate reactive species O2•− and reactive center surface Ti3+, respectively. The number of recombination centers of inner Ti3+ thus decreases accordingly. In addition, a loaded silver particle can either transfer one electron to an adsorbed oxygen molecule to form O2•− or move to the TiO2 surface Ti4+ to form surface Ti3+. These photochemical reactions explain why the photocatalytic activity of metal-doped TiO2 films is higher than that of regular TiO2 films.



The photocatalytic efficiency of metal-doped TiO2 films seems to depend on the metal particle size, type of metal dopant, fabrication technology, and the hydrophilicity. Many researchers have proved that a large number of small epitaxial deposits on a semiconductor substrate is energetically capable of trapping photoelectrons which might decrease the space distance of charge carriers and increase the probability of the recombination of electrons and holes [147,149,156]. Thus, smaller particles have better photocatalytic activity because the transportation length of the e−/h+ pair from the crystal interface to the surface is shorter; and small grains (<40 nm) are more easily achieve charge separation as compared to large grains [147]. Lin and Wu [61] doped Al into TiO2 films using RF sputtering and resulting in a smaller grain size, lower porosity, a higher linear refractive index, a lower stress-optical coefficient, and a higher visible-infrared transmission. However, Zuo [94] reported that Ag doping in TiO2 films increases the FWHM due to large Ag clusters and broader size distribution. Ag nanoparticles are aggregated and form island-like structures. The large number of irregular nanoparticles and the interaction among the densely packed Ag nanoparticles resulted in broader peaks and red-shifts of absorption curves. The type of metal dopant can also influence photocatalytic activity [57,144]. Anpo and Takeuchi [136] have doped various metals into TiO2 films and then examined their effect on the level of red-shift. It is demonstrated that the order of the red-shift efficiency of doped metals is found to be V > Cr >Mn> Fe > Ni. Such a shift allows metal-ion-implanted TiO2 to use the solar irradiation more effectively in the range of 20–30%. Maeda and Watanabe [13] compared the photocatalytic activity of the plasma-enhanced chemical vapor deposition (PECVD) with those of the sol-gel method for fabricating TiO2 films. Experimental results revealed that the grain size of TiO2 films obtained using the PECVD method is almost uniform after annealing at 900 °C, and that these films have a higher photocatalytic activity than that of those obtained using the sol-gel method. It is inferred that the sputtering process can be used to fabricate optimal photocatalytic thin films. Additional studies have demonstrated that the surface of TiO2 becomes highly hydrophilic under UV light irradiation [55,74]. This is attributed to the structural change in the TiO2 surface. Electrons can reduce the Ti4+ cations to the Ti3+ state, and the holes can oxidize the O2− anions, creating oxygen vacancies. Water molecules can occupy these oxygen vacancies, producing adsorbed OH groups, and making the surface hydrophilic [156]. It has been shown that more OH groups can improve the photocatalytic activity and thus the hydrophilicity may improve further the photocatalysis [147,149,150]. Nevertheless, the putative photocatalytic effects of doping various metals into TiO2 films are still controversial [49,141,148]. Moreover, it has been reported that doping suitable amounts of Si and Ag in TiO2 films significantly enhance hydrophilicity [49,147,148]. However, Jun and Lee [141] found that Cr doping is accompanied by the formation of not only the rutile TiO2 phase but also the Cr2O3 phase, all of which degraded hydrophilicity [151,152,153]. The hydrophilicity of films has been evaluated by examining photographs and measuring the contact angle of a water droplet. The water contact angle (θ) can be calculated as [50]:


  θ = arctan   4 H L    L 2  − 4  H 2     



(23)




where L and H are the diameter and height of the spherical crown, respectively.




5. Non-Metal Oxide Doping


Doping materials in the TiO2 thin films is a very common approach for enhancement of the TiO2 photocatalytic activity [154,155,157,158,159,160]. The main strategy of the doping is the tailoring of the band gap extending the absorption at longer wavelength. The dopants include transition, noble metals, non-metals and oxide materials as well. Noble metals like Ag, Au, Pd, and Pt exhibits better absorption properties in incorporating with TiO2 followed by the mechanism of surface plasmon resonance (SPR) [161]. TiO2 thin film incorporated with Au and Ag exhibited red-shifted wavelength and boost plasmon resonance, which can improve the overall photocatalytic organic decomposition [162,163]. However, metallic NPs can also enhance the photocatalytic performance of TiO2 thin films through a non-plasmonic mechanism. But they have high cost which limits their usage in doping science with a large scale applications, whereas, transition metals offer more cost-effective processes [164]. On the other hand, non-metals are heavily preferred in the doping of TiO2 thin films. Some of commonly used non-metals dopants are N, B, and S. [165,166]. Other non-metals such as, H, F, and I have also been incorporated into TiO2 thin films during the preparation process to lower the band gap of the composite films to drives it to provide visible light photocatalytic activity. Valentin et al. have employed the density functional theory (DFT) to investigate the effects on the electronic structure of replacing lattice O atoms with B, C, N, or F dopants, or the inclusion of the same atoms in interstitial positions. The energy level of the bands introduced by doping increases with decreasing electronegativity. Fluorine is very electronegative, which introduces states below the O 2p valence band and leads to the formation of Ti3+ ions due to the charge compensation. In case of doping with B and C, this leads to the combination of energy levels above and below the valence band. For further improvement of visible light-driven photocatalysis, binary and ternary co-doping of two nonmetal elements such as N-C and N-B has also been studied. In many cases the synergistic effect is observed for the co-doping, but the parameters used in co-doping are very complex so there is no clear cut conclusion on doping effects [167,168,169,170,171,172].



Non-metal doping into TiO2 thin films has many effects on the microstructure of the material that is depending on the reaction route in spite of band gap narrowing and visible light-driven photocatalysis. B-doped TiO2 shows reduced size with a resulting higher surface area and suppressed phase transformation, and improved photogenerated charge separation, which may contribute to the photocatalysis-enhanced performance of titania [173,174,175,176]. The general mechanism of the doped TiO2 with metal or nonmetal is visualized below (Figure 14):



The doping of nonmetals into TiO2 films leads to great photocatalytic activity [16]. Non-metals used as dopants include nitrogen (N) [171,172], carbon (C) [171], sulfur (S) [144], and fluorine (F) [22]. Many researchers have found that non-metals introduced into TiO2 films can narrow the band gap [156], which is believed to be responsible for increasing the photocatalytic activity at long wavelengths (λ > 500 nm) [171].



Nitrogen can be easily introduced into the TiO2 structure due to its comparable atomic size with that of oxygen, small ionization energy, and high stability. Therefore, nitrogen is the most promising non-metal dopant. Pelaez et al. [16] used various nitrogen-containing organic compounds in a modified sol-gel method to synthesize N-doped TiO2. The obtained samples showed a better photocatalytic activity compared to those of other metal-ion-doped TiO2 samples and Evonik P25-TiO2. Bersani et al. [20] demonstrated that a significantly high substitution of the lattice O atoms of TiO2 with N atoms narrows the band gap of TiO2 thin films, enabling them to absorb and operate under visible light irradiation as a highly reactive, effective photocatalyst. Prabakar et al. [177] prepared visible-light-active nitrogen-doped TiO2 films using DC-reactive magnetron sputtering with a Ti target in an Ar + O2/N gas mixture. These results indicated that increasing the amount of N decreased the particle size of the anatase phase. Moreover, the absorption edge tends to be red-shifted as the N concentrations are increased. Parker and Siegel [178] used Raman spectra to analyze photocatalysts discovered that oxygen deficiency is the origin of all these effects. A clear decrease in the band gap and the nitrogen 2p states on the top of the VB on N-doped TiO2 (compared to those of pure TiO2) has found by Sathish et al. [179]. Di Valentin et al. [180] reported that the Ti–N bond lengths (1.964 and 2.081 Å) are similar to the Ti–O bond lengths (1.942 and 2.002 Å) in the matrix. This infers that N can easily substitute the O sites in the TiO2 structure, and that the change may not degrade the crystallinity. Moreover, Lindgren et al. [181] found that a small concentration of N promotes the growth of anatase. Li and Shang [182] reported that N-doped TiO2 photocatalyst is an anatase-rutile mixed phase which leads to a better electron-hole separation and enhances the visible light photocatalytic activity.



Both carbon and sulfur dopants have shown positive results for visible light activity in TiO2, since they narrow the band gap [16,174]. Hamal and Klabunde [183] indicated that carbon embedded in the TiO2 structure increases visible light absorption, and that carbon can act as a trap site within the CB and the VB, increasing the lifetime of photogenerated charge carriers. Khan et al. [153] prepared carbon-modified rutile TiO2 using flame spray pyrolysis and observed that carbon replaces some of the lattice oxygen sites. Hsu et al. [184] has obtained a similar result, finding that carbon in TiO2 substitutes the lattice oxygen atoms and forms Ti–C bonds. XPS spectra of C-doped TiO2 has revealed a C 1s peak at ~281.8 eV and a free graphitic peak (C–C) at 284.6 eV [182]. The former is regarded as a response to visible light and the latter is served as a photosensitizer [184,185]. Furthermore, carbon doping of TiO2 increases the absorption edge, which can be attributed to the visible light sensitivity originating from the localized C 2p formed in the band gap. Periyat et al. [176] used sulfuric acid to modify TiO2 and found that the anatase phase can resist high temperatures (≥800 °C) and that the presence of sulfur increases visible light photocatalytic activity. The effect of fluorine dopant is similar to that of sulfur dopant in TiO2; it increases the anatase to rutile phase transformation temperature [22]. Fluorine dopant is unable to shift the TiO2 band gap; nevertheless, it improves the surface acidity and causes the formation of reduced Ti3+ ions due to the charge compensation between F− and Ti4+ [16]. The present review has identified that nitrogen and carbon are the most suitable non-metals for doping TiO2 films in the sputtering process.




6. Annealing Treatment


It has been demonstrated that annealing treatment provides extra energy for the growth of the crystalline phase of TiO2 films which is similar to the effect of substrate temperature all of which affects the crystalline phases [50,71]. XRD patterns show that the anatase (211) peak increases with an increasing annealing temperature on TiO2 films (Figure 15) [186].



Zhang et al. [104] found that the anatase phase appears when the annealing temperature is higher than 300 °C. Others observed that the rutile phase is first found at annealing temperatures of 600 to 800 °C [12,56,71]. The anatase phase changes into the rutile phase completely at 1000 °C [50], while the brookite phase initially forms at annealing temperatures of above 1000 °C [50].



Zhang et al. [104] also reported that the photocatalytic activity decreases with an increasing in the annealing temperature from 200 to 900 °C. Ye et al. [71] annealed as-deposited TiO2 films at 500 °C and obtained the same result, which is attributed to the reduction of oxygen vacancies on the surface of TiO2; this has implied that a change of elemental composition (Ti3+ changed to Ti4+) on the surface of TiO2 films occurres when the deposited films are annealed, which can decrease the photocatalytic activity on the surface of TiO2 films by increasing the electron-hole recombination rate. However, Meng and Lu [187] have obtained a different result. They found that the photocatalytic activity of TiO2 films annealed at 600 °C is the lowest, and then increases with increasing annealing temperature. The content of anatase TiO2 is gradually decreased while the rutile TiO2 is rather increased. This suggests that the annealing temperature affects the crystalline phase of TiO2 and thus influences its photocatalytic activity.



Annealing treatment also influences the optical properties of TiO2 films. Hasan et al. [72] found that the band gap of annealed films increases with increasing temperature (from 300 to 600 °C). Other optical properties (the extinction coefficient (see Equation (24)), refractive index, and transmittance) are decreased with increasing temperature. Zhang et al. [104] also found that annealing can cause opacity and that transmittance decreases with increasing annealing temperature (200 to 900 °C). Kumar et al. [1] found that annealed films exhibit an enhanced refractive index and a larger band gap, which is ascribed to the improvement in packing density, crystallinity, and decrease in the porosity ratio. These results are indirect evidence that anatase TiO2 transformed into rutile TiO2. Such degraded optical properties after annealing treatment, which may be attributed to higher packing density within the film and a slight increase in crystallinity [1,72].



The extinction coefficient (k) can be derived [37,69] as:


  α =   4 π κ  λ   



(24)




where α is the absorption coefficient and λ is the absorption wavelength. A low extinction coefficient implies low absorption [37].



Many studies have demonstrated that the grain size is increased with increasing annealing temperature [15,50,185]. Ye et al. [71] found that increased grain size results in increased density of TiO2 thin films results in increased refractivity, but a decreased porosity ratio (P%). Ye et al. [71] and Hasan et al. [72] reported that P% is decreased with increasing annealing temperature (Figure 16).



A correlation between the photocatalytic activity and porosity has been confirmed by a study that obtained the highest photocatalytic activity is associated with a high-porosity photocatalyst [188].



Regarding hydrophilicity, Ye et al. [71] found that the decrease in water contact angle is associated with increases annealing temperature in the range of 200 to 600 °C, and then is further increased for a higher temperatures above 800 °C (Figure 17).



This result is consistent with those reported by Liu et al. [155] and Meng et al. [50], who concluded that amorphous TiO2 has poor hydrophilicity, anatase TiO2 has excellent hydrophilicity, and rutile TiO2 has good hydrophilicity. The hydrophilicity effect of anatase TiO2 is superior to that of rutile TiO2 which is due to the surface roughness [155,189]. Khadar and Shanid [190] has demonstrated that the surface roughness of TiO2 films is increased with increasing annealing temperature; this phenomenon is due mainly to the ballistic agglomeration vertically on the film.




7. Conclusions


This review demonstrated that TiO2 is a promising semiconductor and photocatalyst due to its physical, structural, and optical properties under UV light. The working principle of the magnetron sputtering is discussed in detail, from which we can examine the process of electron transfer from the cathode to the target substrate material and the effect on sputtering power, pressure, etc. In order to prepare optimal TiO2 films, the sputtering power, working pressure, argon/oxygen ratio, substrate temperature, dopant type, and annealing treatment must be carefully selected. Due to a high surface area, TiO2 nanoparticles exhibit a high photocatalytic activity, nevertheless, their direct use in water treatment application is limited since their recovery from such aqueous medium needs advanced technologies which is very costly. Therefore, there is a need of TiO2 thin films for high photocatalytic activity for both air and water treatments. By tailoring the surface morphology and properties, the photocatalytic activity of TiO2 thin film can be improved in spite of the worse performance than TiO2 nanoparticles. Thus, reactive sputtering systems and evaporation techniques are critical strategies for improving the morphological as well as other properties which can enhance the efficiency of the TiO2 thin films. Optimal TiO2 films must have a small particle size, a strong degree of crystallinity, a low band gap, a low contact angle (hydrophilic), and a high refractive index, transmittance, and extinction coefficient. Metal dopants in TiO2 films can act as electron traps, preventing recombination. The photocatalytic activity of metal-doped TiO2 films is thus higher than that of pure TiO2 films. Non-metal dopants, in particular nitrogen, can substitute sites in the TiO2 lattice. Other non-metal dopants, including carbon, fluorine, and sulfur, have been shown to increase visible light photo-induced activity by retaining the anatase phase of TiO2 films at high temperature. However, only nitrogen and carbon are suitable for the magnetron sputtering process.
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Figure 1. Building-block representation of TiO2 (a) rutile phase, (b) anatase phase, and (c) brookite phase. Reprinted with permission from [11], Copyright 2009, Elsevier. 
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Figure 2. Schematic of metal-TiO2 photocatalytic mechanism. 
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Figure 3. Schematic models in a 2 × 2 × 1 supercell for (a) oxygen vacancy and (b) substitutional N-doping. Reprinted with permission from [21], copyright 2009, Elsevier. 
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Figure 4. Schematic diagram of the working principle of (a) DC and, (b) RF magnetron. 
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Figure 5. Schematic phase diagram of TiO2 films defined by sputtering power. The diagram is compiled from experimental data obtained from XRD: (■) (101)-preferred orientation anatase, (▲) (112)-preferred orientation anantase, (★) anatase with almost equivalent (101) and (112) peaks, and (●) rutile and anatase mixture.Reprited with permission from [60], Copyright 2004, IOP Publishing. 
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Figure 6. AFM morphological images of TiO2 films deposited at (a) 0.4 Pa and (b) 1.4 Pa. Reprinted with permission from [93], copyrught 2009, Elsevier. 
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Figure 7. Deposition rate of TiO2 films as a function of oxygen partial pressure at a constant sputtering pressure (10 mTorr). Reprinted with permission from [74], copyright 2010, Elsevier. 
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Figure 8. XRD patterns of TiO2 films deposited on silicon (100) at various O2 concentrations in Ar/O2 gas mixture (a–c). Reprinted with permission from [107], copyright 2008, Elsevier. 
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Figure 9. Schematic of the theory of charged clusters in terms of nanocrystal and thin film growth. Reprinted with permission from [82], copyright 2004, Elsevier. 
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Figure 10. Variation of intensity of Ti+ and TiO2+ species as a function of O2%. Partial pressures are normalized to 1 at maximum value. Reprinted with permission from [107], copyright 2008, Elsevier. 






Figure 10. Variation of intensity of Ti+ and TiO2+ species as a function of O2%. Partial pressures are normalized to 1 at maximum value. Reprinted with permission from [107], copyright 2008, Elsevier.



[image: Catalysts 10 00598 g010]







[image: Catalysts 10 00598 g011 550] 





Figure 11. Schematic mechanism of visible light driven photocatalysis process Fe doped TiO2 according to tailor the band gap. 
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Figure 12. Proposed possible mechanism of the pathway of the hot electrons transferred in Au doped TiO2. 
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Figure 13. Schematic illustration of photocatalytic process for TiO2/SiOx double-layer photocatalyst. Reprinted with permission from [143], copyright 2009, Elsevier. 






Figure 13. Schematic illustration of photocatalytic process for TiO2/SiOx double-layer photocatalyst. Reprinted with permission from [143], copyright 2009, Elsevier.



[image: Catalysts 10 00598 g013]







[image: Catalysts 10 00598 g014 550] 





Figure 14. Schematic diagram for general photocatalysis mechanism for metal and nonmetal doped TiO2 nanocomposite. 
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Figure 15. XRD pattern of anatase TiO2 thin film annealed at (a) 500 °C 0.5 h and (b) 400 °C 3 h. Each noted percentage is the ratio of XRD intensity of A(211) to that of A(101). ‘A’ and ‘R’ represent anatase and rutile phase, respectively. Reprinted with permission from [186], copyright 2017, Elsevier. 
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Figure 16. Dependence of refractive index and porosity of TiO2 films on annealing temperature. Reprinted with permission from [71], copyright 2007, Elsevier. 
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Figure 17. Relationship between water contact angle of TiO2 films and annealing temperature. Reprinted with permission from [71], copyright 2007, Elsevier. 
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