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Abstract

:

In this paper, a comparison of TiO2 thin films prepared by magnetron sputtering with a continuous and pulsed gas flow was presented. Structural, surface, optical, and mechanical properties of deposited titanium dioxide coatings were analyzed with the use of a wide range of measurement techniques. It was found that thin films deposited with a gas impulse had a nanocrystalline rutile structure instead of fibrous-like anatase obtained with a continuous gas flow. TiO2 thin films deposited with both techniques were transparent in the visible wavelength range, however, a much higher refractive index and packing density were observed for coatings deposited by the pulsed gas technique. The application of a gas impulse improved the hardness and scratch resistance of the prepared TiO2 thin films.
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1. Introduction


Thin oxide films can be prepared by various methods, such as chemical vapor deposition, electron beam evaporation, direct current or radio frequency magnetron sputtering, arc deposition, atomic layer deposition, and sol–gel [1,2,3,4]. Thin films prepared in PVD (Physical Vapor Deposition) processes exhibit numerous advantages over coatings deposited by other aforementioned methods, that is, they have controlled homogeneity and thickness over a large area [5,6]. In the case of the magnetron sputtering technique, especially pulsed methods have recently gained a great interest because they allow the creation of conditions for the growth of thin films that are difficult (or impossible) to achieve in standard (continuous, direct current) sputtering processes. The most important factor is the generation of plasma that is more energetic and usually of higher density with respect to the plasma of continuous, direct current processes [7]. The presence of high-density energetic plasma during the deposition process results in a high degree of sputtered material ionization and the possibility of directing a high-density ion flux to the growing film. The technological outcome of that is the possibility of obtaining layers with a very smooth surface and a very dense structure, that is, with much smaller grains as compared to layers deposited during continuous, direct current sputtering processes. The high-density energetic plasma of pulsed magnetron sputtering processes is generated during the pulses in the discharge presence. The process of the pulsed magnetron sputtering can be achieved in two ways: (i) using an impulse (medium frequency MF or pulsed-DC) waveform of the electrical signal supplying the cathode of the magnetron, or (ii) using an impulse dosing of the gas to the deposition chamber.



In the case of the pulsed magnetron sputtering realized by impulse electrical signal supplying the cathode with momentary discharge voltage (and thus the discharge current and discharge power), the obtained values may significantly exceed the ones typically reached in standard sputtering processes. Momentary discharge power can be set in the range from 1 kW to even 1 MW. The duration of a single sputtering pulse is short (µs–ms) and pulse repetition is rather low, in the range from Hz to a few kHz. Because of this, the average discharge power is at the level typical of standard sputtering processes and therefore a standard magnetron can still be used. Unfortunately, the sequential ignition and decay of the sputtering discharge reduce the deposition rate of the films [7,8]. This reduction is the result of three main factors [7,9]: (i) high target power density during the individual sputtering pulse that creates conditions for the occurrence of the self-sputtering phenomenon, (ii) the sputtering yield does not scale linearly with the cathode voltage, and (iii) the sputtering of the cathode stops between pulses. During the continuous, direct current sputtering processes, the limitation of the high-density energetic plasma generation capability is the current-voltage characteristic of the glow discharge generated by the magnetron source. It is not possible to increase the anode–cathode voltage (that influences the plasma particles energy) without a significant increase in the discharge current and therefore in the discharge power [10]. The high target power density causes problems with the target cooling and stability of sputtering as the arcing is likely to take place during standard, direct current processes [11].



Moreover, in the case of the pulsed magnetron sputtering realized by the usage of gas impulse dosing to the deposition chamber, the whole gas mixture (working and reactive gas) or only the selected component (reactive gas) may be pulsed. The sequential injection of gas portions causes a cyclic change of pressure conditions in the chamber. Before the next pulse of the gas, the pressure is lower than normal, which reduces the number of collisions and energy loss of the particles directed to the substrate [12,13,14,15]. Recently, there has also been some interest in a new modification of the sputtering method called gas impulse magnetron sputtering (GI MS) [16,17,18,19]. In the case of this method, fast changes in working gas pressure lead to the thermal unequilibrium of plasma. Additionally, the pressure during the GI MS process is reduced and therefore the dissipation of the kinetic energy of sputtered particles is significantly decreased due to the collision with gas. Furthermore, such a modification causes the elongation of the mean free path of sputtered particles as compared to processes conducted with the continuous flow of working and reactive gases. Therefore, thin films deposited with the use of the GI MS method may exhibit improved properties (e.g., durability, mechanical or optical properties).



In this paper, the structural, surface, optical, and mechanical properties of TiO2 thin films deposited by two different magnetron sputtering methods (with a continuous gas flow and with a gas impulse) have been compared. Titanium dioxide was selected as a well-known material in electronics and optoelectronics [20,21,22,23]. It is frequently used for the preparation of, for example, optical coatings. The properties of TiO2 can be modified with the change of structure, which usually can be obtained by the modification of deposition process parameters, doping, or by additional annealing in high temperature. It is worth emphasizing that the application of the pulsed gas technique offers a possibility to prepare high-quality optical coatings with high hardness.




2. Materials and Methods


TiO2 thin films were deposited by two various magnetron sputtering techniques: medium frequency (denoted as MF MS) and gas impulse (denoted as GI MS). The main difference between the two used sputtering techniques was the change of the pressure during the deposition process, which was a result of applied gas-supplying mode. In the MF MS process, which was conducted with a continuous gas flow of 18 sccm ensured by an MKS mass-flow controller, the pressure was kept at the level of 2 × 10−2 mbar. This was the lowest value that allowed the plasma discharge to be sustained. Moreover, in the GI MS process, the average deposition pressure was ten times lower and, similarly as in the case of the MF MS process, it was the lowest value that allowed the pulsed plasma discharge to be received. In the GI MS technique, gas was injected directly on the target by a Festo fast valve in short (few ms) pulses with a frequency of 1 Hz, which caused the initiation of a glow discharge (injection of small gas portions which did not lead to a continuous discharge). Additionally, the powering of the magnetron was synchronized with gas pulses and in each cycle lasted 100 ms. The other sputtering conditions remained the same for the MF MS and GI MS processes. In both techniques, during the deposition, high-purity metallic titanium targets were sputtered with the use of a DPS (Dora Power Systems) power supply working in a unipolar mode at the frequency of 165 kHz of sinusoidal pulses with the voltage amplitude of 1.8 kV. In the case of both processes, metallic Ti targets were sputtered in pure oxygen, without argon acting as a working gas. The sputtering apparatus was equipped with diffusion and rotary pumps. Before both processes, the vacuum chamber was evacuated to a base pressure of ca. 5 × 10−5 mbar. Both deposition processes were conducted for 240 min. Thickness was measured using the Taylor Hobson optical profiler, and for the TiO2 thin films deposited by MF MS, it was equal to 580 nm, while the coatings from the GI MS process were 300 nm thick. The difference in the final thickness resulted directly from the gas supply mode, however, the obtained values were sufficient to conduct further studies of various properties of both thin films.



Thin films were deposited on various substrates, including silicon, fused silica, and Ti6Al4V metallic alloys due to different measurement methods used to determine the properties of TiO2. XRD and optical properties measurements were performed using thin films deposited on fused silica, while surface morphology and cross section were analysed with the use of coatings sputtered on silicon. Moreover, thin films deposited on silica and Ti6Al4V titanium alloys were employed in mechanical analysis. Fused silica and silicon substrates were polished and, as a result, their surface roughness (Rq) was below 1 nm. The surface of titanium alloys was polished on emery papers and diamond suspension up to 0.05 µm to a “mirror image” and their Rq was also below 1 nm (as measured by an optical profiler).



Structural properties were analyzed using X-ray diffraction (XRD), Raman spectroscopy, and transmission electron microscopy (TEM). XRD measurements were performed employing PANalytical Empyrean PIXel3D powder diffractometer (Malvern Panalytical Ltd., Royston, UK) with Cu Kα X-ray (=1.54056 Å). The average crystallite sizes were calculated with respect to Debye–Scherrer’s equation from the full width at half maximum (FWHM) of a peak, taking into consideration the broadening of the XRD apparatus. The crystallites’ size was also evaluated using MDI Jade 5.0 software. Raman spectroscopy measurements were carried out with the aid of a Thermo Fisher Scientific DXRTM Raman Microscope (Thermo Fisher Scientific, Waltham, MA, USA) using a 455 nm blue laser diode at a power of 6 mW and the exposure time of 10 s. The TECNAI G2 FEG Super-Twin (200 kV) transmission electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) was used for the detailed analysis of the crystal structure of TiO2 coatings.



Surface properties were determined by scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and wettability measurements. Surface and cross-sectional morphology were estimated with the use of FEI Helios NanoLab 600i SEM (Thermo Fisher Scientific, Waltham, MA, USA). A UHV VT AFM/STM Omicron AFM (Scienta Omicron, Taunusstein, Germany), which operated in ultrahigh vacuum conditions in a contact mode, was used to evaluate surface roughness. The surface chemical states of TiO2 thin films were determined using a Specs Phoibos 100 MCD-5 hemispherical analyzer (Specs, Berlin, Germany) using a Specs XR-50 X-ray source with Mg Kα (1253.6 eV) beam. A standard operation of calibrating all obtained XPS spectra to the binding energy of adventitious C1s peak at 284.8 eV was conducted. Wettability measurements were performed with the aid of an Attension Theta Lite tensiometer (Biolin Scientific, Gothenburg, Sweden) using deionized water, ethylene glycol, and ethanol for the evaluation of a contact angle.



Transmittance and reflectance spectra were measured at a 30° angle of incident light for both S and P polarisation using an Aquila nkd-8000 spectrophotometer (Aquila Instruments Limited, Essex, UK). On the basis of the obtained results, the refractive index and extinction coefficient were determined with the aid of FilmStar software employing an extended Cauchy model for coatings with extinction coefficient >0. Transmission spectra were also measured with the use of an Ocean Optics QE65000 spectrophotometer (Ocean Optics, Largo, FL, USA) to evaluate the fundamental absorption edge, optical band gap energy (Eg) for indirect transitions, and Urbach energy.



In the case of the mechanical properties of the deposited thin films, the hardness and Young’s elastic modulus were analyzed by nanoindentation using the method proposed by Oliver and Pharr [24]. Measurements were performed with the use of a CSM Instruments nanoindenter (Needham, MA, USA) equipped with a diamond Vickers tip. The scratch resistance of the coatings was measured with the use of a Taber Oscillating Abrasion Tester 6160 (Taber Industries, North Tonawanda, NY, USA) according to the ASTM F735 standard [25]. The surface of TiO2 thin films was examined for scratch resistance by an Olympus BX51 optical microscope (Olympus, Tokyo, Japan) and with the aid of a TalySurf CCI Lite Taylor Hobson optical profiler (Taylor Hobson, Leicester, UK).




3. Results


3.1. Microstructure


XRD studies performed for both samples revealed significant differences in the microstructure of coatings deposited by MF MS and GI MS. The diffraction pattern of the first one showed intense peaks related to the anatase phase of TiO2, while the latter exhibited only a small peak related to the TiO2-rutile phase. It was also found that the TiO2-rutile thin films were textured among (110) crystal plane. Small shifts between the diffraction peaks of deposited coatings and standard values from PDF cards [26,27] could indicate negligible stresses that might occur in the microstructure [28,29,30]. It was found that thin films with the anatase phase had crystallites of ca. 36 nm size, while for the rutile one, their size was more than three times smaller. However, taking into consideration low signal-to-noise ratio in the case of coatings deposited by the GI MS process, this calculation could be encumbered with a slight error. XRD patterns are shown in Figure 1. The detailed results of the XRD measurements of TiO2 thin films deposited by MF MS and GI MS are shown in Table 1.



Raman spectroscopy was used in order to further investigate the microstructure of deposited coatings since it is a method sensitive to the crystalline phases that occur in thin films even if they are also composed of a vast amount of an amorphous phase. Both anatase and rutile phases of titanium dioxide are tetragonal and have six and four active modes occurring at specified Raman shifts, respectively [31,32,33,34]. Raman spectra of TiO2 thin films deposited by MF MS and GI MS are shown in Figure 2a,b, respectively. The obtained results are in good agreement with the reference values for the anatase and rutile phases. In both cases, peaks were sharp and had high intensity which can be considered as the proof of a highly crystalline microstructure occurring in the deposited thin films.



The investigation of the microstructure of the deposited thin films was completed by TEM measurements (Figure 3). Bright field (BF) images of the coating deposited by MF MS with a continuous gas flow revealed that the film had a fibrous structure. Immediately after the deposition, this thin film was very well crystallized with a small number of defects. In the bright field image (Figure 3a), voids or amorphous areas with locally lower density between the fibers were marked with red lines. Those voids were formed due to the inhomogeneity of crystallized grains. The analysis of the selected area electron diffraction confirmed the results obtained with XRD and Raman that the thin film had a nanocrystalline anatase structure. Electron diffraction (showed as an inset in the bright field image with marked crystal planes) had a rather spotted character, which was proof of very good crystallization of the film with large crystallites and indicated strong texture. High-resolution TEM (HRTEM) images confirmed once more that the coating had a fine nanocrystalline anatase phase. The FFT diffraction pattern (added as an inset to the HRTEM image) was obtained from the crystallite, which was free of defects and allowed for an accurate evaluation of the separation of planes and the angle between them that indicated the anatase phase of [11−1] zone axis. Additionally, HRTEM images confirmed the presence of voids between the fibers.



In the case of thin films deposited by gas impulse magnetron sputtering, the bright field TEM images (Figure 3b) revealed that the grains in the coating had significantly lower dimensions. The microstructure was much more defected and the defects were nonuniform. The amorphous and void areas were marked with red lines in the BF image. The selected area diffraction pattern confirmed that the coating consisted of a nanocrystalline rutile phase. In contrast to the anatase thin film, the electron diffraction was composed of fuzzy rings, meaning that the microstructure was built up from nanosized crystallites with various orientations. The HRTEM investigations (Figure 3b) showed that the crystallites of low-indexed rutile planes were very small and their size was ca. 10 nm, which is consistent with the XRD results. The crystallites were much more defective as compared to the anatase thin films and the refinement of the microstructure was observed. The structure had a pseudocolumnar character and each column was composed of several small grains. The HRTEM image showed the visible lattice fringe spacings of 3.26 Å and 2.51 Å, which comply with the separation of (101) and (110) planes, respectively, within the rutile [−111] zone axis.




3.2. Surface Properties


The surface properties of the deposited TiO2 thin films were determined with the use of SEM, AFM, XPS, and wettability measurements. The results of the SEM studies of TiO2 thin films deposited with a continuous gas flow (Figure 4a) showed that its surface was crack-free, composed of large size, visible grains tetragonal in shape. Moreover, all grains had a similar size and the surface was homogenously covered with them. The cross-sectional image revealed the presence of elongated, fibrous grains and voids between them. Additionally, the thickening of the grains with the growth of the coating was observed. In the case of the rutile thin film deposited with a gas impulse (Figure 4b), its surface was also crack-free and homogenous, however, some small variations of topography were also observed. The cross-sectional image was significantly different as compared to the anatase thin film. The rutile coating did not have a fibrous-like microstructure and seemed to be composed of grains, which seems to confirm the TEM results.



Surface topography and roughness were assessed based on AFM measurements. The surface of TiO2 thin film deposited in the MF MS process (Figure 5a) had densely packed grains of ca. 30–50 nm size whose maximum height was equal to 30.3 nm. The root mean square (Rq) surface roughness was calculated with the use of WSxM v.5.0 software and was determined to be equal to 5.0 nm. Furthermore, the height distribution of grains was symmetric and thus exhibited good homogeneity of the surface. On the other hand, TiO2 coatings deposited with GI MS were not composed of such pronounced grains; in their case, rather larger islands of ca. 300–500 nm in size with a maximum height of 23.3 nm were observed. Nevertheless, the Rq value was still quite low and equal to 3.5 nm.



The XPS studies were performed in order to determine the oxidation states of titanium on the thin film surface and additionally to assess a possible change of the ability of coatings to adsorb hydroxyl groups and water molecules with the use of different sputtering techniques. The XPS spectra of Ti2p and O1s core levels are presented in Figure 6. The position of Ti2p doublet for thin films from MF MS and GI MS processes and the binding energy separation between the Ti2p3/2 and Ti2p1/2 peaks indicated that in both cases, the titanium was at the highest, +4 oxidation state. Moreover, the area ratio of the peaks related to Ti2p3/2 and Ti2p1/2 was equal to 2:1, thus confirming a good stoichiometry of the coatings. The results obtained for O1s state revealed that there was a difference in the amount of adsorbed water molecules (H2Oads) and hydroxyl radicals (OH−). The summarized level of adsorbed molecules, as compared to the whole signal obtained in the O1s region, was equal to 56.6% and 43.9% for TiO2 deposited by MF MS and GI MS, respectively.



Based on the water contact angle measurements, it was found that both TiO2 thin films were hydrophilic, however, the wettability observed for the coating deposited by the MF MS process was significantly higher. The water contact angle was equal to 53.1° and 77.9° for TiO2 prepared with the use of MF MS and GI MS processes, respectively (Figure 7). Similar results were obtained for ethylene glycol and ethanol; lower values were determined for films obtained by MF MS. Such contact angle values confirmed the analysis performed with the XPS method: with an increase of the adsorbed water molecules and hydroxyl radicals, the contact angle of each liquid decreased. The wettability analysis was completed with the use of the Zisman method [35,36] in which the application of a series of liquids with various surface tensions allows the plotting of the graph of cosθ vs. γ (Figure 7). Critical surface tension is often interpreted as the highest value of the surface tension of a liquid that will completely wet the thin film surface. In the case of as-deposited TiO2 thin films, the lower value of the critical surface tension was determined for a coating obtained in the GI MS process, which finally confirmed that its surface was less wettable.




3.3. Optical Properties


The transmittance (T) and reflectance (R) measurements have shown that both thin films were transparent in the visible wavelength range with an average transmittance of ca. 80% (Figure 8a,b). Based on the obtained spectra, the characteristics of the refractive index (n) and extinction coefficient (k) were calculated with the use of FTG FilmStar software employing the extended Cauchy model for materials with k > 0. A higher value of the refractive index was determined for thin films with a rutile structure deposited by gas impulse magnetron sputtering and it was equal to 2.48 for a wavelength of 550 nm. In the case of TiO2 thin films deposited by magnetron sputtering with a continuous gas flow, the n value was 2.20 at 550 nm (Figure 8c). With the use of optical modeling, it was also possible to estimate the extinction coefficient (Figure 8d). A lower value was obtained for the anatase sample, which might be related to the larger crystallites in its microstructure. Therefore, the light passing through the sample would encounter fewer light-scattering centers than in the case of the rutile film composed of very small crystallites in an amorphous shell. However, it is also worth emphasizing that the extinction coefficient in both cases was lower than 10−2, which is quite a good value for high-quality optical coatings.



To assess the position of the fundamental absorption edge (cut-off), optical band gap energy (Egopt), and Urbach energy (EU), the transmission spectra were measured perpendicular to the samples. The results showed that in the case of the fundamental absorption edge, there was almost no shift in its position between the anatase and rutile thin films (Figure 9a) and it was in the range from 342 to 346 nm, respectively. The optical band gap energy was evaluated based on Tauc plots (h)1/2 as a function of photon energy (eV) for indirect transitions (Figure 9b). Analysis results revealed that the TiO2-rutile coating had a lower optical band gap of 0.1 eV than the anatase one and it was equal to 3.08 eV. The Urbach energy was determined from the plot of ln(α) as a function of photon energy (Figure 9c). It was found that the lower value of EU was obtained for the anatase thin film, which was directly related to the significantly more ordered structure of this coating as stated during the microstructure analysis.




3.4. Mechanical Properties


The results of nanoindentation tests are shown in Figure 10. The x-axis is denoted as a relative indenter displacement with h/g ratio, where g is the thin film thickness and h is the displacement of the indenter into the thin film. The hardness of TiO2 thin film deposited in the MF MS process was equal to 4.8 GPa, while for the coating obtained in the GI MS process, it was 16.1 GPa. Similarly, Young’s elastic modulus was lower for the thin film from the MF MS than for the GI MS process and equal to 114.4 and 139.3 GPa, respectively.



In the case of the tribological performance of the thin films, the resistance against elastic strain to failure can be evaluated based on nanoindentation results of hardness (H) and Young’s elastic modulus (E), taking into consideration the H3/E2 ratio. The high value of such a plasticity index (i.e., high hardness and low elastic modulus) can indicate coatings with higher strength [37,38]. Due to the much higher hardness of the thin film deposited by the GI MS process, this coating also exhibited better mechanical performance. The H3/E2 ratio for thin films from the GI MS and MF MS processes were equal to 0.215 and 0.008, respectively.



In the case of protective transparent coatings which may be applied in the field of ophthalmics, optoelectronics, or windows, their tribological properties are also crucial. The results of the oscillating sand test is presented in Figure 11. In the case of both as-deposited TiO2 thin films before performing the scratch test (Figure 11, left side), their surface was homogenous, smooth, and without visible scratches. The root mean square height (Sq) parameter was equal to 1.0 nm and 1.2 nm for TiO2 deposited by the MF MS and GI MS processes, respectively. In the case of thin films prepared with the use of MF MS, their surface after performing the oscillating sand test changed significantly (Figure 11a, right side). Based on the images obtained with the use of an optical microscope and an optical profiler, it can be stated that this coating is not protective against scratches and exhibited rather poor scratch resistance. The Sq parameter increased significantly up to 45.1 nm due to a visible failure of the surface. Opposite results were obtained for the rutile thin film deposited by the gas impulse magnetron sputtering process. Its surface was unscratched and the Sq value increased negligibly to 1.4 nm, hence proving very good scratch resistance and protective properties of this thin film.



Figure 12 shows a comparison of surface cross-sectional profiles of the deposited thin films before and after abrasion tests. In the case of TiO2 coating with anatase phase obtained in the MF MS process, it is clearly seen that after the oscillating sand test, the surface of the thin film was severely damaged with the maximum depth of scratches reaching even 300 nm. In the case of the rutile coating, its surface cross-sectional profile still looked almost the same as before the test and no scratches were visible. These studies confirmed that the mechanical performance obtained for TiO2 thin films deposited with the gas impulse magnetron sputtering technique was significantly better.





4. Discussion


Two sets of titanium dioxide thin films were deposited using medium frequency and gas impulse magnetron sputtering techniques. In order to determine the differences of the sputtered coatings, suitable structural, surface, optical, and mechanical studies were performed. The change of the gas-supplying mode from continuous to pulsed strongly affected not only the thickness of the thin films, but also their microstructure and therefore the optical and mechanical properties. It was shown that the change of the gas-supplying mode was beneficial as much higher hardness and also significantly better scratch resistance were obtained as a result. It is worth emphasizing that such findings are unique, because they show the direct impact of the gas flow mode on the microstructure and relate it to the stoichiometry of thin films and their optical and mechanical properties.



The analysis of the microstructure investigations revealed that thin films deposited by MF MS and GI MS had an anatase and rutile phase, respectively. The former had a fibrous structure with an average crystallite size of 36 nm, while the latter had grainy structure with crystallites of 11 nm. It was found that nanocrystallites of the rutile thin film were much more defective as compared to the anatase coating. It was possible to obtain the TiO2-rutile phase directly during the deposition process because of much lower pressure in the vacuum chamber, which resulted from the pulsed gas supply. Therefore, during the sputtering, Ti species reaching the substrates had a much higher kinetic energy due to the lower number of collisions with residual gas present in the chamber.



The investigation of surface properties showed that both thin films exhibited low roughness of a few nanometers, which is favorable in the case of optical coatings. In such a situation, the smooth surface of thin films does not provide additional light scattering centers which could increase the absorption or reflection of light incidenting at the coating. Additionally, the analysis of the chemical state of the surface revealed that the titanium was at +4 oxidation state in the case of both coatings. The ability to adsorb water molecules and hydroxyl radicals analyzed with the use of XPS was higher for the thin films deposited by MF MS, which had a direct impact on better wettability as compared to the one prepared by GI MS. Moreover, both coatings were hydrophilic.



Optical properties were analyzed with the use of transmittance and reflectance measurements. Both thin films were transparent in the visible wavelength range and had a relatively low extinction coefficient, while a much higher refractive index and thus also packing density were obtained for thin films deposited with the GI MS process. Based on the refractive index value, the packing density of thin films was determined [39,40] to directly compare coatings made of the same material but different crystal phases. This correlation can be expressed with the use of following Equation (1):


  P =    (   n f    2  − 1  )  ⋅  (   n b    2  + 1  )     (   n f    2  + 2  )  ⋅  (   n b    2  − 1  )     



(1)




where: nf—refractive index of thin films at 550 nm, nb—refractive index of bulk TiO2 (depending on the crystal phase) at 550 nm. Taking into consideration Equation (1), the calculated packing density of TiO2 deposited by the GI MS and MF MS processes was equal to 0.95 and 0.86, respectively. These results are consistent with previous TEM studies which revealed a fibrous microstructure with voids in the case of the anatase thin film, while for the rutile one, the microstructure was denser and composed of small nanocrystallites. Moreover, the difference of the fundamental absorption edge between the anatase and rutile coatings was rather negligible, however, slightly lower optical band gap energy was observed for the rutile film.



In the case of mechanical performance, it was found that the thin films obtained in the GI MS process were significantly harder than the ones from MF MS process. This had also an impact on the H3/E2 ratio, which was considerably greater for the rutile coating. It is worth emphasizing that the hardness value should be well correlated with thin film density. Therefore, the coating with higher packing density, that is, TiO2 deposited in the GI MS process, exhibited higher hardness. The performed investigations of the microstructure revealed that in the case of TiO2-rutile thin films deposited by gas impulse magnetron sputtering, the coating was in fact a nanocomposite where very small crystallites of nanometer size were surrounded by amorphous shells. Moreover, its microstructure was much more defective. Therefore, it can be assumed that the crystalline–amorphous nanocomposite system and the presence of the amorphous TiO2 phase in the crystallite boundaries can have an advantageous impact on the hardness of thin films. It might be due to stress relaxation which is generated by dislocations on the surface of crystallites and thus the deformation during nanoindentation may not cause such severe deformation of the adjacent areas [41,42]. Therefore, the macroscopic plastic deformation of the rutile thin film may be much more difficult than in the case of the anatase coating, which leads to much higher hardness and significantly better scratch resistance. Similar results, as in the case of hardness, were obtained for scratch resistance investigations. In this case, the measurements of the surface of the anatase thin film showed that it was severely damaged, while the rutile one remained unscratched.



Based on the performed investigations, it can be stated that the thin films deposited with a gas impulse magnetron sputtering had a nanocrystalline, densely packed rutile structure with a smooth and hydrophilic surface. The GI MS deposition process used in this work allowed the obtaining of thin films with good optical properties, very high hardness, and excellent scratch resistance.




5. Conclusions


In this paper, a comparison of TiO2 thin films prepared by magnetron sputtering with a continuous and pulsed gas flow was described. It was found that thin films deposited with a gas impulse had a nanocrystalline TiO2-rutile structure instead of the fibrous-like TiO2-anatase one obtained with the continuous distribution of gas. Films deposited with both techniques were transparent in the visible wavelength range, however, a significantly higher refractive index and packing density were observed for coatings deposited by the gas pulsed technique. The application of gas impulse increased the hardness of the TiO2 coating more than three times and was also favorable in the case of scratch resistance.
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Figure 1. XRD measurement results of TiO2 thin films deposited by MF MS and GI MS. 
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Figure 2. Raman spectra of the as-prepared TiO2 thin films from: (a) MF MS (anatase); (b) GI MS (rutile). 






Figure 2. Raman spectra of the as-prepared TiO2 thin films from: (a) MF MS (anatase); (b) GI MS (rutile).



[image: Coatings 08 00412 g002]







[image: Coatings 08 00412 g003 550] 





Figure 3. Bright field and HRTEM images of the cross section of as-deposited TiO2 thin films from: (a) MF MS; (b) GI MS processes. 






Figure 3. Bright field and HRTEM images of the cross section of as-deposited TiO2 thin films from: (a) MF MS; (b) GI MS processes.



[image: Coatings 08 00412 g003]







[image: Coatings 08 00412 g004 550] 





Figure 4. SEM images of the cross section and surface of as-deposited TiO2 thin films obtained in: (a) MF MS and (b) GI MS processes. 
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Figure 5. AFM images with high distribution of grain size in Z direction and cross-sectional topography of the as-prepared TiO2 thin films from: (a) MF MS; (b) GI MS processes. 
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Figure 6. Ti2p and O1s core level XPS spectra of TiO2 thin films obtained in: (a) MF MS; (b) GI MS processes. 
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Figure 7. Results of wettability measurements with images of water, ethylene glycol, and ethanol droplets on the surface of TiO2 thin films deposited by: (a) MF MS; (b) GI MS processes. 
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Figure 8. Transmittance and reflectance spectra taken for S and P polarization of 30° of light incidence for as-prepared TiO2 thin films from: (a) MF MS; (b) GI MS processes; (c) comparison of refractive index; (d) comparison of extinction coefficient. 






Figure 8. Transmittance and reflectance spectra taken for S and P polarization of 30° of light incidence for as-prepared TiO2 thin films from: (a) MF MS; (b) GI MS processes; (c) comparison of refractive index; (d) comparison of extinction coefficient.



[image: Coatings 08 00412 g008]







[image: Coatings 08 00412 g009 550] 





Figure 9. Comparison of: (a) transmittance spectra; (b) optical energy band gap; (c) Urbach energy of as-deposited TiO2 thin films from MF MS and GI MS processes. 
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Figure 10. Results of hardness and elastic modulus investigations of as-prepared TiO2 thin films from: (a) MF MS; (b) GI MS. 
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Figure 11. Optical microscope and profiler images of the surface of thin films before and after scratch test deposited by: (a) MF MS; (b) GI MS processes. 






Figure 11. Optical microscope and profiler images of the surface of thin films before and after scratch test deposited by: (a) MF MS; (b) GI MS processes.



[image: Coatings 08 00412 g011]







[image: Coatings 08 00412 g012 550] 





Figure 12. Surface cross-sectional profiles of thin films before and after scratch test deposited by: (a) MF MS; (b) GI MS. 
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Table 1. XRD measurement results of TiO2 thin films deposited by MF MS and GI MS.
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	Thin Film
	Phase
	Crystal Plane
	D (nm)
	d (nm)





	PDF No. 21-1272 TiO2
	anatase
	-
	-
	0.3520



	TiO2 (MF MS)
	anatase
	(101)
	36.1
	0.3511



	PDF No. 21-1276 TiO2
	rutile
	-
	-
	0.3247



	TiO2 (GI MS)
	rutile
	(110)
	11.0
	0.3266







D—average crystallite size, d—interplanar distance.
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