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Abstract:



Transfer of semiconductor thin films on transparent and or flexible substrates is a highly desirable process to enable photonic, catalytic, and sensing technologies. A promising approach to fabricate nanostructured TiO2 films on transparent substrates is self-ordering by anodizing of thin metal films on fluorine-doped tin oxide (FTO). Here, we report pulsed direct current (DC) magnetron sputtering for the deposition of titanium thin films on conductive glass substrates at temperatures ranging from room temperature to 450 °C. We describe in detail the influence that deposition temperature has on mechanical, adhesion and microstructural properties of titanium film, as well as on the corresponding TiO2 nanotube array obtained after anodization and annealing. Finally, we measure the photoelectrochemical water splitting activity of different TiO2 nanotube samples showing that the film deposited at 150 °C has much higher activity correlating well with the lower crystallite size and the higher degree of self-organization observed in comparison with the nanotubes obtained at different temperatures. Importantly, the film showing higher water splitting activity does not have the best adhesion on glass substrate, highlighting an important trade-off for future optimization.
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1. Introduction


Titanium dioxide (TiO2) is one of the most widely studied semiconductor photocatalysts owing to its ability to catalyze numerous redox reactions [1], high stability, nontoxicity and low cost [2,3]. Nanocrystalline TiO2 has highly promising optical, photocatalytic and photoelectrochemical (PEC) performance [4], which have been extensively used for a broad range of applications including environmental purification, organic oxidations [5], solar cells, PEC water splitting, and hydrogen peroxide production [1,2,4,6,7,8,9,10,11,12].



The photocatalytic performance of TiO2 is strongly affected by its morphology and structure. With the decrease of the material’s dimensions to nanoscale, surface-to-volume ratio and specific surface area increase as well as electronic properties that may also deviate from ideal behavior [13]. Crystal phase and orientation in nanocrystals and thin films have shown a dramatic role in enhancing charge separation, band gap, and surface catalytic properties of TiO2 nanomaterials [6,11,12,13].



Furthermore, TiO2 nanomaterials have shown shape-dependent photocatalytic performance [14]. For thin films, various TiO2 one-dimensional (1D) nanostructures involving self-organized nanotubes, highly-ordered nanorod arrays, and nanowires, have attracted much attention due to the combination of highly functional features and controllable nanoscale geometry with the possibility of adjusting length, diameter, and spacing [13,15,16,17]. In particular, 1D TiO2 nanotubes (TNT) show better PEC performance than thin compact layers due to higher surface area, favorable charge transfer along the nanotube y-axis perpendicular to charge collecting bottom layer, and enhanced light harvesting efficiency [18].



Self-organized oxide tube arrays can be fabricated by electrochemical anodization of a suitable metal foil under specific anodic conditions and proper electrolytes [18,19,20,21,22,23]. For instance, highly ordered TiO2 nanotube arrays are typically grown by electrochemical anodization of titanium foils [23]. However, fully transparent photoelectrodes or photonic devices are highly desirable in many applications including photovoltaics and PEC cells [18,24]. For instance, TNT reaching transparency higher than 65% and producing stable photocurrent can be employed in PEC tandem cells, in which the illumination from the support—semiconductor interface is a required condition, enabling the efficient excitation of both photoanode and photocathode materials [24].



Recently, the anodization of titanium thin films deposited on glass substrates via different Physical Vapor Deposition methods [18,25], especially magnetron sputtering, have proven to be a promising route to achieve devices with high stability and performance [16,24,25,26,27,28,29].



In particular, the properties of TNT are highly influenced by the properties of the starting magnetron sputtered metal films, which in turn have shown strong tenability depending on energy of impinging ions, degree of ionization of the sputtered-particles [30], deposition temperature [31], and concentration of oxygen or nitrogen [32]. Nevertheless, a study exclusively focused on the influence of temperature of a glass substrate during the pulsed DC magnetron sputtering on the properties of the deposited titanium films and consequently on the properties and functionality of final TiO2 nanotubes is still missing. In this work, we report a detailed investigation of mechanical and adhesion properties of Ti films sputtered at different temperatures, as well as how these different sputtering conditions influence crystallographic and photoelectrochemical water spitting activity of the self-organized TiO2 nanotubes grown from these Ti films.




2. Results and Discussion


2.1. Structure and Morphology of Sputtered Ti Films


Titanium films were sputtered onto fluorine-doped tin oxide (FTO) substrate at different temperatures such as room temperature (RT), 150 °C, 300 °C, and 450 °C. For the sake of clarity, despite the fact that the RT condition did not include intentional heating, the substrate’s temperature slightly rose up to 80 °C due to the bombardment of the FTO surface by plasma discharge ions. The deposition rate follows a volcano-shaped trend with increasing the deposition temperature and reaches the maximum of 47 nm/min for 150 °C (Figure 1). The grain size follows an opposite trend and the minimum value of ~80 nm is reached for the Ti sample deposited at 150 °C. This dependence can be ascribed to the processes occurring during the sputtering deposition such as extent of shadowing effect at low deposition temperatures, and surface and volume diffusion of condensing atoms at higher temperatures in accordance with the structure zone models [33].


Figure 1. Crystallite size and deposition rate as a function of deposition temperature for the direct current magnetron sputtered Ti films. Deposition rate shows a volcano shape dependence on temperature, while crystallite size has an opposite trend. RT: room temperature.
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The as-deposited titanium samples were well adherent to the FTO substrate regardless of the temperature used without any visually observable defects. The morphological images of all deposited films are displayed in the scanning electron microscopy (SEM) micrographs reported in Figure 2a–d. With increasing temperature, the shape of grains and their size distribution varied considerably: Ti films deposited at RT showed globular morphology, while fully developed hexagonal platelets with sharp edges were clearly seen for the film deposited at 150 °C. The platelets were randomly distributed and placed on top of each other. The change of morphology is associated with a decrease of the crystallite size from 120 nm (RT) to 80 nm (150 °C) as summarized in Table 1 and Figure 1. Further increase of the deposition temperature led to a higher surface and bulk diffusivity of sputtered atoms promoting formation of angular grains, especially for film deposited at 450 °C, thus leading to a substantial increase of crystallite size (see Table 1).


Figure 2. Scanning electron microscope (SEM) images of titanium samples deposited without substrate heating at (a) RT, (b) 150 °C, (c) 300 °C and (d) 450 °C. (e) X-ray diffraction (XRD) spectra of all deposited Ti films; (f) energy dispersive X-ray spectroscopy spectrum of titanium film deposited at 150 °C on fluorine-doped tin oxide (FTO) substrate.
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Table 1. Thickness and roughness from profilometry of Ti films; crystallite size of the deposited Ti films and anodized TiO2 nanotubes. RT: room temperature.







	
Temperature, °C

	
Thickness, µm

	
Roughness, µm

	
Crystallite Size Ti, nm

	
Crystallite Size TiO2, nm






	
RT

	
1.35

	
0.080

	
120

	
39




	
150

	
1.61

	
0.125

	
80

	
14




	
300

	
1.50

	
0.118

	
151

	
25




	
450

	
1.48

	
0.028

	
167

	
87










X-ray diffraction was used to determine the crystalline structures of deposited Ti films. Irrespective of the deposition temperature, the as-prepared films exhibited a variation of peak intensities corresponding to hexagonal polycrystalline structure of titanium with preferential orientation along the (002) crystalline plane that is generally the densest plane for hexagonal close packed structures. It is worth noting the evolution of (100) and (110) peaks with the increase of the deposition temperature in agreement with previous work [34]. The development of these crystalline planes may be attributed to the presence of a compressive stress induced in the films’ microstructure [34,35]. Crystallite size was estimated by using the Scherrer’s equation and retrieved values are shown in Table 1. Figure 2f shows the energy dispersive X-ray spectroscopy (EDS) spectrum of the titanium film deposited at 150 °C on FTO glass. The SEM-EDS analysis revealed traces of Sn in all samples (not shown here) due to the presence of Sn ions into the FTO (i.e., F-doped SnO2) underneath substrate. The surface roughness (Ra) of deposited Ti layers was tested by contact profilometry and the obtained values of standard Ra parameters are provided in Table 1. Surprisingly, the smoothest surface was identified for the films composed of the biggest crystalline size. It was also visually observable as a very flat mirror-like surface. Film thickness obtained from profilometry measurements ranges from 1.35 to 1.60 μm, thus being comparable for all Ti films.




2.2. Mechanical Properties of Sputtered Titanium Films


Analysis of nanoindentation data (Figure 3) evidenced significant differences in mechanical properties between the deposited Ti films. Substrate heating led to an increase in reduced modulus from 109 GPa for RT sample (and similar values observed for 150 and 300 °C) to 130 GPa for the film deposited at 450 °C. Similarly, hardness values are almost the same regardless of the deposition temperature up to 300 °C (~3.75 GPa), while a small increase can be observed for the film deposited at 450 °C. Nanoindentation hardness of the films is only slightly higher in comparison to the coarse grained Ti bulk sheet (~2 GPa) measured at the same experimental setup, especially for the films deposited up to 300 °C. This fact correlates well with the fine-grained structure, where dislocation activity for crystallite with size around 100 nm is suppressed as explained by the well know Hall–Petch effect [36]. Nevertheless, the relative proximity of hardness values of the Ti films and pure Ti metal bulk reflects the high purity of the films, since oxygen or nitrogen impurities strongly affect the mechanical properties and increase both the hardness and elastic modulus values [32]. No traces of oxygen were detected using EDS. Hardness increase up to 4 GPa was reported for Ti sputtered films under similar conditions but under Ar/O2 gas mixture [18]. It should be noted that either oxides (TiO2) or nitrides (TiNx) can reach much higher hardness. In case of magnetron sputtered TiO2 films hardness values of pure anatase is in the range of 6–11 GPa, whereas rutile can reach around 20 GPa [37].


Figure 3. Hardness and reduced modulus of the Ti films deposited at different temperatures.
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Progressive load scratch tests revealed increasing endurance of Ti films with the increase of deposition temperature, as demonstrated from the residual grooves tracks shown in Figure 4. Sample deposited without applying external heating (RT) exhibits full coating delamination starting from 1/3 of the scratch track. Large spalled areas uncovering the bare substrate, far beyond the residual groove, show that coating-to-substrate adhesion as well as cohesion strength are weak and become a main reason for the system failure. Substrate heating up to 150 °C led to better adhesion, as no delamination is observed and coating is scratched through after approximately half of the scratch track. Deposition temperature of 300 °C and especially 450 °C has a significant impact on scratch resistance as coatings were not scratched through. The residual scratch tracks’ surface morphologies are almost smooth and dominated by plastic deformation (see beginnings of the scratches). This is in accordance with the high level of plasticity index of approx. 83%, defined as the ratio of the plastic work to total indentation work. With increasing load, formation of faint pile up around the wear track occurs. Only slightly worn particle packing is observed at the sides of the wear track. It should be noted that findings of scratch test performed at lower maximum force of 100 mN coincide with those reported in [18].


Figure 4. Typical scratch tracks for Ti films deposited at temperatures ranging from room temperature (RT) to 450 °C.
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2.3. Electrochemical Anodization to Grow TiO2 Nanotubes


Figure 5a shows the current density plot in time during the anodic oxidation of the sputtered Ti layers sputtered on FTO glass at different temperatures (RT, 150, 300 and 450 °C). All the current transient curves can be divided into three typical stages, already described in detail elsewhere [16,38]. Briefly, the very sharp current density peak observed during the first seconds of the anodization process is associated with the formation of an initial compact TiO2 layer. A relatively steady state region followed, denoting the self-organizing electrochemical reaction underlying the formation of TiO2 nanotubes. Finally, a sudden increase of current density marks the end point of the reaction, which may be accompanied with the creation of random cracks within the TNT and/or their partial delamination [39].


Figure 5. (a) Current density versus time plot recorder during the electrochemical anodization of titanium films with the pictures of grown and annealed TiO2 nanotubes; (b) XRD spectra of TiO2 nanotubes after thermal annealing at 450 °C for 3 h in air.
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Notably, two trends can be observed when the current density curves are compared. The titanium films deposited at higher temperature required higher current density to be anodically oxidized, while electrochemical reaction lasted for a much shorter time than the titanium films prepared under lower temperature. Due to the elevated temperatures, the crystallite size and density of layers are significantly increased, along with a change in crystallite preferential orientation towards the (002) planes. The shorter the anodization duration the larger the crystallite sizes; at the same time the denser the films the higher current density is required for TNT formation. Interestingly, the TNT peeled off in the center of the anodized area only for the 450 °C sample (Figure 5a). The photographs were captured after the thermal annealing of the as-grown amorphous TiO2 nanotubes in air at 500 °C for 1 h to obtain the crystalline structure. The delamination already occurred during the anodization process despite thermal annealing. It should be noted that the dominant (002) plane is the one with the highest thermally induced strain energy per unit volume [40]. Taking into account the crystallographic planes observed in Figure 2e, the strain energy decreases in the following order (002), (103), (102), (101), (100) and (110), where the last two are equal [40]. Hence, the problematic anodization of the film deposited at 450 °C stems from the combination of high current density (high thermal load) during anodization and the highest thermally induced strains of the film’s dominant (002) plane.



XRD spectra of the thermally annealed TiO2 nanotubes show only characteristic peaks related to the polycrystalline anatase phase (Figure 5b). The crystallite size, obtained through the Sherrer equation, followed the same trend as observed for titanium films, i.e., the smallest grain size of 14 nm was revealed for the TNT grown from the titanium films deposited at 150 °C, while with the increase of the deposition temperature the grain sizes increased up to 87 nm for 450 °C. In the diffractograms, the signals related to metallic titanium as well as the cassiterite (SnO2) of the FTO substrate were detected. The source of Ti signal is probably due to the side unanodized parts of the samples rather than residual Ti impurities in the TNTs.



The cross-sectional and surface SEM morphology images of the prepared nanotubes are shown in Figure 6. The anodization formed self-organized arrays of highly transparent nanotubes grown vertically on the FTO substrate. All the prepared nanotubes had a similar thickness of 3 µm, which corresponds to a volume expansion factor of ~2 due to the anodization procedure. This value is in agreement with findings from Albu and Schmuki, describing how key parameters such as content of water in the electrolyte and overall anodization potential influence the expansion factor of TNTs [41]. The surface SEM images (see inserts in Figure 6) are very similar for RT, 150 °C, and 300 °C deposited Ti films. The similarity is due to a nanoporous thin initiation layer which is always present at the top of nanotubes due to the TiO2 layer formed at the first stage of the anodization process (see description above). By comparing these three types of nanotube arrays a widening of the tube diameters can be indicated. The surface morphology is slightly different for the film deposited at 450 °C. In this case, pores with higher diameters are formed at edges of the very large titanium grains (see Figure 2d and Figure 6d) [39]. The highest quality of nanotubes in terms of homogeneity, degree of organization, smoothness, and compactness was observed for the TNT grown from Ti films deposited at 150 °C. A much higher number of defects was observed for the TNT grown from RT and 300 °C titanium films. For comparison, the parts of TNT made from Ti films deposited at 450 °C, which were not delaminated from the FTO substrate are also shown. The very low quality of these nanotubes is mainly due to numerous cracks and is evident (Figure 6d).


Figure 6. Cross-sectional and corresponding surface (inserts) SEM images of the TiO2 nanotubes (TNT) arrays grown from titanium films deposited at RT (a), 150 °C (b), 300 °C (c), and 450 °C (d).
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2.4. Photoelectrochemical Measurements


Photoelectrochemical properties were investigated based on linear sweep voltammetry and electrochemical impedance spectroscopy (EIS) measurements. The polarization curves showing the dependence of current density on applied potential are presented in Figure 7a. The performance of TNT obtained from Ti film sputtered at 450 °C was not measured due to the collapse of the structure upon air annealing. The experiments were carried out in a conventional three-electrode configuration in 1 M NaOH and under standard AM1.5G (intensity 100 mW/cm2) illumination. All three measured photoanodes showed a similar voltammetry profile characterized by an onset potential at ~0.74 V vs. Ag/AgCl and reaching a photocurrent plateau. From the polarization curves (see Figure 7a), the photocurrent density at 0.5 V (at the end point of the steady-state plateau-like photocurrents and before the electrochemical oxygen evolution onset potential) are as follows: 175 μA cm−2, 125 μA cm−2, and 116 μA cm−2 for 150 °C, RT, and 300 °C TNT photoanodes, respectively. The highest photocurrent value obtained for the sample TNT-150 can be ascribed to the smallest crystallite size, the defect-free morphology of high quality nanotubes for the 150 °C sample.


Figure 7. Linear sweep voltammetry curves of the TiO2 nanotubes (a). Nyquist plots for TNT-RT, TNT-150, and TNT-300 measured at an applied bias potential of 0 V vs. Ag/AgCl under illumination of AM1.5G with the intensity of 100 mW cm−2 (b). Symbols are experimentally measured impedance data; solid curves are fitted to the equivalent circuit shown (inset). Rs is solution resistance, RCT is charge transfer resistance, Constant phase element (CPE1) is capacitance element. Photoelectrochemical (PEC) measurements were carried out in 1 M NaOH electrolyte under simulated solar light irradiation (air mass-AM1.5G, 100 mW/cm2).
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To investigate the reasons underlying the photocurrent trend, we carried out EIS measurements under AM1.5G illumination at 0 V vs. Ag/AgCl (Figure 7b). The semicircular arch diameter indicates the charge transfer ability of the examined photoelectrode. To extract the charge transfer parameters associated with EIS curves, we fitted the curves with an equivalent Randle’s circuit (see inset of Figure 7b), where Rs is the series/solution resistance, RCT is the charge transfer resistance, and CPE1 is the constant phase element (capacitance) of semiconductor/electrolyte interface. The fitted parameters for each sample are shown in Table 2. Rs slightly decreases with increasing temperature of Ti sputtered films and shows comparable values. The double layer capacitance CPE1 is higher for TNT-RT due to higher accumulation of charge at the electrode/electrolyte interface; it may be because of grain size differences or accumulation of more charges at the grain boundaries of the sample. The charge transfer resistance RCT for TNT-150 sample is 33.7 kΩ, lower compared to TNT-RT (39.7 kΩ) and TNT-300 (36.4 kΩ) suggesting a higher charge transfer rate at the semiconductor/electrolyte interface that, thus, underlies the observed enhancement in the photocurrent.



Table 2. Electrochemical Impedance spectroscopy data from measurement taken at 0 V vs. Ag/AgCl under 1 sun illumination.







	
Sample

	
RS, Ω

	
RCT, Ω

	
CPE1, µF






	
RT

	
16.71

	
39,799 ± 1149

	
201 ± 0.57




	
150

	
15.70

	
33,698 ± 279

	
172 ± 0.33




	
300

	
13.37

	
36,430 ± 841

	
165 ± 0.44












3. Experimental


3.1. Deposition of Titanium Films by Magnetron Sputtering


Titanium thin films, with thickness of ~1.5 μm, were deposited by pulsed DC magnetron sputtering of the titanium target (size of 4“ and purity of 99.995%) on a commercially available FTO coated glasses substrates (Solaronix, Aubonne, Switzerland) with dimensions of 25 × 15 × 2 mm. A standardized three-step cleaning protocol was used before film deposition. rinsing the substrates in an ultrasound bath in acetone, ethanol and distilled water, each step lasting 5 min. Subsequent drying at RT was applied to remove residual water from the glass samples. The chamber was evacuated to the base pressure of 1 × 10−4 Pa. The depositions were performed at a pressure of 0.2 Pa for 240 min on unheated as well as heated substrates at various temperatures of 150, 300 and 450 °C. Although no intentional heating was applied the substrate temperature increased up to 90 °C during deposition as a result of its interaction with plasma. The DC power of 700 W (power density of 8.6 W/cm2) was applied in a pulsed mode at pulse frequency of 50 kHz and duty cycle of 50%. Prior the deposition a substrate pre-treatment was employed. First the substrate surfaces were cleaned using radio frequency (RF) (13.56 MHz) plasma etching in argon and then activated in the RF discharge in the mixture 50:50 of Ar and forming gas (10% of H2 and 90% of N2). The RF power of 130 W was typically used.




3.2. Mechanical and Tribological Properties


Mechanical and tribological characteristics were explored using a fully calibrated NanoTest instrument (MicroMaterials, Wrexham, UK) in a load-controlled mode. Nanoindentation at a peak force of 3 mN with a diamond pyramidal Berkovich indenter was employed for hardness and elastic modulus measurement [42,43]. The indentation curves were analyzed using the standard method [44].



Sphero-conical Rockwell indenter with a nominal radius of 10 µm was used for scratch test to assess the adhesion-cohesion properties of the films. During the standard scratch procedure, the initially constant topographic load of 0.02 mN was applied over the first 50 μm and then ramped to 500 mN at constant loading rate of 13 mN/s to initiate films failure and reveal their cohesive and/or adhesive limits. Evaluation of the scratch test was performed on the basis of the indenter on-load depth record and analysis of the residual scratch tracks. Laser scanning confocal microscope LEXT OLS 3100 (Olympus, Tokyo, Japan) was used for high-resolution imaging.




3.3. Electrochemical Anodization to Grow Self-Organized TiO2 Nanotubes


The titanium films on FTO glass were washed with ethanol. TiO2 nanotubes were then grown at 60 V using a power source (STATRON 3253.3, Statron AG, Mägenwil, Switzerland) in a two-electrode configuration with a counter electrode made of platinum (cathode) and the working electrode was the titanium film (anode). The electrolyte contained 0.2 mol dm−3 NH4F and 4 mol dm−3 H2O in ethylene glycol. After the anodization process, the samples were washed in ethanol and then dried in a nitrogen stream. The as-prepared amorphous TNT were annealed at 500 °C for 1h in air using cylindrical furnace (Clasic CLARE 4.0, CLASIC, Revnice, Czech Republic) with temperature increase 5 °C min−1 to obtain the crystalline phase. The nanotubes grown from titanium films deposited at different temperatures such as RT, 150 °C, 300 °C, and 450 °C, are in the text coded as TNT-RT, TNT-150, TNT-300, and TNT-450, respectively.




3.4. Characterization of the Titanium Films and TiO2 Nanotubes


Structure of the Ti films was determined using the Empyrean (PANalytical, Almelo, The Netherlands) diffractometer equipped with Co. radiation source, focusing mirror, and Pixcell detector via grazing angle regime with incident angle 2°. Mean crystallite size was determined using the Scherrer equation. Surface of the films and its cross-sections were observed using Scanning Electron Microscope Hitachi SU6600 (Hitachi, Tokyo, Japan).




3.5. Photoelectrochemistry


The photoelectrochemical data were collected using a standard three-electrode electrochemical cell with a Gamry Series G 300 Potentiostat (Warminster, PA, USA). The TiO2 nanotubes served as working electrode (photoanode), the Ag/AgCl (3 M KCl) as the reference electrode and the Pt wire was used as the counter electrode. A 150 W Xenon lamp coupled with an AM1.5G filter was used as a light source. The power intensity was kept at 1 sun (100 mW/cm2) which was calibrated though a silicon reference solar cell (Newport Corporation, Irvine, CA, USA). The photoelectrochemical behavior of prepared electrodes was investigated by means of linear sweep voltammetry measurements in 1 M NaOH electrolyte (pH 13.5). The electrochemical impedance spectroscopy (EIS) data were recorded using a Gamry instrument (ESA 410, Gamry, Warminster, PA, USA) in the frequency range from 0.1 Hz to 100 kHz under 1 sun illumination at a bias of 0 V vs. Ag/AgCl. At least three electrodes of each type were fabricated and tested. All electrodes showed similar J-V curves, and representative data are reported.





4. Conclusions


In this study, we have reported a detailed investigation of mechanical and adhesion properties of Ti films sputtered at different temperatures, showing that temperatures as high as 450 °C produce Ti films with well-defined platelet texture and with best mechanical and adhesion properties. However, we have found that these different sputtering conditions strongly influence crystallographic and photoelectrochemical water spitting activity of self-organized TiO2 nanotubes grown from Ti films. The more active TiO2 nanotube sample towards photoelectrochemical water splitting was obtained from Ti substrate sputtered at 150 °C showing the lowest crystallite size, best degree of self-organization, and enhanced charge transfer at the semiconductor/liquid interface. This work remarks the challenge behind achieving highly active and durable materials for photonics applications and shows that advanced magnetron sputtering may enable good control over microstructural properties and, thus, performance of semiconductor thin films.
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