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INTRODUCTION

          The study of oxide materials is a relevant area in the extremely broad field of the science of materials, enjoying a special attention from researchers (physicists, chemists, biologists, mathematicians, engineers, doctors, etc.). This is reflected, including the number of publications in the field of material science in the total annual scientific publications, especially in the pace of discovery and implementation of a large number of innovative materials in everyday life. It is not surprising though that in this context, over the past 50-60 years, a significant number of Nobel prizes have been awarded to winners who worked in the field of material science (including the oxide ones), or for contributions related to progress in this field. Also, the relevance of research in this field is reflected in the allocation of funds for research and the number of projects approved for funding in Europe, Japan and U.S.A.
          The society has benefited, especially in these years, to a decisive extent, of the discoveries of science materials, resulting in the appearance of "exotic" materials. We hear almost daily about the discovery of new materials whose properties are controlled by processes at nanoscale, of applications with a bio-mimetic character, or the discovery of so-called meta-materials, to give just a few examples from an impressive list.
           Literature is enriched daily with a huge number of publications with fundamental and applied results in improving the properties of oxide materials in applications related to energy production and storage, protection and repair of the environment, hydrogen technology, etc. Many important authors in oxide materials science consider that this has already been, for a long time, an area almost without borders, given the scientific and technological problems that have been or will be resolved, as well as the benefits coming from here. We consider the applications of oxide materials in the production and up taking of energy (fuel cells, solar energy conversion cells, hydrogen technology, water splitting, thermonuclear fusion, etc.), the protection of life and environment (photo-catalytic materials, superhidrofile, bactericidal drugs to destroy pollutants, or as medium/means of protecting life) . There is no need to insist on the progress made in the areas of space technology, high temperature super-conductivity, physics and the technology of extreme temperatures and pressures, all based on the use of innovative materials.

           There is research on improving the applying performance of some classes of oxide materials with nano- and micro-structure by increasing thin films, nano-fibers or nano-tubes, aerogels and nano-particle systems. We mention only as an example significant results in literature regarding the use of oxide materials or compounds with other organic or inorganic materials, the number of those increasing quite rapidly.

            Restricting our discussion to photocatalytic materials, the research field has expanded almost exponentially after the popularization of high applicative potential discoveries in the early 70s. Now they have become known as photocatalytic properties of titanium dioxide for photocatalytic water dissociation, and for converting solar energy into chemical energy. Subsequent research has focused on investigating ways of structural changes, chemical and morphological characteristics that could lead to increased efficiency of photocatalytic titanium dioxide and other photocatalytic materials.

           TiO2 has become in the meanwhile standard material for photo-catalytic process; in pure state, it can be photo- activated only by ultraviolet light (due to the large width of the forbidden band). The improvement of its photo-catalytic efficiency can be made by reducing the actual width of the forbidden band, provided by doping with different kinds of anions and/or cations as well as by increasing the lifetime of photo-generated carriers, involving spatial separation, in order to compensate their recombination on material defects.
           It should be noted that the beneficial effects brought by the two above-mentioned approaches can be found in the case of titanium dioxide in the increase of the photocatalytic efficiency as well as of its surface hydrofilicity (although these two distinct properties are related to various causes). The quantitative evaluation of the effects of doping is easier to carry out through experiments for measuring the specific surface energy, or the contact angle, rather than the measurement of the photocatalytic efficiency. This was the very reason for our choice to make contact angle measurements, to assess the effects of material changes investigated in the present thesis.

          In the studies conducted in the present doctoral study, we chose to investigate the macroscopic properties as full effects of some physical processes at nano- and microscopic scale in the interface region between two oxide materials with different electronic structure levels, both showing photocatalytic activity: carbon dioxide titanium and tungsten trioxide. We chose these materials, based on information at the initiation time of our research, which seemed to be of interest for the construction of hetero-junction semiconductors which should ensure a higher life time of photo-generated charge carriers by irradiation with light in the superior limited spectral range to higher values ​​in the wavelength 390-450 nm. The results obtained on thin layer samples of the WO3/TiO2, may be considered as test-examples for other photocatalytic materials of interest as well. We have successfully tested the possibility of bi-layer preparation of the two above mentioned materials via plasma-assisted methods. We characterized these configurations from the structural, elemental and chemical viewpoint via methods and cutting edge techniques. The results were interpreted taking into account the physical phenomena in the interface region, i.e. local atomic ordering, investigated by EXAFS technique through measurements using synchrotron radiation. These were made ​​in the measurement sessions HASILAB synchrotron facility DESY in Hamburg, Germany. The results were correlated with the measurements of crystallographic structure (XRD) and the composition of the item (XPS), as well as macroscopic effects of changes induced at the interface by measuring the contact angle of the surface of the samples with distilled water. The results were also discussed with reference to the effects of doping with a titanium dioxide and iron oxide. Characterization in this regard was made via contact angle measurements, experiments for the photocatalytic performance evaluation going to be conducted in the near future.

           The thesis is divided into six chapters, followed by a section of conclusions and a list of references. It ends with the list of original contributions of the author expressed in publications in journals and papers at scientific conferences in the field. The first 3 chapters have got a monographic character and the following 3 present the author's own contributions.
            In Chapter 1, entitled "Oxide materials based on titanium and tungsten" reviews the current data present in the literature about the physical properties of the two kinds of oxide materials in solid state or in the form of thin layers, together with their most important applications. In the second part of this chapter there are presented preliminary data on the characteristics of the bi-layer TiO2/WO3 structures.

           Chapter 2, entitled "Getting oxide thin films," contains monographic information about obtaining oxide films, presenting the main physical and chemical methods for their preparation. Since the method of preparation of the materials investigated in this thesis is based on the spray deposition in a plane magnetron geometry type there are discussed here the main theoretical and practical aspects related to this choice, and the physical characteristics of magnetron discharge on the plasma-cathode interface.
            Chapter 3, entitled "Methods for characterizing the physical surface" is dedicated to presenting information on the characterization of surfaces and interfaces via modern techniques of photoelectron spectroscopy, structural analysis through x-ray diffraction, x-ray absorption and specific energy measurements surface. It should be mentioned that, even in this case, we selected only those methods that are relevant to the purpose and at the same time available in the laboratory in which we worked or through access to third parties. It is known that the number of these methods is very high, for example only the number of spectroscopic techniques for area analysis being over 20.

           Chapter 4, entitled "Plants for the preparation and characterization of the studied oxide films" presents the experimental arrangement for preparing investigated materials, together with the instrumentation used to characterize the elemental, structural and atomic ordering on the local scale. This includes technical specifications of the facilities used, together with the technical solutions chosen for the synthesis and characterization of the researched materials.

           Chapter 5, entitled "Characterization of TiO2 thin oxide films doped oxide" presents results of research conducted for the synthesis and characterization of homogeneous oxide structures as thin layers doped with nitrogen and iron. These results were used as reference for the comparison with the TiO2/WO3 two-layer structures type.

           Chapter 6, entitled "Bi-layer TiO2/WO3 and WO3/TiO2 Systems" is dedicated to the analysis results on the role of atomic ordering processes in the interface region of the two oxide materials. We used the XPS analysis techniques to determine the elemental and chemical concentration profile in the interface region, as well as XANES, EXAFS technique which has allowed the study of the effects of local arrangement at the interface between the two thin films. The data obtained are useful for understanding the functioning of the two-layer structures as TiO2/WO3 heterojunctions.

           Investigations contained in the thesis have led to the accumulation of a large number of data, which were only partially recovered up to now. For example, we introduced here, only partially, the results of the effects of heat treatment on structure and spatial extent of the region of the interface, since their analysis requires laborious analysis and the development of a suitable model. We are going to carry out in the near future tests of photocatalytic activity of the two-layer structures investigated, as well as an analysis of the concentration gradient of the characteristics of the heterojunction interface region.


4. PREPARATION AND CHARACTERIZATION OF OXIDE FILMS


           The research carried out in this paper relates to the study of the properties of the films of oxide materials, of doped titanium dioxide and some of the tungsten trioxide film in structures of mono- and bi-layer type. The preparation of these materials in the form of thin films made ​​by a series of experiments aimed at finding the optimum parameters of the deposition (which should provide samples with the properties in the range of reproducible and controllable properties of interest for practical applications). Since the main purpose of the research conducted was to find the appropriate means to increase the photocatalytic efficiency, we chose as oxide material prototype the titanium dioxide - a highly intensively researched material over the last decades, as presented in detail in Chap. 1.

          As shown above, in order to improve the efficiency of the photocatalytic oxide of these classes of materials, particularly of titanium dioxide, it is possible through an extension of the photo-activation, as well as increasing the life time of the photo-generated charge carriers in the region of surface/interface. Therefore, in a first series of experiments we followed the effect of Fe doping atoms, N atoms, respectively, the latter being a topic addressed in other projects in Plasma Physics Laboratory and Laboratory of Surface and Interface Physics.
          The results were interpreted in terms compared to those obtained in a second series of experiments for the synthesis and characterization of the two-layer-type structures of TiO2/WO3 and WO3/TiO2 type, with hetero-junction semiconductor function. The properties of such structures have been studied by methods which allowed the structural, elemental, chemical, spectral characterization, as well as the study of the local atomic ordering in the interface region. Finally, the properties of the studied structures were compared in order to find, in addition to the explanation of physical phenomena involved, as many arguments as possible for extending the field of applicability. Although it has been a subject of this thesis, we assume that our results could be used also in the development of hetero-junction of the type WO3/D:TiO2, with the idea of ​​using the potential benefits of the combination of the two approaches.


5. CHARACTERIZATION OF THIN OXIDE LAYERS OF DOPED TiO2



5.1. Thin layers TiO2: N

           In order to assess comparatively the macroscopic effects of the processes of bilayer interface type structures of titanium oxide/tungsten oxide, regarding hidrofilicity properties and photocatalytic efficiency, we prepared 'standard' samples of doped TiO2. Their properties were compared to those of the bilayers in the arrangement WO3/TiO2/glass, respectively TiO2/WO3/glass. As mentioned above, this allowed the highlighting role of interface processes in the compensation of photogenerated charge losses by separating them and extending their life time.

           In a first instance, we have prepared webs of a dissociation of an atom of titanium with a nitrogen atom, being much lower than that of a TiN atom bond (the free enthalpy of 464 kJ/mol compared to 640 kJ/mol in the case of Ti-O bond) [87].

           We chose to use for the preparation of TiO2 thin films: A method described in reference [88]. It consists in using a ceramic spray TiN put to a target bombardment of Ar+ ions in a mixture of Ar discharge reaction with O2. Compared with the classical method which consists in nitriding TiO2 surface during film growth (by introducing nitrogen in gas discharge), we had a way to adjust the nitrogen content in a much broader scope. [89]
         To obtain thin films there have been used the following settings: RF generator power (75W), the constant flow of argon (5.6 sccm) and O2 flow rate varies between 0.0 and 2.0 sccm (in steps of 0.5 sccm). In these circumstances, we could adjust the partial pressure of O2 unloading in the limit of 2.3×10-5 mbar (in the only presence of residual oxygen in the atmosphere) and a maximum value of 1.3×10-3 mbar.

           The total pressure of the discharge of the gas mixture was kept constant by adjusting the flow rate of the exhaust gas from the deposition chamber. This is done by adjusting the gas flow with a gate valve between the discharge chamber and the turbo-pump. As substrate deposition there were used borosilicate glass plates and wafers of Si (100) (25 mm×40 mm), which were previously cleaned in an ultrasonic bath with acetone and alcohol and dried in air, and during deposit they were automatically maintained at a temperature of 200°C using a temperature controller.

           We determined the crystal structure of those and watched their evolution according to the flow of oxygen introduced during preparation. Thin films of varying thickness around 150 nm were analyzed using XRD and XPS techniques [76].

           By increasing the oxygen flow to 0.0 sccm to 2.0 sccm, the samples were noted in Table 4.1 (DV41 = 0.0 sccm, DV44 = 0.5 sccm, DV47 = 1.0 sccm, DV50 = 1, 5 sccm, DV53=2.0 sccm) and the diffractograms show:

a. an increase in the peak intensity of a specific crystalline phase of TiO2;

b. a decrease in the specific peak TiN;

c. ​​fluctuating values of the peaks due to the small thickness of the films; however we identify A(101), A(004), A(200), TiN(111), TiN(200) and TiN(220). All the analyzed XRD samples were deposited on a Si support (we identify specific peaks (111) Si at 27.80°, (220)Si at 46.80° and (311)Si at 55.80°). These diffraction patterns were obtained with the help of the XRD system of DRON II with radiation of Xa Cu Kα.


Table 5.1. Values of the peak areas A(004) and TiN(200)

	Test 
	Area

A(004) (u.a.)
	2θ
	Crystallite size
	Area

TiN (200) (u.a.)
	2θ
	Crystallite size

	DV41
	3.57 
	37.69
	22 nm
	2.82
	41.42
	24 nm

	DV53
	6.28
	37.63
	24 nm
	8.67   
	41.46
	25 nm

	DV50
	9.25
	37.83
	24 nm
	8.77
	41.55
	29 nm



           As a general conclusion, we find that the concentration of dopant (nitrogen) in films, fluctuating between 1.2 and 1.8 %, even if the partial pressure In our opinion, this may be due, most likely, to the formation of a titanium oxide film at the target area, which is maintained even under zero oxygen flow introduced into the cooking chamber of films of oxygen has a minimum value (depending on the residual traces of oxygen from the atmosphere). The result was shown in earlier experiments in which it has been demonstrated using the technique of elastic scattering of low energy ions (LEIS) [90] that, even in the case of threshold pressure of 10-7 mbar, the formation of oxide is present.
         The general aspect of the sample area is generally the same, with differences in the maximum values of the maximum roughness of the order differences of the order of a few nm. Systematic XPS measurements allowed determination of the ratio of the concentrations of dopant atoms, which - as we shall see below - range between 0.031 and 0.040 (see Table 5.2).

         Table 5.2. The concentration values of chemical elements in the analyzed samples

	Sample
	Concentration O(%)
	Concentration

N(%)
	O/Ti
	N/Ti

	DV41
	53.5
	1.8
	1.197
	0.040

	DV53
	56.7
	1.6
	1.360
	0.038

	DV50
	57.2
	1.2
	1.196
	0.031



          High resolution XPS spectra of N 1s signal of the samples studied are shown in Fig. 5.4, ​​along with the peaks obtained after the deconvolution. We notice  two net peaks, denoted by N1 and N2, at values ​​of the binding energies BEN1 = 396.3 eV, and respectively BEN2 = 399.6 eV respectively. The N1 component is associated with the Ti-N bond, and the second component (N2) is linked to the rest of the nitrogen present in the material [89]. It is obvious that the peak area varies in a complementary manner with the decreasing nitrogen content of the material, the role of the component due to the Ti-N bond decreasing gradually.
          The analysis of XPS spectra of high resolution Ti 2p there are found relatively small variations in their appearance after the deconvolution with 3 components corresponding to the states of ionization of Ti (Ti2+, Ti3+ and Ti4+. The results of the quantitative analysis are shown in Fig. 5.4. They show that the effect of nitrogen substitution for oxygen doping is reflected only in a small degree in the proportion of chemical states of Ti.

       Table 5.3. Peak area values ​​after deconvolution N 1s

	Sample
	Peak area N1
	Peak concentration N1 

(arbitrary units)
	Peak area N2
	Peak concentration N2 (arbitrary units)

	DV41
	684
	42.97
	908
	57.03

	DV44
	261
	43.38
	341
	56.62

	DV47
	497
	63.04
	291
	36.96

	DV53
	83
	25.91 
	238
	74.09

	DV50
	363
	53.28
	319
	46.72



           The result can be interpreted with a view to the nature of the material sprayed from the spray target (titanium nitride), it seeming to suggest that the doping of the material linked to the ON substitution occurs mainly during the growth of the film and not at the spraying target surface, or during the transit of the material through the net between the cathode and the substrate.


              Table 5.4. Concentrations of chemical elements in the samples analyzed

	Sample
	Area Ti2+ 

(arb.unit.)
	Percentage of Ti2+ (%)
	Area Ti3+ 

(arb.unit.)
	Percentage of Ti3+ (%)
	Area Ti4+

(arb.unit..)
	Percentage of Ti4 (%)

	DV41
	6878
	9.31
	11315
	15.31
	31072
	42.05

	DV44
	5738
	7.07
	17712
	21.82
	30673
	37.78

	DV47
	7788
	9.72
	11533
	14.40
	34087
	42.55

	DV53
	6885
	7.39
	14471
	15.54
	40729
	43.73

	DV50
	6040
	6.84
	11638
	13.17
	41213
	46.65



            In the oxygen O 1s spectra of all doped with nitrogen probes it is observed the presence of two peaks, the main one at BE = 530.9 eV, corresponding to the bond O-Ti4+  and the larger secondary peak of the connection power, belonging to the presence of OH- group on the surface of the film [92]. Again, there is relatively little variation in the percentage of the two components, with the change in the amount of dopant, for which in the above figure we represented- again - just the corresponding spectra of samples containing extremely dopant. This indicates that most of the oxygen atoms occurring in the Ti- O bonds, but that a large fraction of the oxygen atoms are located on the surface of the film. This underpins pronounced hidrofilicity properties of titanium dioxide films doped with nitrogen studied in other works of the research team members in the laboratory I have worked with.


                              Table 5.5. Peak area values ​​after the deconvolution O 1s

	Sample
	 O1 Area

(arb.unit)
	Percentage of O1 (%)
	Arie O2

(arb.unit)
	Percentage of O2 (%)

	DV41
	26503 
	61.12
	16862 
	38.88

	DV44
	28869 
	63.59
	16529 
	36.41

	DV47
	30502 
	65.95
	15746 
	34.05

	DV53
	31851 
	61.18
	20206 
	38.82

	DV50
	28751 
	58.81
	20137 
	41.19



4.4.2. Thin layers TiO2:Fe

 In the second stage of our study, we prepared TiO2 thin films doped with cations of Fe, Ti1-xFexO2, where x is in the range 0 ÷ 0.55, with slightly varying thickness around 200 nm. Work parameters of the deposition facility through magnetron reactive configuration remained the same (13.56 MHz, 80W, base pressure of 2.5 × 10-5 mbar total pressure of 5 × 10-3 mbar discharge). For doping I used a mosaic target from TiO2 + Fe2O3. The aim from titanium dioxide was identical with that described in the procedures above. On the surface of the cathode, in the region of high spraying (racetrack) there were mounted tablets (pellets) of Fe2O3, a diameter of 2 mm and a thickness of 2.2 mm. The pellets were made ​​by pressing the oxide powder to a pressure of 300 atm using a suitable mechanical press. In order to change the dopant concentration, we performed deposit experiments by using a variable number of pellets, the concentration of dopant in the films thus prepared is directly proportional to the surface ratio of the two components of the mosaic target (TiO2Fe2O3) as verified through XPS measurements. Brackets films were kept at a constant temperature of 250°C.
Measurements were made ​​to determine the crystal structure (XRD), as well as chemical and elemental analysis (XPS) [77, 78] prepared samples. The samples prepared were named Fe0.... Fe4, in accordance with the number of pellets used in the preparation of samples (sample Fe0 being the standard sample of undoped TiO2). There is to be noticed the presence of only two peaks corresponding to the crystalline anatase phase, A (101) and A (004), only in the diffraction of the undoped sample signal, Fe0. XRD signal of the other samples was in all cases of the other samples below the detection limit of the device. This shows that doping with Fe leads to the decrease of crystalline films, which are amorphous. XPS data showed that the atomic ratio of the concentrations of atomic Fe/Ti layers increases monotonically, by increasing the number of pellets, Fe2O3, as shown in table 5.6 and the atomic ratio O/(Ti + Fe) decreases gradually to a value of 0.82, in the case of the layer with the highest Fe concentration.
           Regarding the measurements on the deduction of information about the chemical composition of Fe-doped films, survey spectra clearly show the presence of dopant atoms in the films prepared. An illustrative example is the corresponding Fe3 sample which highlights the items contained in the film (Ti 2p, O 1s and Fe 2p).

XPS measurements indicate that the atomic ratio Fe/Ti in doped films changes according to Table 5.6. The reference film has a shortage of oxygen (ratio of O/ Ti is 1.79) and varies around this value in doped films as well. From the Tab. 5.6 there is noticed a monotonic increase of Fe, its concentration values ​​ranging between 0 and 1.6 % , which leads to reduced oxygen atomic concentration ratio in comparison with the atomic concentrations of metal species in the material. All the experimental data obtained by XPS were calibrated using the C 1s binding energies (284.6 eV). Subsequently, they were subjected to deconvolution considering 3 type of components of the type 2p3/2 and 2p1/2, which indicates the presence of a mixture of TiO, Ti2O3 and TiO2 oxides.

	Sample
	x
	O/(Ti+Fe) (at. %)
	Fe/Ti

(at. %)

	Fe0
	0.00
	1.34
	0.0

	Fe1
	0.15
	1.22
	0.34

	Fe2
	0.29
	1.10
	0.54

	Fe3
	0.49
	0.79
	1.33

	Fe4
	0.62
	0.82
	1.60



            From the analysis of the Ti 2p XPS spectra of Fe it is observed that the two specific signal maximum values move to higher binding energies with increasing dopant concentration, which help boost the weight associated with titanium dioxide due to other sub-oxides, so preponderance Ti4+ species. This is due, in our opinion, to the additional contribution of oxygen atoms bound to Fe atoms and pellets derived from Fe2O3.
            In the case of XPS spectra of Fe 2p we observe a broadening of the peak Fe (accompanied by increased iron peak area specific satellite from BE = 708 eV, which is discussed below in relation to the weight of the 3 species of Fe cations and documented through the deconvolution of high resolution spectra of the iron signal.

Regarding the oxygen signal it is observed that together with the increasing dopant content, there is a shift of O 1s peak signal value of 0.28 eV to higher binding energies, which is associated with changes in the atomic oxygen species related to Ti, respectively in the OH- type compounds in the surface region.

The two components called "main" (BE = 532.5 eV) and "surface" (BE = 533.3 eV) are present in the spectrum of O 1s. The weight of these two components of the oxygen signal will be discussed further in the results of the deconvolution spectra. In all films doped with Fe, the Fe peak 2p3/2 for the samples Fe1-Fe4, can be decomposed into three components, namely:
         (a) Fe0, unreacted, which decreases in strength when there is an increased concentration in the film, from 33% to 10%;

        (b) Fe2+, which appears as a component of constant concentration of approx. 15 %;
        (c)  Fe3+ - the rest.

            In order to elucidate aspects of local order in Fe-doped films, we performed x-ray absorption measurements limits for the absorption of Ti and Fe. A first observation discussed below in the case of the sample with the highest concentration of dopant drawn from the results of these measurements relate to the presence of the peak located between 4962 and 4972 volts. It shows the effects of the dipole 1s → 3d transitions and can be used to determine the number of goals 3d [94]. The calculated values ​​of the magnitude of this peak vary from 0.625 eV for Ti4+ [which occurs in TiO2, where nh(3d) = 10] to 0.313 eV for the sample Fe4 up to 0.232 eV for Ti2+ [which appears in the TiO, where nh(3d) = 8].

           Drawing a graphic representing the calculated magnitude of the function of the independent variable bit nh(3d) and having in view the absence, established experimentally, of the pre-edge peak in the spectrum of the reference metal (Ti, where nh(3d)  = 7 for the 4s13d3 configuration) it is obtained a line chart. This allows via interpolation, finding the number of 3d goals for the Fe4 sample to be 8.38. This state corresponds to the valence of Ti of ~ +2.4. XANES measurements also suggest that the compounds of the sub-oxides of titanium having a stoichiometry of Ti5O6 and Ti4O5, as a result of consumption of oxygen by Fe atoms. Fe XANES spectrum of the sample 4/4 is virtually identical to that of magnetite, at least on the presence and relative magnitude of the resonance peaks XANES A, B and D. In addition, the spectra of the doped samples display an additional resonance peak which is specific to the metallic Fe spectrum. The peak’s amplitude increases in the order Fe3 Fe4 ... ... Fe2.

           We conclude, therefore, in agreement with the discussed XANES results that contain both samples of Fe3O4 magnetic nanoparticles and metallic Fe, unreacted. We can not exclude with certainty the presence of hematite particles, whose presence can have effects below the detection limit of our experiments.

           These results contradict, to some extent, the conclusions of the XANES analysis discussed above. The first peak of the radial distribution function (RDF) around the Fe atom, in our samples, hasn’t got common features with the case of standard oxides, nor with that of Fe. A 2nd maximum FDR resembling that of hematite occurs in the sample Fe4. Only in the samples of Fe3 and Fe2 there appears a second peak of magnetite. These results indicate the presence of metallic iron in the samples. So the most obvious discrepancy occurs in the way in which the oxygen bond with Fe appears in the sample Fe(4): XANES results suggest the coexistence of magnetite with metallic Fe, while EXAFS results show a similar spectrum of hematite. This issue requires further study, but may be related to the fact that the XANES spectrum allows us to determine the distribution pattern of neighbors of rank I, while when referring to the presence of the second maximum of the Fourier spectra transformed, we refer to the second coordination sphere, where the results may be influenced by the insertion of Ti atoms.


6. BI-LAYER SYSTEMS TiO2/WO3 AND WO3/TiO2 


          The samples were made by depositing on dielectric substrates using as source material sintered ceramic targets of TiO2 99.9%) and WO3 (99.9%) manufactured by the company KJ Lesker, USA. The targets were used as cathodes in a RF geometry magnetron discharge plan. The substrate film was maintained during the process at a constant temperature of 200◦C.
          There have been made two types of films, which differ by the order of deposition on the substrate, ie TWO (TiO2, WO3, Si) and WTO (WO3, TiO2, Si), as shown in Fig. 6.1. The thickness of each layer of deposited structures was determined in the same manner as that of the thin films mentioned in the previous chapters. In order to obtain TiO2/WO3 bilayers, or WO3/TiO2 there were used, alternatively, two ceramic target KJ Lesker, one of TiO2 and one of WO3 under the conditions that the pressure limit (the lowest) was 2×10-5 mbar, 5 sccm Ar flow, substrate temperature (200°C), the distance between target and substrate - 6 cm. To prepare the WO3 film, the power injected into the discharge was 50 W, deposition time - 30 min, operating pressure - 4.6 × 10-3 mbar. For the preparation of the TiO2 component we have used a RF power of 77 W, a deposition time of 120 minutes, from the same amount of 4.6 × 10-3 mbar total pressure of the discharge. we also used the same equipment for structural characterization, for the compositional and surface characterization, as those mentioned in the two previous chapters.


6.1 The crystalline structure of the samples

The XRD diffractograms of the films TWO and WTO show the presence of peaks corresponding to WTO planes (002), (020) and (200) of crystalline monoclinic WO3 with ordering (JCPDS card no. 43-1035), known from literature to be the most stable phase of WO3 at temperatures up to 330°C [96]. However, its coexistence with a triclinic phase (JCPDS card no. 32-1395) certainly cannot be ruled out, given the similarity of their diffractograms. It is therefore possible that the diffraction peaks at values ​​of 2θ = 23.1° and 23.6° corresponding reflections on the planes (002) and (020) of the triclinic phase overlap the first phase due to the peak width to which we add the effects induced by the crystallite size and instrumental resolution.

The presence of the TiO2 layer is manifested by a peak R (110) rutile structure (JCPDS card no. 21-1276) of high intensity in the case of the WTO sample. This peak has a considerably reduced intensity for the TWO bilayer, which - in turn - appears an intense peak corresponding to phase anatase A (101) (JCPDS card no. 21-1272). Therefore, the titanium dioxide film bilayer structure contains, in this case, a mixture of anatase and rutile phase. These results will be discussed in detail later in this chapter in relation to the conclusions derived from the EXAFS measurements with respect to the atomic arrangement in the region of the interface.

The substrate Si is reflected from the point of view of the signal of diffraction, the presence of the XRD diffraction peak of Si (111) at 2θ = 28.4°.


6.2. The elemental and chemical analysis

XPS survey spectra of films contain peaks specific to TWO and WTO deep levels of tungsten, titanium and oxygen composition of the bi- layers, which confirms the proper procedures followed in preparing the samples. Note that in the XPS spectra of the sample WTO (at the bottom of the figure ) there appear the XPS peaks of the orbitals 4s , 4p , 4d and 4f, missing the peaks corresponding to titanium. It is obvious that this is due to the depth of 5-8 nm XPS polling technique, a significantly smaller value than the thickness of the film, which led us to assume that the interface between the two layers would be narrower, there being no effects of titanium diffusion of species from adjacent films. A similar conclusion is highlighted also in the analysis of TWO spectrum, which highlights specific signals to titanium and oxygen. Again, this is determined during free medium, λ, of about 15 Ǻ photoelectrons corresponding to the measured kinetic energies, to which there is a corresponding probing depth of ~ 4.5 nm. As we will see below, the assumption about the concentrations in the abrupt nature of the interface was confirmed by measurements of the concentration depth profile.

Elemental analysis of the WTO surface film was performed based on high-resolution XPS spectra of the deposited structures. For information on the state of ionization of the metal species in the interface region, particularly on the W, we measured the XPS spectrum of this element WO3/TiO2 interface after etching by ion bombardment (Ar+ ions) and the upper layer reaching the interface region. Unfortunately, as it is demonstrated in the literature, the bombardment with Ar+ ions (1.5 kV, beam current of 500 nA) has a reducing effect
of W (and Ti), which leads to the inability to properly identify the chemical states of W. It is clear from the sample spectra of W 4f  of the WTO, drawn at three values ​​of depth in the film W (measurements were made ​​during gradual corrosion of the upper layer, the results presented here corresponds to three successive points in the film spray W Ar + ion).

As it results from the experiments, which correspond to the pre-start etching (ie surface itself of bilayer), doublet 4f of W appears to be well resolved, with the two peaks specific to the 35.7 and 37.9 eV, characteristic for the ion W6 + in WO3 [97]. After etching for 15s, when they become "visible" layers in the region of the sub-area, the doublet mentioned above suffers a dramatic widening, triggered by specific signals W4+ at energy values ​​of about 33.2 and 35.4 eV [98]. Certainly, the reduction from state W 6+ to state 4+  is due to the effect of ion bombardment, the analyzed region is much above the interface, in order to assign such an effect to the processes from the interface region. Note that reducing the effect of ion bombardment was previously notified for TiO2 layers, resulting in the appearance of Ti2O3 and TiO compounds, depending on the duration of the action - shell particles [99].

The reduction process of W may go on, even to the occurrence of W in the metallic state, if the spraying time is long enough. This is the situation illustrated in Fig. 6.5c, reached at a time of etching of 6.5 min. This spectrum indicates the presence of two additional sharp peaks at 31.3 and 33.5 eV, corresponding to the doublet 4f7/2,5/2 of metallic W [100]. In the same figure there are also visible peaks 5p3/2 of W0 and 5p3/2 of W4+, at the energy values ​​of 37.2 and 39.3 eV.

Ti also appears in reduced state to the metal state, as evidenced by the presence of a weak maximum Ti0 3p3/2 to 32.2 eV. Deconvolution of the Ti spectrum, in the latter case is particularly difficult, and the interpretation of results may lead to less reliable conclusions due to the superposition over W signal peaks Ti3+ 3p3/2 and Ti4+ 3p3/2  [90].

Due to the large number of component the spectra analysis can be - mainly - put under some doubt about the weight of the different chemical states of  W and Ti. However, it is clear that the presence of the peak W0 4f7/2,5/2 indicates the possibility to reduce tungsten to metal state after a process of long spraying.

In order to highlight the depth of the bilayer composition there were acquired depth profiles of chemical concentrations. It was observed that after about 6 minutes into the ion bombardment (with an ion beam of Ar with an energy of 500 eV) required for the etching of the first layer (50 nm), the signal of the 2nd layer comes up, which is sprayed in about 25 min. (100 nm). Corrosion ends by reaching Si layer, the corresponding signal increasing suddenly, with a growth rate close to that of the TiO2/WO3 interface. It appears that the TiO2/WO3 interface width is approx. 18 nm, whereas the interface WO3/Si  is slightly higher than 25 nm. This latter result is significant in explaining the bilayer adhesion to the substrate, the practical applications of the structure.

Further experiments on the kinetics of diffusion through the interface of the two metal species have been performed by measuring the change caused by the heat treatment of thin films and WTO and TWO at temperatures between 300°C - 500°C. The samples were placed in a glass tube evacuated to 2 × 10-2 mbar, after which argon gas was introduced up to a pressure of 380 Torr. During the heat treatment the temperature was kept constant at the value of 300°C, 400°C, 500°C for 60 minutes. XPS concentration profiles in the case of WTO sample are shown in Figure 6.7. We find that the diffusion process is practically absent at temperatures of less than 450-500°C. A similar conclusion follows from the analysis of the results for the TWO sample.

6.3. Atomic ordering in the interface region

               There were traced XANES spectra of synchrotron radiation absorption at the limit of K of Ti and L of W of the bi- layers of TiO2 - WO3. For comparison, reference spectra of the oxides TiO2 and WO3 were traced. The first intense maximum above the absorption limit is not due to EXAFS mechanism, but it describes the state transitions of atomic photoelectrons initial unoccupied states above the Fermi level, with the symmetry allowed by the dipolar transition rules (Ti K: 1s1/2 → 4p , W L3: 2p3/2 → 5d).

               EXAFS spectra , χ (k ), multiplied by the factor k3, (k χ(k)) of the samples analyzed, as well as the module of the corresponding Fourier transformats (FT) were graphically represented. As mentioned in Chap. 4, the FT peaks corresponding to the coordination of atoms absorbing layers (Ti, W), moved to the actual interatomic distances due to the EXAFS phase shifts, φ (k). Although rigorous data analysis involves fitting the EXAFS spectra, the determination of the structural parameters N, R and σ2, examining the Fourier transformats can provide a qualitative estimate preliminary structural configurations around Ti atoms and W. For this purpose, the transformats FT corresponding to the samples of TWO and WTO were compared to the transformats calculated for the TiO2 and WO3 compounds of known structure.


       6.3.2. Atomic order around Ti

                In the case of anatase crystalline phase of TiO2, of tetragonal symmetry [101], Ti is surrounded by six neighbors A (Table 6.1) at a medium distance of 1.95 Ǻ ( 4 O at 1.93 Ǻ and 2 O at 1.98 Ǻ), as well as by remote Ti neighbors at distances 3.04 Ǻ (4 Ti1) and 3.78 Ǻ (4 Ti2). The rutile structure [102], although it has the same tetragonal symmetry, it shows certain modifications. The surrounding with oxygen is virtually the same as in anatase, but the Ti neighbors are on different configurations. The number of Ti1 neighbors is reduced to half (2 instead of 4), while NTi2 is doubled (8 vs. 4). Ti - Ti distances also undergo a significant shortening, with ~0.10 Ǻ (Ti-Ti1) and ~0.20 Ǻ (Ti-Ti2).

              The TiO2 sample (powder) experimentally measured has an anatase type structure confirmed by XRD. First transform maximum at ~1.6 Ǻ, corresponds to the nearest neighbors of O, at 1.95 Ǻ, while the peaks at ~2.7 Ǻ and 3.5 Ǻ correspond to Ti1 and Ti2 neighbors at the distances of 3.04 Ǻ and 3.78 Ǻ respectively. Traveling with approx. FT peak of 0.3 Ǻ to the actual distances Ti-O and Ti-Ti is a characteristic effect of phase shifts φ absorbent neighbor atom pairs spreader.

               For the TWO and WTO samples, the first maximum FT (describing neighbors O) is at the same position as the standard anatase. The corresponding maximum related to Ti2 neighbors moves visible to short distances (about 3.2 Ǻ to approx. 3.5 Ǻ for anatase phase), suggesting a possible transition from anatase to rutile structure of these samples.
   6.3.3. Atomic order around W

               X-ray diffraction experiments could not give an exact answer on standard WO3 - layer structure. It is well known that thermodynamically stable shape at room temperature of oxide WO3 has triclinic symmetry. Preparation of the compound may, however, lead to a mixture of phases with monoclinic and triclinic structure [102]. In such circumstances it is important to know whether WO3 layer the transformed of EXAFS spectrum indicates one or other of the two crystalline forms.

Both symmetries of WO3 are characterized by significant variations of the W-O and W-W distances [103]. Substituting the Gaussian interatomic distances of width σ2 = 0.003 Ǻ2, the resulting radial distributions show minor differences between the two forms.
       In the triclinic structure, the closest O neighbors of atoms W have the following configuration: 3 O, 1 O and 2 O, at the average distances of 1.79 Ǻ , 1.96 Ǻ and 2.12 Ǻ respectively. For the monoclinic variety, oxygen proximity consists of 2 atoms O at the average distances of 1.75 Ǻ, 1.90 Ǻ and 2.14 Ǻ. The more remote neighbors’ blanket is virtually identical in the two forms: 3 (triclinic) or 4 (monoclinic) neighbors W and 6 neighbors O at the distances 3.79 Ǻ and 3.81 Ǻ respectively. For a larger width ( σ2 = 0.006 Ǻ2 ) of the Gaussian distributions corresponding to a more advanced structural disorder (as expected for the WO3 layer), the differences between the two symmetries are cleared almost completely: the neighbours’ blanket has the same splitting in both forms, with 4 O at an average distance of 1.83 Ǻ and 2 O at ~ 2.13 Ǻ (triclinic: 2.12 Ǻ, monoclinic: 2.14 Ǻ). In the transformed of the EXAFS spectrum of sample WO3, the splitting up of the first maximum, with peaks at ~ 1.35 Ǻ and 1.8 Ǻ indicates neighbors O at average distances of 1.83 Ǻ and 2.13 Ǻ specific to both types of symmetry. The remote neighbors W and O at ~ 3.80 Ǻ do not contribute in any significant maximum at TF (in the range 3-3.5 Ǻ), indicating an advanced structural disorder in the WO3 layer.

The above results show that the WO3 layer EXAFS analysis can not distinguish between monoclinic and triclinic symmetry of the structure. This is not an impediment in our analysis, whose main aim was to determine whether the W atoms of TiO2-WO3 layers enter substitutionally in the TiO2 network or remain in the oxidized form WO3.

The transform corresponding to the sample WTO shows a main maximum with the same splitting as in the case of WO3, indicating its presence in the composition of the sample. The main peak splitting is not found, however, in the case of TWO sample. The absence of the peak at ~1.80 Ǻ suggests an oxidized form of WO3 type, but with numerous holidays around W. The most significant details of the Fourier transform is the presence of peaks at about 2.5 and 2.9 Ǻ Ǻ for both samples, in an interval specific for Ti neighbors of TiO2 structure. The results indicate that the inclusion of W atoms in the TiO2 network, on Ti positions, accompanied by the formation of W- Ti atomic pairs in the structure. In connection to this result ​​two observations have to be made:

The first one concerns the different positions of the peaks corresponding to Ti neighbors in the limit Ti transforms of the measured spectra K (Ti-Ti pairs, Fig.6.9c ) and in                                                                                                                                                                                                                 the limit W L3 (W- Ti pairs). The  respective differences come from phase shifts φ(k) with different values ​​for Ti-Ti pairs and W-Ti and leading thereby to different peak displacements corresponding in the Fourier transforms.

A second observation concerns the apparent contradiction between the atomic configuration around W, specific to the WO3 structure and the presence of Ti neighbors, indicating a substitutional W configuration in the TiO2 network. In fact, the proper transforms corresponding to the two samples contain overlapping contributions of a majority phase                                            of WO3 and of a W fraction in substitutional configuration. The first FT maximum describes the contribution of O neighbours of  the W atoms in WO3 (4 O at 1.83 Ǻ and 2 O at 2.12-2.14 Ǻ), dominating the contribution of O neighbors around the TiO2 network W(6 O at 1.95 Ǻ). The Ti neighbours of the substitutional W atoms, although at a lower rate, have however a noticeable contribution to TF, whereas the radially area of their occurrence is free of any other contribution from the majority WO3 phase.

6.3.4. EXAFS spectra fitting

          The accurate determination of the metal atoms surrounding in the layers TiO2-WO3 was carried out by fitting the EXAFS spectra. For this purpose, the first peak of the Fourier transform was isolated through a Hanning window-function and transformed back into the k space. Thus the filtered EXAFS spectrum (k3χ1(k)), describing the EXAFS contribution from the neighbors O was fitted with one or two blankets O. Similarly, we proceeded with the maxima corresponding to Ti neighbors. The corresponding filtered spectrum (k3χ2,3(k) was fitted with two layers of Ti twin neighbors, neglecting the contribution from O neighbors from 3.86 Å (anatase) or 3.57 Å (rutile).

The results of fitting were given in Tab. 6.1, together with estimates of the precision of the structural parameters resulting from fitting errors. Although fitting variable parameters were N, R and σ2 to simplify the discussion, the values ​​of σ2 (degree of structural disorder) were not shown in Fig. 6.1 being of little relevance to the present analysis. TiO2 and WO3 compounds could not be used as standards to calculate EXAFS backscattered amplitudes F(k) and the phase shifts φ(k). The reason was the splitting layers of O neighbors in the structure of both oxides, as well as that of the blanket Ti in the TiO2 structure.


Table 6.1. Data on local structure (coordination numbers and interatomic distances) around the metal atoms of TiO2- WO3 layers and TiO2 compounds (powder) and WO3 (thin layer). The structurally determined by EXAFS parameters were compared to those characteristic to the known structural features of TiO2 (anatase and rutile) and WO3 (triclinic and monoclinic).
	Sample
	Surrounding of Ti atoms

	TiO2

anatas
	6 O / 1.95 Å
	4 Ti / 3.04 Å
	4 Ti / 3.78 Å

8 O / 3.86 Å

	TiO2

rutile
	6 O / 1.96 Å
	2 Ti / 2.96 Å
	8 O / 3.52 Å

8 Ti / 3.57 Å

	TiO2
	4±1 O / 1.95±0.01 Å
	
	

	TWO
	5±1 O / 1.95±0.01 Å
	3±1 Ti / 3.04±0.01 Å
	2±0.5 Ti / 3.563±0.005 Å

	WTO
	5±1 O / 1.95±0.01 Å
	2±1 Ti / 2.96±0.01 Å
	4±1 Ti / 3.542±0.005 Å

	Sample
	Surrounding of W atoms

	WO3

triclinic
	4 O / 1.83 Å

2 O / 2.12 Å
	
	3 W / 3.79 Å

6 O / 3.81 Å

	WO3 

monoclinic
	4 O / 1.83 Å

2 O / 2.14 Å
	
	4 W / 3.79 Å

6 O / 3.81 Å

	WO3
	4±1 O / 1.83±0.01 Å

2±1 O / 2.12±0.03 Å
	
	

	TWO
	4±0.5 O / 1.83±0.01 Å
	0.7±0.5 Ti / 2.93±0.03 Å

1.4±0.4 Ti / 3.10±0.03 Å
	

	WTO
	4±2 O / 1.82±0.02 Å

2±1 O / 2.15±0.03 Å
	1.4±0.5 Ti / 2.96±0.03 Å

1.6±0.5 Ti / 3.14±0.02 Å
	


          The above analysis shows a partial transition from the anatase to the rutile structure of the TiO2 in the sample network TWO (with the Ti-Ti1 distance specific to the anatase structure, but with a shortening of the distance Ti-Ti2 to the value of the rutile) and one full proof for WTO (with both distances Ti-Ti1,2 having values ​specific to the ​rutile).

The results of this phase show that the W majority phase of the samples TWO and WTO is an oxidized form of type WO3, as emphasized by the surrounding with oxygen of the W atoms. A certain fraction W is still incorporated into TiO2 network, on Ti4+ positions. Substitutional W6+ ions are in different configurations, either keeping around them the anatase structure of the host network or locally changing this structure into one of the rutile type.
           Fraction of W substitutional in rutile local configuration seems to be higher in WTO layer, as shown by the increasing number of neighbors TI1 of small range (1.4 compared to 0.7 in the TWO layer).

6.4. Hidrofilicity properties of the bi-layers

 Photo-activation measurements of the surface of the film subjected to contact angle measurements were conducted by using a UV light source λ = 365 nm (UV-LED, NICHIA) which provides a light intensity of 1 mW/cm2 at the surface of the film. The light intensity was measured by using a radiometer PCE-UV34 (PCE Instruments UK Ltd). The samples were subjected to cleaning with distilled water and acetone, and were dried in the air. In order to decontaminate the oil residue that could not be removed by using organic solvent, the surface film was subjected to illumination with unfiltered UV light from a high pressure Hg lamp with rated power of 300 W. The system was maintained min. 12 hours, until reaching the state of saturation of the value of the contact angle of the film (at least 15°) with de-ionized water. The removing of traces of carbon from the surface at the end of the preparation phase of the samples was tested through XPS measurements. Before each series of measurements, the samples were kept in a room in the dark to eliminate the effects of previous photo activation.

Contact angle measurements were performed by using a Data Physics OCA system 15EC at room temperature under conditions of relative illumination of 50-60%, in an arrangement of the type sessile drop (settled drop). The values ​​of the contact angles were the average of five different measurements made in ​​clear locations in both experiments photo- activation of the surface, and the deactivation system (the so-called reverse side - back reaction), the contact angle intervals were measured after keeping the samples in darkness. We chose the volume of the liquid droplet values ​​(measured automatically and made ​​of a computer controlled device attached to the goniometer), 0.5 micro liters to avoid deviation from the spherical shape of the droplet changes due to the effects of the force of gravity droplet.
           Contact angle measurements performed on the two-layer samples were used to compare the effect of coupling macroscopic films doping effects, as discussed above. To this end, there were also the same conditions, the same type of measurements using calibration samples of undoped TiO2. We also note that for the preparation of films of different types (two and WTO) the purpose was to separate in a proper manner the effects of doping from those of spatial separation of tasks in the area of interface changes on properties hidrofilicity and - by similarity – of the efficiency of photo catalytic decomposition.
A set of results showing the evolution of the contact angle of de-ionized water on the surface of the film depending on time (and therefore on the dose of radiation absorbed by the surface) serve for a comparative study of the two-layer structure with the standard sample of TiO2.
         The main conclusions that can be drawn from the analysis of these results can be summarized as it follows:
       (a) Due to the inherent differences in average surface roughness values ​​of undoped TiO2 films, respectively of the TWO film, the contact angle base line (before exposure to light surface films) are slightly different, within a few percent, ranging around the value of 60°.
      (b) The initial values ​​of the contact angle of the film WTO, in which the exposed layer is that of WO3, are approx. 85°, which is determined by the lower values ​​of the specific surface energy of the material and lower values ​​of the average surface roughness.
     (c) The maximum conversion rate occurs in the case of the hydrophilic film WTO, but the conversion process becomes slow after approx. 20 min of exposure (dose: 1.2 J/cm2).
    (d) The values ​​of contact angle ​​tend to values at the limit of those specific to super-  hidrofilicity ( 10), without reaching this condition, even after an exposure time of 720 min (dose: 43.2 J/cm2).
    (e) The rate of the lowest deactivation (return) is evidenced by the TWO film. This result, in conjunction with specific data standard TiO2 film, allows us to attribute the decrease in the rate of return to dark surface conditions due to the reduction of the effects of electron-hole recombination in the volume of the film. I removed so side effects related to the role of surface topography and the nature of the film. The values ​​of contact angle of water on the film surface Two, measured after 20 minutes of deactivation are 3.5 times less than in the case of standard film and by 2.5 times less than in the case of titanium dioxide film.
  (f) Average WTO off the surface of the film is similar to that of the standard film, with higher values ​​in the initial stage, but lower values ​​for retention in the dark for 10 minutes.
 (g) Compared to the film doped with nitrogen the TWO performance of the bi- layer is the highest, the effects of activation of N film: TiO2 is strongly reduced after 10 min of storage in the absence of UV light.

(h) Compared to the film doped with iron, the performances of the bi- layer TWO are the highest activation effects filmeolor Fe : TiO2 decreasing dramatically after the first 10 min of storage in the absence of UV illumination.

CONCLUSIONS

The most important results achieved during the thesis research, conducted during the thesis’ development, lead to the following main conclusions:
    1. Experimental configurations have been established and working conditions for the preparation of thin films of oxides of titanium and tungsten, in homogeneous and heterogeneous configurations using the cathodic sputtering sources, a discharge frequency fed to the magnetron.
    2. There have been investigated the properties of homogeneous thin films of titanium dioxide and tungsten trioxide, pure and TiO2 doped with N and Fe. These materials were used as benchmarks for comparison to the potential additional benefits of bi- layer structures TWO WTO and in improving photo catalytic performance and hydrofilicity in practical applications.
    3. It has been shown that the degree of crystalline of the thin layer N: non heat-treated TiO2 is reduced, XRD measurements showing that the film is a mixture of crystalline areas in an amorphous matrix dominant in the range of dopant concentrations examined.
   4. It has been noted that in the case of using spray target from TiN, the oxygen in the discharge substituted the nitrogen atoms in its structure, even under the condition of a low value of the partial pressure of oxygen. The introduction of Fe as a dopant in the anatase or rutile TiO2 network leads to amorfization material in the whole composition range investigated.
    5. Films doped with Fe nano particles contain Fe3O4, Fe2O3 and unreacted Fe. XANES and XPS measurements proved that there is a phase Fe0, whose strength increases with the increasing dopant concentration, Fe appears in the status 2+ in a relatively small proportion (15 %) of the entire range of concentrations of the dopant. In the films doped with Fe, there coexist together with the predominant compound TiO2, the Ti2O3 and TiO stoichiometric compounds, and the sub-oxides of the type Ti5O6 and Ti4O5, titanium occurring on average in the Ti+2,4 state.
   6. Bi-layer structures deposited on mono-crystalline Si substrates were characterized in terms of structural, chemical, morphological and elemental view point by using modern techniques (XRD, XPS, AFM, XANES/EXAFS). The results show that the majority of the W phase in the interface region is an oxidized form of WO3 type, indicated by the surrounding oxygen atoms of tungsten.
   7. While the experiments were carried out with the aim of determining the elemental concentration profile, we have found that, in a manner similar to that of Ti, the ion bombardment with Ar+ of the WO3 surface during the etching process, altering the stoichiometry of the etched region. W ions reduction from higher states of ionization up to metalic W is favoured. This is a serious warning for a correct interpretation of the results of chemical profilometry. The quantitative assessment of collateral effects of ionic bombardment is especially important as corrosion substitution through the alternative use of non-destructive (such as angle resolved XPS measurements) can be used, unfortunately, only for very thin films with a thickness of no more than 8 to 10 nm.
   8. The combined analysis of the TiO2/WO3 interface demonstrated the differential incorporation of a proportion W into the TiO2 network, through the substitution of Ti4+ ions with W ions:
       - one part of the W substitutional atoms enters the network of titanium dioxide as W6+ ions, without leading to a change in the type of lens arrangement (rutile) of the host network,
      -  the other part of the W atoms substitution, comprising W4+ ions, leads to a change in the connection angle of the groups Ti -O- Ti, leading to changes in the local cristalline arrangement into an arrangement of anatase type.
   9. Substitution of the Ti4+ through W4+  ions in the interface region leads to the anatase type network expansion due to the high difference in atomic radii of W4+ (0.66 Å) and Ti4+ (0.60 Å).
  10. Duration of the surface photo-activation effects of TWO films is on average 3 times higher than that corresponding to standard TiO2 films, which demonstrates, in our view, the beneficial role of layers coupling TiO2 - WO3, mainly in reducing the rate of recombination of carriers of photo-generated charge in the material, but also in fostering spatial ordering of atomic species in the interface region.
  11. The results may be relevant to elucidate specific interface phenomena for the category of oxide semiconductor materials, of interest for the applications in manufacturing/energy storage and environmental protection.
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