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Xerogel thin films were prepared from solution of Titanium alkoxides (Ti(OiPr)4) complexed with methacrylic acid (MAA) with different molar ratios The impact of this parameter on their sensitivity to deep ultraviolet (DUV) was studied. The chemical modifications were characterized by FTIR spectroscopy in ATR mode and the optical characterization was done by spectroscopic ellipsometry. In this report, condensation of Ti precursor is induced by exposure to DUV was demonstrated to be less efficient for low MAA:Ti ratios due to lower substitution degrees. More importantly, the chemical resistance to solvent of thin films can be tuned, which is crucial for photolithography applications. To illustrate this, DUV lithography was performed on thin films for two different MAA:Ti ratios and developed with cyclohexanone and ethanol, giving rise to opposite results. Finally, micro-structures by DUV were achieved for solutions with the lowest protection degree.

Introduction

For several decades, sol-gel chemistry has been considered as a key route to structure materials at the nanoscale and to design complex matrices and multi-functional species [START_REF] Danks | The evolution of 'sol-gel' chemistry as a technique for materials synthesis[END_REF]. Unlike other techniques, such as physical vapor deposition or atomic layer deposition, the sol-gel route presents a high degree of versatility, an ease of use and a relatively low fabrication cost. Specifically, metal alkoxides have been widely synthetized and modified for the purpose of designing materials at the molecular level [START_REF] Sanchez | Chemical modification of alkoxide precursors[END_REF][START_REF] Sanchez | Molecular Structure Of Metal Alkoxide Precursors[END_REF][START_REF] Sanchez | Tailoring of Transition Metal Alkoxides Via complexation For The Synthesis of Hybrid Organic-Inorganic Sols and Gels[END_REF].

Since metal alkoxides are highly sensitive to moisture, uncontrolled hydrolysis and condensation reactions can occur but these reactions can be avoided by complexing the precursors by different means [START_REF] Kessler | New insight in the role of modifying ligands in the sol-gel processing of metal alkoxide precursors: A possibility to approach new classes of materials[END_REF]. For instance, titanium alkoxides modified by carboxylic acids exhibit different structures depending on the nature of ligands, hydrolysis and/or substitution rates [START_REF] Barboux-Doeuff | Synthesis and characterization of titanium oxide-based gels synthesized from acetate modified titanium butoxide precursors[END_REF][START_REF] Doeuff | Sol-gel synthesis and characterization of titanium oxoacetate polymers[END_REF][START_REF] Perrin | FT-IR Spectroscopy of Acid-Modified Titanium Alkoxides: Investigations on the Nature of Carboxylate Coordination and Degree of Complexation[END_REF]. The exact structures of Ti(OiPr)4

modified by methacrylic acid were precisely investigated by NMR and XRD [START_REF] Czakler | Influence of the Ti(OiPr)4: methacrylic acid ratio on the formed oxo/alkoxo clusters[END_REF]. Well-defined species can be synthetized as soon as well controlled conditions are used. The authors demonstrated the crucial impact of MAA:Ti molar ratios on substitution and condensation degrees. More generally, titanium oxide based materials are very interesting due to their high refractive index, low light absorption in the visible range [START_REF] Tao | TiO2 nanocomposites with high refractive index and transparency[END_REF], and their specific physical and chemical properties [START_REF] Kamat | TiO 2 Nanostructures: Recent Physical Chemistry Advances[END_REF]. Sol-gel chemistry can also be used to design hybrid materials by combining inorganic precursors and organic monomers [START_REF] Soppera | New insights into photoinduced processes in hybrid sol-gel glasses containing modified titanium alkoxides[END_REF][START_REF] Rozes | Titanium-Oxo Clusters, Versatile Nanobuilding Blocks for the Design of Advanced Hybrid Materials[END_REF]. This is the privileged route to obtain mesoporous materials [START_REF] De | Chemical Strategies To Design Textured Materials: from Microporous and Mesoporous Oxides to Nanonetworks and Hierarchical Structures[END_REF][START_REF] Faustini | Integrative sol-gel chemistry": a nanofoundry for materials science[END_REF][START_REF] Sanchez | Design of functional nano-structured materials through the use of controlled hybrid organic-inorganic interfaces[END_REF]. For instance, evaporation-induced self-assembly (EISA) requires a fine control of the sol-gel system, regarding the solvent, the pH or the hydrolysis ratio [START_REF] Grosso | Fundamentals of Mesostructuring Through Evaporation-Induced Self-Assembly[END_REF]. Operating conditions represent important parameters, such as withdrawal speed in the case of dip-coating or relative humidity. Both can affect the final organization. Many applications can result from mesoporous materials such as photocatalysis [START_REF] Wang | Mesoporous TiO2 Thin Films Exhibiting Enhanced Thermal Stability and Controllable Pore Size: Preparation and Photocatalyzed Destruction of Cationic Dyes[END_REF], solar energy conversion [START_REF] Lancelle-Beltran | Nanostructured Hybrid Solar Cells Based on Self-Assembled Mesoporous Titania Thin Films[END_REF] or sensing [START_REF] Liang | Template-Induced Growth of Sputter-Deposited Gold Nanoparticles on Ordered Porous TiO2 Thin Films for Surface-Enhanced Raman Scattering Sensors[END_REF]. Recently, Odziomek et al. presented the combination of inorganic precursors and polymeric latexes to obtain regular auto-organized patterns of metals and metal-oxides by crack formation, with an additional nanoporosity in the case of TiO2 [START_REF] Odziomek | Periodic Nanoporous Inorganic Patterns Directly Made by Self-Ordering of Cracks[END_REF]. The other possible route to prepare inorganic patterns is photo-lithography. Thirty years ago, Hawryluk et al introduced the concept of deep-ultraviolet (DUV) lithography using an ArF excimer (193 nm) to obtain patterns of polymethyl methacrylate with a 100 nm period [START_REF] Hawryluk | Deep-ultraviolet spatial-period division using an excimer laser[END_REF]. This process has since been progressively extended to other materials and among them, solgel matrices. Indeed, DUV curing has many advantages because it occurs at room temperature, can induce condensation reactions and complete mineralization of inorganic matrices, which was only achievable by regular thermal annealing. Applications of metal-oxide thin films obtained by DUV can be found in electro-optics [START_REF] Lin | Deep ultraviolet laser direct write for patterning sol-gel InGaZnO semiconducting micro/nanowires and improving field-effect mobility[END_REF][START_REF] Yeh | Solution-Based Micro-and Nanoscale Metal Oxide Structures Formed by Direct Patterning for Electro-Optical Applications[END_REF], magneto-optics [START_REF] Bidaud | Photocrosslinking and photopatterning of magneto-optical nanocomposite sol-gel thin film under deep-UV irradiation[END_REF] or sensing [START_REF] Cennamo | Flexible and Ultrathin Metal-Oxide Films for Multiresonance-Based Sensors in Plastic Optical Fibers[END_REF][START_REF] Zan | Room-temperature-operated sensitive hybrid gas sensor based on amorphous indium gallium zinc oxide thin-film transistors[END_REF]. Stehlin et al developed photosensitive metal-oxo clusters (MOC) under DUV and investigated their crosslinking mechanisms [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF].

However, some crucial parameters involved in sol-gel systems (i.e. MAA:Ti and H2O:Ti ratios) were not studied.

In this paper, a thorough study is proposed on the impact of the protection of Ti(OiPr)4 by methacrylic acid and the degree of hydrolysis on photosensitive properties of thin films prepared from these solutions by spin-coating. By performing spectroscopic ellipsometry and FTIR measurements in attenuated total reflection (ATR) mode, significant discrepancies were highlighted between the different MAA:Ti ratios.

Moreover, the redissolution property of thin films for MAA:Ti molar ratio of 1.6 and 8.1 was studied by using cyclohexanone and ethanol as developing agents. It was demonstrated that for the lowest degree of metal protection (i.e. for MAA:Ti = 1.6), a protogenic solvent has to be used to remove the unexposed part after DUV, while for highest MAA:Ti ratio, a non-protogenic one can be used instead. In contrast to patterns obtained by Stehlin et al [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF] for fully protected clusters, photolithography of Ti-MAA complexes with the lowest substitution degree was performed and developed by ethanol, illustrating therefore the difference in terms of chemical properties.

Experimental section

2.1 Materials and chemicals. Titanium (IV) tetraisopropoxide (97%) and methacrylic acid (99%) were purchased from Merck, n-propanol from Alfa Aesar, and were used as received. Silicon wafers were purchased from Siegert.

2.2 Synthesis of solutions of titanium alkoxides. First, 0.85 g of titanium tetraisopropoxide (TTIP) was added in a 20 ml vial containing both 2 ml of n-propanol and from 0 to 2 ml of methacrylic acid (MAA).

Then, the solution was stirred at 700 rpm for 15 minutes and a volume of acidified water (0.37 M, HCl) was finally added. The H2O:Ti molar ratio varied between 0 and 24 and the MAA:Ti ratio between 0 and 8.1. The formulations were stirred at 700 rpm until obtaining a clear and transparent solution and underwent a final ageing step of 24 hours. At the end of these 24 hours, a last volume (3.5 to 6.4 ml) of n-propanol was added and adjusted to obtain a concentration of 0.30 M, by respect to titanium atoms.

The entire procedure is depicted in Figure 1. The composition of each formulation is summarized in Table 1. N.m -1 ). Scanning Electron Microscopy (SEM) was also used to visualize the structure of thin films at microscale (JSM-6500F JEOL, Ltd., Tokyo, Japan).

Results and discussion

The procedure to prepare the solutions is depicted in Figure 1. The initial formulation was developed by Stehlin et al [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF] but some modifications were introduced in this report: in order to have the most stable formulations overtime, H2O:Ti ratio was decreased from 20 to 14 and acidified water (HCl, 0.37M) was used instead of deionized water. Here, these two modifications were required to study formulations with different MAA:Ti ratios (called x ratios), by hindering fast hydrolysis and condensation reactions. These parameters are discussed later in this report. Ti-MAA complexes synthesized according to Figure 1 exhibit a strong absorption in the DUV region due to the presence of a C=C double bond in methacrylic acid, which permits photo-lithography at 193 nm.

The synthesis conditions were chosen to obtain stable solutions (on the scale of a few weeks), allowing to make optical quality thin films by spin-coating, and presenting a good photosensitivity in DUV. These conditions are close to the conditions classically used to prepare Titanium oxo-clusters [START_REF] Cheng | From nanoparticles to bulk crystalline solid: nucleation, growth kinetics and crystallisation of mixed oxide ZrxTi1-xO2 nanoparticles[END_REF][START_REF] Svensson | Mixed-Ligand Titanium "Oxo Clusters": Structural Insights into the Formation and Binding of Organic Molecules and Transformation into Oxide Nanostructures on Hydrolysis and Thermolysis[END_REF][START_REF] Svensson | Titanium phosphonate oxo-alkoxide "clusters": solution stability and facile hydrolytic transformation into nano titania[END_REF].

However, it is not obvious to state, in our synthesis conditions, on the nature of the species in solution.

Obtaining titanium oxo-clusters of well-defined structure and size is achievable only under perfectly controlled conditions, and in particular in the absence of water. In the present context of photolithography application, we think that it is useless to target well-defined objects since in fine, we carry out a thin film deposition by spin-coating and conduct a DUV irradiation, both in air. Under such conditions, the species formed in solution probably agglomerate after removal of the solvent during spin-coating and are also exposed to water in the atmosphere, which increase the probability to aggregation.

However, two characterizations have been carried out to provide some important information: DLS analyses were carried out in the case of x = 8.1. They show an average hydrodynamic radius of 4 nm, which corresponds to species of radius 1 to 3 nm (Figure S1). This shows that the growth of species in solution is very limited. Moreover, the TEM images (Figure S2) do not allow to observe nanoparticles after deposition on the TEM grid, contrary to what would be expected with well crystallized NPs. The absence of crystallization is confirmed by electron diffraction measurements which confirm the amorphous structure.

In conclusion, the species in solution have the following properties: Titanium is complexed by carboxylic acids, which confers good stability over time. The condensation reactions on these species are limited by the complexation by MAA. Thus, oxo bridges are created but the growth of the species is limited. As shown by DLS, the average size of the objects in solution is in the range 1-3 nm, without crystallization.

The thin films are deposited by spin-coating in order to obtain homogeneous and reproducible thickness.

DUV irradiation induces the photolysis of the Ti-methacrylate complexes that leads to the formation of free Ti(+III) centers. Then, these radicals can react with air moisture to form Ti-OH and leading to oxobridges (condensation reaction). After the complete densification, a full mineralized TiO2 thin film is obtained, such as illustrated in Figure 2. ) region (1500 -1600 cm -1 ) region for x = 8.1. They correspond to two kind of COO ligands. The contribution at 1516 cm -1 is attributed to chelating MAA and the contribution at 1547 cm -1 to bridging MAA [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF]. For lower x ratios, the relative intensity of the band corresponding to bridging ligands is less important and show consequently that titanium atoms are mainly complexed with chelating MAA. As described by Czakler et al [START_REF] Czakler | Influence of the Ti(OiPr)4: methacrylic acid ratio on the formed oxo/alkoxo clusters[END_REF], Ti(OiPr)4 is partly substituted for x ≤ 6 but fully for x = 8 in water free solution. However, the photosensitive formulations presented in this report have some water content that would promote hydrolysis/condensation reactions and other structures are more likely to be formed. As remaining isopropoxide groups are present for x < 8, they will react with water molecules to form oxobridges. Additional information about chemical modifications can be found in the 2400 -3800 cm -1 region of FTIR spectra. The broad band centered at 3300 cm -1 corresponds to -OH groups. A significant increase of the -OH groups concentration in the film is thus observed for lower x ratios (Figure 3d). This behavior supports a more pronounced hydrolysis of less protected Ti centers. One could think about complete condensation reactions between Ti-OH groups but steric hindrance could prevent it. Consequently, Ti-OH groups can be observed for deposited thin films.

As previously mentioned, the core of this report is to study DUV sensitivity Ti-MAA complexes depending on the conditions of preparation. Therefore, thin films with different x ratios were exposed to an ArF excimer and were characterized by ellipsometry. The films are extremely smooth and homogeneous, as shown by SEM (Figure S4a and Figure S4b) and AFM (Figure S5). A typical RMS roughness of 0.19 nm was evaluated from AFM images.

Relative thickness of each film is plotted in Figure 4a. It represents the ratio (in %) between the thickness measured for a given energy and the initial one. The shrinkage observed is a consequence of the release of organic molecules and condensation reactions [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF]. The thickness of the film can thus be used to follow the photosensitivity of the formulation. A clear trend is observed in Figure 4a, showing the influence of x ratios on final relative thicknesses. The corresponding densifications achieved after DUV are plotted in Figure 4b, illustrating that higher x ratios promote densification. We conclude that a high proportion of protective MAA ligands favors the shrinkage. Taking into account that ligand removal participates in shrinkage, this behavior is consistent. Moreover, as shown previously, complexes for x ≤ 4.1 underwent hydrolysis and partial condensation in solution thus limiting the possibilities of DUVinduced condensation.

It is expected that condensation of Ti-MAA complexes in thin films leads to a denser material and hence to higher refractive indices [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF]. This trend is confirmed in Figure 4c as the refractive index increases with DUV energy. Surprisingly, the impact of x on refractive index follows a different trend than that of relative thickness. Deposited films of Ti-MAA for x ≤ 4.1 show an overall higher refractive index than for x ≤ 8.1 (see Figure 4c, for 0 J/cm²). It can be argued that the partial condensation that occurs in solution accounts for this difference. For x = 1.0, a plateau concerning refractive index was reached for a very low energy (2 J/cm²). It can be explained by a high degree of condensation that limits the densification. Indeed, an opaque gel was obtained from this solution a few minutes after addition of water. This gel was re-solubilized during the n-propanol addition step (under vigorous stirring). The other formulations did not exhibit this behavior in solution. The refractive index profiles before and after DUV exposure for the two extreme x ratios (i.e. 1.6 and 8.1) are given in Figure 4d. A higher increase in refractive index after irradiation is obtained for x = 8.1 than for 1.6. It can be explained by a better densification yield due to more substituted Ti atoms by MAA. A detailed study of the DUV crosslinking mechanism was performed by FTIR for x = 1.6 and x = 8.1.

As shown in Figure 5a and Figure 5b for x = 1.6 and 8.1 respectively, the symmetric (1350 -1490 cm - 1 ) and antisymmetric (1500 -1600 cm -1 ) COO -stretching bands gradually disappear with DUV exposure until the complete removal of organic ligands. The decrease of these bands corresponds to the photolysis of MAA ligands under DUV, inducing therefore hydrolysis and condensation reactions. Note that if polymerization of MAA would be involved, the effect on FTIR would be different, with only the decrease of the C=C band of methacrylates at 1635 cm -1 , as observed in previous studies on other materials [START_REF] Bidaud | Photocrosslinking and photopatterning of magneto-optical nanocomposite sol-gel thin film under deep-UV irradiation[END_REF].

The blue curves in Figure 5a and Additionally, as depicted in Figure 6a and Figure 6b, an increase of -OH content with DUV energy is observed for both x = 1.6 and x = 8.1. As explained previously, this phenomenon is due to the photolysis of the ligands which provokes partial hydrolysis and/or condensation reactions. The presence of -OH groups in the xerogel films after DUV irradiation can be explained by adsorption and reaction of water molecules in vacant sites created during irradiation. Indeed, Ti atoms in TiO2 can undergo photo-reduction (Ti 4+ to Ti 3+ ) that leads to formation of surface defects favorable to adsorption of -OH groups from air moisture [START_REF] Sakai | Enhancement of the Photoinduced Hydrophilic Conversion Rate of TiO2 Film Electrode Surfaces by Anodic Polarization[END_REF][START_REF] Wang | Studies of Surface Wettability Conversion on TiO2 Single-Crystal Surfaces[END_REF]. Film densification by DUV exposure can also be investigated by ellipsometry by following the evolution of extinction coefficients, as shown in Figure S5. For x = 1.6, the extinction coefficient undergoes a constant increase with DUV energy (Figure S5a), while for x = 8.1 (Figure S5b) an initial decrease of k is observed in the early irradiation (from 0 to 0.5 J/cm²) stages before increasing. Previously, the films for x = 8.1 exhibited a higher content in bridging MAA than for x = 1.6 and discrepancies observed in extinction coefficients could be attributed to a rapid photolysis of bridging ligands prior to chelating ones. This hypothesis was confirmed by the results shown in Figure S6a and Figure S6b, which illustrate the photolysis of chelating MAA (1516 cm -1 ) in the case of x = 1.6 and a photolysis for bridging MAA (1547 cm -1 ) occurring before chelating MAA in the case of x = 8.1.

In this section, the impact of acidified water on formulations was studied for the two extreme x ratios (i.e. 1.6 and 8.1), as depicted in Figure 7. For x = 1.6, the volume of acidified water has a crucial impact, especially on the -OH groups (Figure 7a). As Ti atoms are less protected by MAA groups for x = 1.6, hydrolysis is more prominent with increase of water content. Moreover, MAA ligands (1300 -1600 cm - by MAA (x = 8.1) hinders more efficiently hydrolysis reactions in solution (see Figure 7b) as -OH content remains almost the same. These results corroborate those from previous sections regarding the high stability of species in solution for x ≥ 8.1. Another intermediate volume of acidified water (0.25 ml) was studied for both x ratios. In this case, an opaque gel was obtained right after addition of water. No IR spectra could be acquired due to poor film qualities (heterogeneous and non-uniform). A table summarizing the experimental conditions as well as the different H2O:Ti and H + :Ti ratios and visual observations, is presented in Figure S7a. As shown in Figure S7b and Figure S7c, different volumes of acidified water were added in formulations for x = 1.6 and x = 8.1. Gelation obtained after addition of 0.25 ml of acidified water for both x ratios was not expected because transparent sols were obtained for larger volumes (i.e. 0.50 and 1.25 ml). We assume that this effect is due to the decrease of the pH in solution, which is known to promote hydrolysis and prevent fast condensation reactions by electrostatic repulsion of positively charges species. Here, the H + :Ti ratio of 0.03 corresponding to 0.25 mL was probably not enough to avoid precipitation. A zoom on the FTIR spectra, in the region corresponding to COO -bands for different volumes of acidified water is shown in Figure 7c for x = 1.6 and in Figure 7d for x = 8.1. In both cases (for x = 1.6 and 8.1), a similar profile is observed when no acidified water was added. Chelating and bridging MAA are present.

In addition, the difference of stability between x = 1.6 and x = 8.1 is highlighted when 1.25 ml of acidified water is added in the medium. Indeed, the bridging MAA ligands (1547 cm -1 ) are more likely to be broken by water molecules than chelating MAA (Figure 7c, pink curve) for x = 1.6 while the structure for x = 8.1 remains almost the same (Figure 7d). Therefore, the volume of acidified water is crucial for low MAA : Ti ratios and needs to be carefully chosen to avoid decomplexation of methacrylate ligands. In photolithography, another important property is the solubility of the films before and after exposure.

For the so-called negative tone resins (i.e. the exposed become insoluble), the exposed areas must resist the solvent while the unexposed areas must be able to dissolve. It is important to show that the chosen experimental conditions allow to generate this solubility contrast between the exposed and unexposed parts. These conditions correspond to the photosensitivity properties of the thin film but they also depend directly on the solvent used to perform this development step. Therefore, chemical resistance of Ti alkoxides modified by MAA is studied in this section.

For this purpose, the samples were prepared, irradiated and developed using the following methods described in Figure 8a. The principle is to expose films to a low irradiation energy (200 mJ/cm 2 ) and observe the ability of the irradiated part to remain on the substrate after immersion in different solvents.

The chosen energy is much lower that the energies used in Figure 4 and Figure 5 for mineralizing the material, but is the typical dose used to obtain nanostructures by photolithography. Therefore, this energy dose is interesting to study different solvents and their abilities to dissolve the unexposed parts of the film without damaging the irradiated area. We focused the study again on the two extreme x ratios (i.e.

1.6 and 8.1). As shown in Figure 8b-I, Ti-MAA complexes prepared with x = 8.1 can be developed by cyclohexanone after DUV exposure. This result is in line with results published before by Stelhin and al [START_REF] Stehlin | Room-temperature preparation of metal-oxide nanostructures by DUV lithography from metal-oxo clusters[END_REF]. However, this solvent could not dissolve a film for x = 1.6 exposed to DUV with the same conditions (Figure 8c-I). To explain this difference, it is important to remember that the proportion of -OH groups is more important in the case x = 1.6. Thus, a solvent like cyclohexanone with a low polar cohesion is a less good solvent for developing the material for x = 1.6 than for 8.1. To verify this hypothesis, ethanol is tested instead of cyclohexanone. As shown in Figure 8c-II, only the exposed area of film (for x = 1.6) remained on silicon substrate while for x = 8.1, the film was fully removed by ethanol (Figure 8b-II). Actually, ethanol has a hydrogen bonding cohesion parameter which is almost four times higher than cyclohexanone [START_REF] Hansen | Hansen Solubility Parameters: A User's Handbook[END_REF]. It thereby explains the ability of ethanol to dissolve films with higher -OH contents.

Another important feature for photo-lithography is the stability of films in contact with air in order to have enough time to perform DUV irradiation and development, which is crucial for large area patterning. To evaluate this property, Ti-MAA thin films were in contact with atmosphere (60% humidity) for 5 minutes and developed by ethanol. For x = 8.1, the film was fully dissolved after 2 seconds in ethanol (Figure 8b-III), while for x = 1.6, film residue can be seen on substrate after 30 seconds of development (Figure 8c-III). Regarding these results, films for x = 1.6 are also good candidates for photo-lithography. A similar experiment was done for a formulation containing no acidified water and for x = 8.1. The film quality after deposition was good, but could not be developed by ethanol right after spin-coating (see Figure S8). The presence of water is thereby necessary in formulation to generate hydrolysis reactions and obtain a polar contribution in deposited films.

We confirmed the possibility to carry out photopatterning by DUV on Ti-MAA complexes with x = 1.6 with a development in ethanol, by using a contact printing configuration with a 5 µm mask. Picture of a micro-patterned film after development is shown in Figure 9a, on which light is diffracted by the periodic structure. The interest of using lower x ratio is to avoid the use of cyclohexanone and choose ethanol instead, which is a more sustainable developer. As depicted in Figure 9b, the height of final patterns is 110 -120 nm and present a good overall quality.

Such pattern height demonstrates a full photolithography since the initial film thickness was 135 nm.

Interestingly, it should be reminded that with such composition, less than 5 % of incident light reaches the lower layer at the substrate interface (Figure 3b), which demonstrates a very good photosensitivity in the DUV despite the significant decrease of the x ratio. The AFM scanning image in Figure 9c also exhibits a nice periodic structure without defects on the main lines.

This result is very interesting in photo-lithography because chemical resistance of Ti-MAA thin films can be tuned by modifying MAA:Ti and H2O:Ti ratios, depending on the desired application.

Conclusion

Carboxylic acids have been widely proposed as ligands for metal alkoxides in cluster syntheses due to their ability to control hydrolysis and/or condensation reactions. In this paper, we have studied the role of methacrylic acid in the structure of titanium complexes and their reactivity under Deep UV irradiation, in conditions for which these materials are used as photoresists for photolithography.

We verified that the Ti centers presented different degrees of protection depending on the MAA:Ti ratios (called x ratios), which induced different rates of hydrolysis/condensation in solution. More importantly, this parameter significantly influences the crosslinking by DUV. Higher x ratios induce better densifications of thin films by DUV, due to higher C=C content (from methacrylate ligands) but also due to higher substitution rates of alkoxide groups. Therefore, the maximum densification by DUV is 32 % for x = 1.0 while it reaches 53 % for x = 8.1. We confirmed that the mechanism of DUV crosslinking is due to the photolysis of methacrylate ligands, that induce condensation reactions.

In this paper, the main finding lies in the chemical resistance of thin films that depends on the methacrylic: acid ratio, for photolithographic applications. Indeed, the different substitution rates by MAA induce chemical changes in the thin films regarding polar and dispersive cohesion parameters and therefore, different solvents must be used to dissolve these films. Here, we demonstrated that for x = 8.1, cyclohexanone is used as a developer but for x = 1.6, ethanol, a more sustainable solvent than cyclohexanone, must be used instead. The difference lies in the hydrogen bond cohesion parameters which are larger in ethanol than in cyclohexanone but also in a higher Ti-OH content in the film for x =

The Figures presented in this section describe the size of the synthesized species in solution (DLS and TEM) and the topography of thin films after DUV irradiation (SEM and AFM). Evolution of the structural (FTIR) and optical (ellipsometry) properties of the thin films (for x = 1.6 and x = 8.1).

Photographs of solutions with different volumes of acidified water are also shown, as well as the photograph of a thin film after development in ethanol for x = 8.1 but without acidified water.

Figure 1

 1 Figure 1 Formulation protocol to synthesis Ti-MAA solutions.

Figure 2

 2 Figure 2 Scheme of crosslinking and mineralization induced by DUV irradiation.The impact of the MAA:Ti ratios on the DUV photosensitivity of the complexes is first studied. As

Figure 3

 3 Figure 3 (a) Extinction coefficients of deposited Ti-MAA thin films for different x ratios. (b) Transmitted light at a given depth in Ti-MAA thin films. (c) FTIR-ATR spectra of Ti-MAA thin films obtained in the 1300-1700 cm - 1 range and (d) in the 2400-3800 cm -1 range.

Figure 4

 4 Figure 4 (a) Relative thicknesses of Ti-MAA films exposed to DUV for different energies and (b) their maximum achievable densification versus on MAA:Ti molar ratios. (c) Evolution of refractive index at 633nm for each film with the DUV energy. (d) Dispersion curves for thin films with MAA:Ti ratios of 1.6 and 8.1, before and after DUV exposure.

  Figure 5b correspond to full condensed and mineralized thin films, which is in agreement with data given in Figure 4a and Figure 4c. A closer look at the νasym(COO -) region is given in Figure 5c and Figure 5d, for x = 1.6 and 8.1 respectively. Regardless of the MAA:Ti ratios, a decrease in the MAA components is observed until they are completely removed at 8 J/cm² and both bridging and chelating ligands are consumed equally.

Figure 5

 5 Figure 5 (a) Evolution of FTIR-ATR spectra for Ti-MAA films exposed to DUV for MAA:Ti molar ratios of 1.6 and (b) 8.1. (c) Zoom of the corresponding FTIR-ATR spectra in the 1480 -1600 cm -1 region for MAA:Ti molar ratios of 1.6 and (d) 8.1.

Figure 6

 6 Figure 6 FTIR-ATR spectra showing the presence of -OH group in the xerogel thin films and their evolution with DUV irradiation for (a) a MAA/Ti molar ratio of 1.6 and (b) of 8.1.

Figure 7

 7 Figure 7 (a) FTIR-ATR spectra showing the impact of acidified water on thin films obtained for a MAA:Ti molar ratio of 1.6 and (b) for a molar ratio of 8.1. (c) Zoom of the corresponding IR spectra in the 1200 -1800 cm -1 for a MAA:Ti molar ratio of 1.6 and (d) of 8.1.

Figure 8

 8 Figure 8 (a) Scheme describing the procedure to study the chemical resistance of DUV irradiated films to different solvents. (b-I) represents irradiated Ti-MAA film (for x = 8.1) after development in cyclohexanone and (b-II) after development in ethanol. (b-III) Represents a Ti-MAA film (x = 8.1) developed in ethanol after 5 minutes of air exposure. (c-I) represents the irradiated Ti-MAA film (for x = 1.6) after development in cyclohexanone and (c-II) after development in ethanol. (c-III) Represents a Ti-MAA film (x = 1.6) developed in ethanol after 5 minutes of air exposure. All the films were prepared from solutions containing 0.75 ml of acidified water (0.37 M).

Figure 9

 9 Figure 9 (a) Photo of microstructures obtained by photo-patterning of Ti-MAA complexes (for x = 1.6) at 195 mJ/cm² and (b) the AFM profile extracted from (c) the scanning image.

  

Table 1 .

 1 Details of composition for each formulation studied.

	DLS was achieved with ZEN1600 (Temperature 20°C, EtOH solvent, Detection angle 173°, Automatic
	measurement, refractive index of NPs: 2). Transmission electron microscopy (ARM200F JEOL high-
	resolution transmission electron microscope) was also used to characterize the species in solution after
	drying.
	2

The reference solution (i.e. for MAA:Ti = 8.1) was characterized by DLS (Dynamic Light Scattering).

.3 Film deposition and DUV irradiation. Thin

  

	topography (uncoated Si ACT-50 cantilever from AppNano with a spring constant between 13 and 77
	xerogel films deposited on silicon wafers, referred to
	Ti-MAA, were obtained by spin-coating at 3000 rpm for 60s. Preliminary, the substrates were cleaned
	by sonication in acetone and ethanol and placed in a UV-ozone chamber for 20 minutes. For the DUV
	curing of Ti-MAA films, an excimer ArF (193 nm, Excistar from Coherent) was used. The typical laser
	intensity used is 12 mW/cm². A complete mineralization (i.e. for 8 J/cm²) requires a typical irradiation
	time of 11 minutes.
	2.4 Characterization. Thicknesses and optical coefficients of titanium-oxide based films were
	determined on silicon wafers by spectroscopic ellipsometry, using a UVISEL ellipsometer from Horiba-
	Jobin-Yvon. A simple Tauc-Lorentz model was used to fit the experimental data. IR spectra were
	acquired with a Nicolet IS50 FTIR spectrometer (Thermo Scientific) in ATR mode with a germanium
	crystal at a grazing angle of 64° (Harrick -VariGATR). FTIR spectra were exclusively acquired from
	deposited thin films. A Molecular Imaging Pico Plus AFM from Agilent was employed to scan samples

) were partly removed in the case of 1.25 ml of acidified water. On the contrary, higher protection degree
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