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Introduction

Chemical Beam Vapour Deposition (CBVD) [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF][START_REF] Wagner | Chemical beam vapour deposition technique with Sybilla equipment: review of main results in its 20year anniversary[END_REF] (also sometimes referred to as High Vacuum Chemical Vapour deposition, HV-CVD [START_REF] Kuzminykh | High vacuum chemical vapour deposition of oxides: A review of technique development and precursor selection[END_REF], or Metalorganic Molecular Beam Epitaxy, MOMBE [START_REF] Endo | MOMBE growth of superconducting oxide thin films[END_REF], all variants of Chemical Beam Epitaxy, CBE) is a hybrid deposition technique between Chemical Vapour Deposition (CVD) and Molecular Beam Epitaxy (MBE). It relies on the high vacuum evaporation of precursors in the form of molecular beams oriented towards the substrate and the precursor decomposition on the heated substrate by a purely surface reaction process (without any gas phase activation and without any reactive species).

This technique was shown suitable to deposit various high-quality oxide thin films, mainly starting from precursors with alkoxide type ligands (e.g. TiO2 [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF], doped with Si/Nb [START_REF] Sandu | A combinatorial chemical beam vapour deposition approach to tune the electrical conductivity of Nb:TiO2 films via Si co-doping[END_REF], Hf doped LiNbO3 [START_REF] Dabirian | Combinatorial High-Vacuum Chemical Vapor Deposition of Textured Hafnium-Doped Lithium Niobate Thin Films on Sapphire[END_REF]), with an amino-ethoxy ligand substitution for Nb [START_REF] Dabirian | Evaluation of niobium dimethylamino-ethoxide for chemical vapour deposition of niobium oxide thin films[END_REF]). BaTiO3 has also been successfully deposited from a cyclopentadienyl ligand precursor, but in combination with an oxidant [START_REF] Reinke | Combinatorial HV-CVD survey of barium triisopropyl cyclopentadienyl and titanium tetraisopropoxide for the deposition of BaTiO3[END_REF]. CBVD has three major advantages:

-Ability to deposit films homogenously on large substrates, also complex multielement oxides, simultaneously from different precursors, without substrate rotation [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF].

-Possibility to carry out combinatorial experiments, that enable to obtain controlled precursor gradients along the substrate [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF] (very efficient to quickly evaluate the deposition process parameters [START_REF] Sandu | A combinatorial chemical beam vapour deposition approach to tune the electrical conductivity of Nb:TiO2 films via Si co-doping[END_REF][START_REF] Dabirian | Combinatorial Discovery and Optimization of Amorphous HfO2-Nb2O5 Mixture with Improved Transparency[END_REF]).

-Possibility to perform film micro-structuration, either by irradiating with a laser or an electron beam during the growth [START_REF] Benvenuti | TiO2 Laser and Electron Beam Assisted Chemical Deposition[END_REF] or by depositing through shadow masks [START_REF] Wagner | Fabrication of complex oxide microstructures by combinatorial chemical beam vapour deposition through stencil masks[END_REF].

CBVD requires specific precursor properties that differ significantly from the more standard gas phase chemical deposition techniques such as Metalorganic Chemical Vapour Deposition (MOCVD) or Atomic Layer Deposition (ALD). Because of the high vacuum conditions that have to be maintained to preserve flow orientation, no carrier gas/reactive gas is normally used in addition to the precursor vapour. Therefore, precursors must first provide all the necessary elements (in particular oxygen for oxides) to obtain the stoichiometric material. Secondly, the precursor flow is controlled by direct evaporation of the precursor from a reservoir (evaporation or sublimation at a controlled temperature), therefore, volatility and stability are both necessary and precursor should evaporate molecularly under a single species (avoiding oligomers).

These strict precursor specifications are the main CBVD bottlenecks towards process industrialization, and it is therefore mandatory to identify new precursors for this technique, even for elements for which one is already available, with two aims:

-Enlarging the range of achievable materials, either by enlarging the range of composition by mixing precursors that have different windows of volatilities or by using precursors that induce different film morphologies (as it was proven that precursor chemistry influences film properties [START_REF] Taylor | Does Chemistry Really Matter in the Chemical Vapor Deposition of Titanium Dioxide? Precursor and Kinetic Effects on the Microstructure of Polycrystalline Films[END_REF]).

-Improving mask re-usability in additive growth structuration process through shadow mask, as the selectivity of deposition substrate/mask is related to the activation energy of deposition of the precursor [START_REF] Wagner | Fabrication of complex oxide microstructures by combinatorial chemical beam vapour deposition through stencil masks[END_REF]. Precursors with similar decomposition temperature ranges are thus required.

For titanium dioxide TiO2, which is a highly multifunctional oxide widely used as thin films (for optics, photochemistry, gas sensor, electronics, etc.) and a key component of a wide range of interesting mixed oxides (Nb doped TiO2, BaTiO3, etc.), titanium tetraisopropoxide [Ti(OiPr)4]m (TTIP, CAS: 546-68-9) remains the principal O-containing precursor used in gas phase deposition processes since it is commercial, cheap, liquid, shows high volatility and high reactivity on the surface of the substrate. However, like a lot of alkoxides, its thermal stability is low, and it might adopt oligomeric forms (m >1) [START_REF] Martin | Structure of the Trinuclear Titanium (IV) Alkoxides[END_REF], although this effect was not observed in previous TiO2 deposition study by CBVD, where growth rates correlated with single monomeric evaporation [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF]. Heteroleptic precursors based on alkoxides and different chelating ligands have been developed such as disubstituted β-diketonates [Ti(OiPr)2(acac)2], [Ti(OiPr)2(thd)2] to improve the thermal stability but that rendered the precursors less volatile and less reactive [START_REF] Devi | Old Chemistries' for new applications: Perspectives for development of precursors for MOCVD and ALD applications[END_REF][START_REF] Kim | Synthesis and characterization of heteroleptic titanium MOCVD precursors for TiO2 thin films[END_REF]. For CVD, other families of ligands have been widely studied [START_REF] Jones | Molecular design of improved precursors for the MOCVD of electroceramic oxides[END_REF][START_REF] Jones | Some recent developments in the MOCVD and ALD of high-κ dielectric oxides[END_REF]: ether-alcohols, diols and aminoalcohols. The most reported ones are: mmpH (1-methoxy-2-methylpropan-2-ol), mpdH (2methylpentane-2,4-diol) and dmaeH (2-dimethylamino-ethan-1-ol]. Mono, di, tri and tetrasubstituted forms of [Ti(OiPr)4]m with dmaeH [START_REF] Ashraf | Heteroleptic titanium alkoxides as single-source precursors for MOCVD of micro-structured TiO2[END_REF][START_REF] Lee | Atomic Layer Deposition of TiO2 Thin Films from Ti(O i Pr)2(dmae)2 and H2O, Bull[END_REF] have been synthesized and some of them have been tested in ALD or MOCVD deposition to produce uniform TiO2 films [START_REF] Ashraf | Heteroleptic titanium alkoxides as single-source precursors for MOCVD of micro-structured TiO2[END_REF][START_REF] Lee | Atomic Layer Deposition of TiO2 Thin Films from Ti(O i Pr)2(dmae)2 and H2O, Bull[END_REF][START_REF] Jones | Synthesis and characterisation of two novel titanium isopropoxides stabilised with a chelating alkoxide: their use in the liquid injection MOCVD of titanium dioxide thin films[END_REF][START_REF] Lee | Metalorganic chemical vapor deposition of barium strontium titanate thin films with a more coordinatively saturated Ti precursor, Ti(dmae)4 (dmae=dimethylaminoethoxide)[END_REF].

Material and methods

Precursor synthesis and characterizations

All manipulations were carried out using standard Schlenk techniques under dry and oxygen-free argon atmosphere. Hexane was purified using a MBRAUN SPS 800 system. TTIP was purchased from Sigma-Aldrich and distillated under vacuum prior to use. 2dimethylaminoethan-1-ol (dmaeH) was obtained from Aldrich, distillated and stored over 4Å molecular sieves. 1-dimethylaminopropan-2-ol (dmapH) was provided by Alfa Aesar and dried by storage over 4Å molecular sieves. 1-(dimethylamino)-2-methyl-2-propanol (dmampH) was synthesized using a new protocol in order to reach quantitative yields [START_REF] Verchère | Heteroleptic Tin(IV) Aminoalkoxides and Aminofluoroalkoxides as MOCVD Precursors for Undoped and F-Doped SnO2 Thin Films[END_REF][START_REF] Bijou | Synthesis and characterization of new inorganic molecular precursors for the deposition of multifunctional metal oxide films by CBVD[END_REF]. 1 H and 13 C NMR spectra were recorded on Brüker AVANCE III 400MHz with a BBFO probe (Z gradient) using Topspin software. All chemical shifts were measured relatively to the deuterated solvents in case of 13 C NMR in CDCl3: δ = 77.23ppm triplet or to the residual protic solvent for 1 H NMR in CDCl3: δ = 7.24ppm singlet. FT-IR spectra were recorded from 4000 to 400 cm -1 at room temperature using Bruker Vector 22 and Opus software. TGA were performed on a TGA/DSC MX1 from Mettler Toledo, Stare system, gas controller GC200. Samples (5-10 mg) were prepared in the glovebox (under nitrogen) using sealed aluminum crucibles that were automatically perforated prior to analysis. For the measurement, argon was used as carrier gas with a flow rate of 300 cm 3 per minute with a program starting with 4 minutes at 25°C and then a heating rate of 5K per minute until 600°C is reached. The infrared-coupled TGA used the same model of TGA apparatus as before, but connected to a special gas-phase IR unit, lent by Thermo-Fischer. Samples were prepared in a glove box with 50 mg of compound in aluminum crucibles which were then sealed, placed in the TGA apparatus and pierced just prior to analysis. For the analysis, the method uses as carrier gas dry nitrogen with a flow rate of 80 cm 3 per minute with a heating program starting from 25°C to 350°C with a heating rate of 5K per minute. The gas produced during the TGA process was transported to a FT-IR gas chamber of 20 cm long with one KBr window. The FT-IR gas cell and the line transferring the gases released from the TGA were preheated and maintained at 250°C to avoid gas condensation. FT-IR spectra were recorded on a Thermo-Scientific Nicolet IS10 and the spectra were processed using Omnic software.

General procedure for [Ti(OiPr)3(L)

]m syntheses : 5g of [Ti(OiPr)4]m (17.6mmol) were diluted in n-hexane (40mL) then one equivalent of ligand (dmaeH = 1.57g, dmapH = 1.81g and dmampH = 2.06g) was added slowly, the mixture was let under stirring overnight. The solution was refluxed for 2h and then allowed to cool. All volatiles were removed under vacuum and the light-yellow liquid obtained was then purified by vacuum distillation (0.3mbar, 100-120°C). The yields of synthesis, NMR and FT-IR characteristics of the synthesized compounds are listed below. The 1 H NMR spectra are presented in Figure 1 and the FT-IR spectra in Figure S1.

Preparation of [Ti(OiPr)3(dmae)]m (1)

: Colorless liquid, yield: 78%.

1 H NMR δ (ppm) 1.18 (d, 3 J = 6.5 Hz, 18H, OCH(CH3)2); 2.39 (s, 6H, N(CH3)2); 2.69 (t, 3 J = 6.3 Hz, 2H, NCH2CH2); 4.16 (t, 2H, 3 J = 6.3 Hz, OCH2CH2), 4.58 (spt, 3H, 3 J = 6.5 Hz, OCH(CH3)2). 

Preparation of [Ti(OiPr)3(dmap)]m (2):

Colorless liquid, yield: 89%. 

Preparation of [Ti(OiPr)3(dmamp)]m (3):

Colorless liquid, yield: 75%. The CBVD equipment (Sybilla 150 from ABCD Technology [START_REF]ABCD Technology -Basics for a New Start![END_REF]) is described in detail elsewhere [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF]. Each Liquid precursor is evaporated from a temperature-regulated reservoir into an independent pre-chamber from which the precursor effuses through small effusive holes (distributed on a ring, drilled into a thin metallic foil separating the pre-chambers and the deposition chamber under high vacuum -pressure lower than 2 x 10 -5 mbar-) to reach the substrate with a ballistic trajectory. The impinging precursor flow rate distribution at each substrate point can consequently be calculated with precision [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF]. In the present work, a very efficient strategy to study thin film deposition kinetics and properties is used, saving time and resources in comparison to more conventional studies. It relies in particular on a white light (wavelength range 380-740 nm) homemade spectral reflectometer [START_REF] Yettou | Développement d'un réflectomètre optique pour les mesures in-situ et en temps réel de la croissance des couches minces[END_REF] that enables to follow in situ and in real time the deposited thickness (1 measurement per point every 45 s, standard cycle with 21 points distributed over a 4 inch substrate, see Figure 2 Step 1: Combinatorial multi-layers deposits to scan rapidly growth rate variation over a wide range of substrate temperature.

In the selected combinatorial geometry, precursor molecules are effused from a single prechamber source (1 hole of 250 μm radius) resulting in a flow gradient on the substrate (see Figure 2 for flow distribution). Preliminary, a homogeneous TiO2 layer of about 100 nm was deposited on the substrate from [Ti(OiPr)4]m (6 precursor sources, tank at 37°C, prechamber pressure of 0.7-0.8 mbar, substrate temperature of 500°C, deposition time of 5-6 min), to avoid any time delay in growth due to nucleation effect on the substrate, and to avoid the low deposited thickness range in which reflectometry proved less sensitive. Then, TiO2 layers were deposited using one of the three new precursors at almost identical molecular flows ( Table 1) and varying substrate temperatures from 340°C to 600°C. For each precursor, two to four successive thin layers (10 to 20 nm thick) of TiO2 were then deposited by varying the substrate temperatures.

Step 2: Combinatorial single layer deposits at selected substrate temperatures.

Single layer deposits were made with identical flow conditions to multi-layer deposits and without applying a pre-coating. These deposits were carried out for well-selected substrate temperatures from step 1, to confirm the occurrence of a chemical reaction limited regime (CRLR) and of a mass transport limited regime (MTLR), in which the growth rate is proportional to calculated precursor flow.

Step 3: Homogeneous deposits at selected substrate temperatures.

For these deposits, precursor molecules are effused from 6 holes distributed at 60° on a ring resulting in a homogenous flow (within a few percent) across the substrate. These samples enable to check that identified growth rate in the combinatorial experiment can be reproduced on the full wafer and provide large areas for thin film characterization. In addition, samples from precursors 1-3 of similar thickness are deposited to compare the crystalline/morphological film properties. For each precursor, such an experiment is repeated for four different substrate temperatures.

Thin film characterizations

X-ray diffraction

Analyses were performed on a Bruker diffractometer D8 Advance. Deposits were placed on sample holder without preparation. To avoid enormous amount of counts for silicon (400) peak (λCu Kα1, α2 69.325° 2θ), patterns were recorded in two times: between 20° and 66° 2θ and then between 72° and 90° 2θ (0.02047° 2θ measurement step) and 4 sec per detector step (2.9477°, 192 channels).

Atomic force microscope AFM

Before analysis, samples were fixed on support with silver lacquer. Measurements were performed using Nanoscope III-A (Digital Insts./Bruker Corp.) AFM and operating in contact mode under ambient conditions with square pyramidal Si3N4 tips with nominal radii of 20-30nm mounted on gold-coated triangular Si3N4 cantilevers having a nominal spring stiffness of 0.06 N.m -1 . Pictures were taken using 512x512 lines. Picture treatment was made on Gwyddion.

Ellipsometry

Analyses were performed using UVISEL HORIBA spectroscopic ellipsometer working at room temperature with wavelength from 250 to 2100 nm. Measurements were made at 70° angle and indexes were extracted by fitting measurements to models.

Rutherford backscattering spectrometry RBS

RBS analyses were carried out with α particles at an energy of 2 MeV using certified standards for C, Al, V, Fe, Mo, W. Simulation of experimental spectra was possible with superposition of layers, of about 20nm juxtaposed. Elementary profile deducted from simulation had a depth resolution of 15nm. Scale in nm was obtained from scale in at.cm -2 supposing a density of 4.23g.cm -3 for anatase deposition.

NBS analyses were carried out using resonance on carbon (α, 5.7 MeV) with certified standards for Al, O, C, W.

Electronic microscopies

For preparation, each sample was fixed by carbon scotch to a metallized sampler holder.

Analyses were performed on a SEM owned by Consortium Lyon-Saint Etienne de Microscopie (CLYM, FED 4092). The SEM is a FEI ESEM-XL30 from Philips, used under high vacuum with a Field Emission Gun (FEG). The acceleration voltage usually used ranged from 5 to 20 kV.

Raman spectroscopy

Raman analyses were performed on LabRam HR Spectrometer Horiba. Spectra were recorded from 3433 to 44.5 cm -1 with a resolution of 4 cm -1 . Laser wavelength of 514 cm -1 with power of 1.12 mW, without optic density and a lens x100. Pure silicon was used as reference: 519.94 cm -1 . Deposits were placed on sample holder without preparation. Spectra were recorded during 15 seconds with 2 accumulations. After purification by vacuum distillation, each precursor was characterized by multinuclear NMR and FT-IR. All precursors were liquid and gave 1 H and 13 C NMR spectra in agreement with the 3:1 ligand ratio and with downfield chemical shifts compared to TTIP.

Variable temperature 1 H NMR spectra in C7D8 (from 10 to -50°C) of 1-3 are presented in Figure 1. It should be noted that only compound 3 (dmamp ligand) at -50°C showed coalescence of the peaks of all protons in α-position to the nitrogen (CH2-N and CH3-N), suggesting a similar magnetic environment compatible with a non-chelating coordination of the dmamp ligand [START_REF] Park | Synthesis and Characterization of Novel Volatile Imido-Aminoalkoxide Tantalum Compounds[END_REF]. The non-chelation of the dmamp ligand may be explained by the significant steric hindrance of this ligand which has two methyl ligands in the β-position in addition to the CH2CH2NMe2 chain (in analogy to the OiPr ligand). It seems at least that

[Ti(OiPr) 4 ] m + HOCRR'CH 2 NMe 2 [Ti(OiPr) 3 (OCRR'CH 2 NMe 2 )] m + HOiPr R = R' = H (1), 78% R = H , R' = Me (2), 89% R = R' = Me (3), 75%
n-hexane, RT complex 3 behaves differently in solution than the other complexes 1 and 2. Various attempts to obtain single crystals for derivatives 1-3 have failed.

Precursor volatility

The precursor volatilities were first evaluated by thermogravimetric analysis, and then vapour pressure measurements were carried out as function of evaporation temperature in the CBVD system. The TGA of derivatives 1-3 under argon atmosphere exhibited a single and total weight loss higher than TTIP, leaving virtually no residue (1-2% compared to a TTIP residue of 5%), and patterns shifted to higher temperature (about 40°C at 50% weight loss) (Figure 3). These data show that these new precursors have very good volatilities, lower than TTIP, but better thermal stability than the latter without decomposition.

However, no difference is observed between precursors 1-3 and TGA coupled FT-IR analyses have demonstrated their stability in the gas phase (Figure S2). For all precursors, the FT-IR absorption bands appeared from a certain time corresponding to the start of weight loss and then remained constant proving the thermal stability of these new precursors under our TGA conditions.

Vapour pressure measurements were then carried out as function of evaporation temperature directly in the CBVD system in the temperature range 23 to 57°C (Figure 4a).

It should be pointed out that thermodynamic equilibrium is not reached as the pressures are measured in a dynamic flow configuration, which explains why reported pressure values for TTIP are lower than those reported in the literature [START_REF] Filatov | Thermal Properties of Some Volatile Titanium (IV) Precursors[END_REF]. But similar values obtained with 1-source flow or 6-sources flow demonstrate that the conditions are comparable. The apparent evaporation enthalpies ∆Hvap are obtained from Arrhenius plots: Ln(P)=const -∆Hvap/RT where P is prechamber pressure, T reservoir temperature in K and R the gas constant. The evaporation laws of the three precursors in this temperature range are presented in Table 2, for the standard Arrhenius formalism: Ln[P(mbar)]=A-B/T(K) where P is the pre-chamber pressure and T the tank temperature. 

Kinetics of deposition

The combinatorial depositions carried out in step 1 (multilayers) monitored by in situ reflectometry enable to check that no incubation period of the deposition is observed (characterized by a random growth delay) and that a constant growth rate is obtained. This is achieved for all conditions tested with all precursors. A typical reflectometry measurement for such a film growth is presented in Figure S3. Reporting growth rate obtained by this measurement as a function of the calculated precursor flow at each point for the different layers grown at different substrate temperatures highlights different growth regimes: at low temperature, the growth rate is similar over the whole wafer, and at high temperature, the growth rate is proportional to the precursor flow (see such a typical graph for precursor 3 in Figure 5). This is actually typical of the chemical reaction limited regime (CRLR) obtained at lower substrate temperature and of mass transport limited regime (MRLR) obtained at higher substrate temperatures, that are standard in CBVD [START_REF] Wagner | Geometry of Chemical Beam Vapor Deposition System for Efficient Combinatorial Investigations of Thin Oxide Films: Deposited Film Properties versus Precursor Flow Simulations[END_REF][START_REF] Dabirian | Evaluation of niobium dimethylamino-ethoxide for chemical vapour deposition of niobium oxide thin films[END_REF] or other CVD processes.

These different regimes are clearly evidenced for all three new precursors by looking at the thickness distribution profiles obtained with single layer combinatorial experiments from one precursor source (Figure S4), only the transition temperature between the two regimes varies. A full detailed deposit series was also realized and repeated for precursor 2 proving excellent reproducibility (see Figure 6). The growth rate that is reported is the growth rate at the wafer center. Blue dots correspond to deposition in a first series, and green dots to a repetition few months later. At lower temperatures, deposits are homogenous in thickness (as shown by the uniform interference color), meaning growth rate does not depend on flow, but only on substrate temperature: deposition takes place in a chemical reaction limited regime. At higher temperature, the growth rate becomes independent of substrate temperature, and replicates the flow gradient (the interference color pattern replicates the flow simulation presented in Figure 2): deposition takes place in a mass transfer limited regime.

To compare the deposition kinetics of the four precursors, all data (for the 3-step studies) are reported in an Arrhenius plot in Figure 7 The efficiency of conversion of the precursor into TiO2 in the film in the MTLR is similar for the four precursors: the new precursors showed an average efficacy between 85 and 90% compared to [Ti(OiPr)4]m.

Film characterizations

Film characterizations were realized on single layer homogeneous film deposits, analyzing

for each precursor, one deposit in mass transfer limited regime and one deposit on chemical reaction limited regime (Table S1). All samples exhibited columnar growth structures when observed in SEM cross-section (Figure S5a). This columnar growth is typical of anatase film growth by all vapor phase deposition techniques, and it is common to many materials by CBVD. In literature, some models have been developed to explain this particular growth processes that are related to surface diffusion and shadow effects [START_REF] Mazor | Columnar growth in thin films[END_REF]. Film surface morphologies changed slightly from one precursor to the others, but these variations should not be overinterpreted because the films also had slight different thicknesses and growth temperatures (Figure S5b). AFM measurements revealed in all cases a RMS roughness between 3 and 18 nm (Figure S6 and Table S1). Raman analysis of all the deposited films revealed an anatase nanocrystalline structure [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF] (Figure 8a ). This crystallinity is confirmed by XRD measurements (Figure 8b), with slightly different polycrystalline orientations observed depending on precursor and/or substrate temperature. RBS studies reveal that the films had a TiO2±0.5 stoichiometry and NBS measurements found C contamination levels below 4% in all deposits.

Concerning the film optical properties, the refractive index of the films under the different conditions and deposited with the different precursors is presented in Figure 9. In the MTLR regime, 3 points are evaluated on each wafer: top corresponds to the maximum thickness, center to the wafer center, and min to the minimum thickness. The optical index used by our reflectometry data treatment is reported as reference. The data show that the refractive index does not vary significantly with the precursor used, but rather with the growth regime, with the films grown in CRLR having higher optical index values. In the MTLR, the index values seems to increase with the thickness of the film.

Discussion

The three new precursors 1-3 were synthesized in very good yields (between 75 and 89%)

and their evaporation study by ATG coupled with FT-IR demonstrated they were pure, evaporating as single compounds in a stable way, which fulfill CBVD precursor requirements. Moreover, they revealed to be efficient to deposit TiO2 films, with a film quality similar to that achieved in a standard way with the more usual TTIP precursor.

Probably due to the chelating structure of the amino-alcohol ligand, the new precursors are more stable and less sensitive to air and water.

The combinatorial study of deposition from these precursors coupled with the in situ reflectometry study has proven to be particularly efficient in terms of time and resource consumption to study deposition kinetics from the new compounds. This method has also been shown to provide highly reproducible results. For all compounds, two growth regimes are clearly evidenced, a mass transfer limited regime in which the deposited thickness is directly proportional to the precursor flow, independently of the substrate temperature, and a chemical reaction limited regime, in which on the contrary the growth rate depends only on the substrate temperature. The mass transfer limited regime is of major interest for producing films of controlled graded composition when mixing precursors, and is demonstrated to be obtained in this study at a relatively low substrate temperature (from 400 to 500°C). It has the additional advantage of not being sensitive to small substrate temperature inhomogeneities and of allowing very homogeneous depositions only correlated to flow distribution homogeneity.

Compared to standard TTIP, the three new precursors all enable to target lower growth rates than TTIP which presents two major advantages (i) better control of the thickness of very thin film and (ii) a broader range of achievable composition when mixed oxides are targeted using other element precursors that exhibit low pressures. Within the precision of this work, no major difference is observed between precursors [Ti(OiPr)3(dmae)]m (1) and [Ti(OiPr)3(dmap)]m (2) in terms of volatility and substrate temperature window for deposition. On the contrary, precursor [Ti(OiPr)3(dmamp)]m (3) is more volatile, enables deposition down to lower temperature in the MTLR regime and exhibits a more than twofold activation energy. This is of particular interest when considering a possible application to deposition through shadow masks in which the selectivity of deposition on the substrate versus that on the mask (unwanted) is directly related to the activation energy of the deposition reaction [START_REF] Wagner | Fabrication of complex oxide microstructures by combinatorial chemical beam vapour deposition through stencil masks[END_REF]. The achievable growth range is calculated assuming that all impinging precursor on the substrate is converted into TiO2 film, varying the precursor reservoir temperature from 20 to 60°C. Selectivity is calculated as (1 -

)

). For each precursor, 2 curves are calculated corresponding to the substrate point closest to the precursor source and the substrate point further from the source in a 1 source combinatorial configuration (Erreur ! Source du renvoi introuvable.). precursors for CBVD. [Ti(OiPr)3(dmamp)]m (3) revealed to be more volatile than the other two, and also to enable lower substrate temperature for deposition in mass transfer limited regime with a double activation energy in the chemical reaction limited regime. In terms of film physico-chemical properties, no major differences are evidenced for films deposited from the different precursors, all providing polycrystalline anatase with minor carbon contamination. Actually, the growth regime and film thickness seem to be the determining factors, for instance as far as reflective index is concerned. Regarding the influence of the precursor on the physico-chemical properties of films, further work is in progress, as it reveals a complex multi-parameter problem, which depends not only on the nature of the precursor, but also on the growth rate, the growth temperature and the film thickness. 

13 C

 13 NMR δ (ppm) 26.7 (OCH(CH3)2); 46.7 (N(CH3)2); 62.0 (NCH2CH2); 67.9 (OCH2CH2) and 76.32 (OCH(CH3)2). FT-IR ν (cm -1 ) 2965, 2928, 2861 (s, C-H); 1461 (m); 1373 (m); 1359 (m); 1327 (m); 1162 (s); 1125 (s); 1091 (s); 1070 (m); 1013 (s); 991 (s); 949 (m); 893 (m); 846 (s); 786 (w); 717 (w); 605 (s, Ti-O); 508 (w); 468 (m) cm -1 .

1 H 7 (

 17 NMR δ (ppm) 1.06 (d, 3 J = 6.5 Hz, 3H, OCH(CH3)CH2); 1.17 (t, 3 J = 6.5 Hz, 18H, OCH(CH3)2); 2.26 (dd, , 2 J = 12.7 Hz, 3 J = 6.3 Hz, 1H, NCH2CH); 2.38 (s, 6H, N(CH3)2); 2.65 (t, 2 J = 12.7 Hz,3 J = 11.3 Hz, 1H, NCH2CH); 4.40 (m, 1H, OCH(CH3)CH2); 4.65 (spt, 3H, OCH(CH3)2). 13 C NMR δ (ppm) 22.7, 23.1 (OCH(CH3)CH2); 26.6, 26.OCH(CH3)2); 46.9, 47.1 (N(CH3)2); 68.5, 68.6, 68.7 (NCH2CH); 73.0 (OCH(CH3)CH2); 75.3, 75.6, 76.21, 76.4 (OCH(CH3)2). FT-IR ν (cm -1 ) 2966, 2924, 2861, 2833 (s, C-H); 1456 (m); 1373 (m); 1360 (m); 1329 (m); 1162 (s); 1129 (s); 1090 (s); 1019 (s); 991 (s); 949 (s); 867 (w); 846 (m); 767 (m); 626 (s, Ti-O); 550 (w); 461 (w).

1 H

 1 NMR δ (ppm) 1.17 (d,3 J = 6.5 Hz, 18H, OCH(CH3)2); 1.21 (s, 6H, OC(CH3)2CH2); 2.43 (s, 6H, N(CH3)2); 2.61 (s, 2H, CH2N(CH3)2); 4.64 (m, 3H, OCH(CH3)2). 13 C NMR δ (ppm) 26.7 (OCH(CH3)2); 32.4 (OC(CH3)2CH2); 49.4 (N(CH3)2); 72.1 (CH2N(CH3)2); 76.0 (OCH(CH3)2); 80.1 (OC(CH3)2CH2). FT-IR ν (cm -1 ) 2967, 2927, 2862, 2833 (m, C-H); 1456 (m); 1373 (m); 1360 (m); 1328 (m); 1289 (w); 1196 (w); 1125 (s); 989 (s); 953 (m); 912 (w); 846 (m); 808 (m); 766 (m); 634 (s, Ti-O); 555 (m); 483 (m); 454 (m). 1.2. Thin film deposition and in -situ characterization.

  ) assuming tabulated optical indexes for TiO2 films. Deposits are realized with each of the precursor [Ti(OiPr)4]m and the 3 new ones, namely [Ti(OiPr)3(dmae)]m (1), [Ti(OiPr)3(dmap)]m (2) and [Ti(OiPr)3(dmamp)]m (3) onto 4-inch doped boron Si(100) wafers. Depositions are carried out with 3 different steps:

3 Results 1 . 1 .Scheme 1 -

 3111 Scheme 1-Synthesis of heteroleptic Ti(IV) aminoalkoxides [Ti(OiPr)3(dmae)]m (1) ,[Ti(OiPr)3(dmap)]m (2) and [Ti(OiPr)3(dmamp)]m (3)

Compounds 1 - 3

 13 are less volatile than [Ti(OiPr)4]m, as evidenced from 4b,for instance at the easy to handle tank temperature of 35°C, the new precursors have pressures between 9 and 21.10 -3 mbar compared to 52.10 -3 mbar for TTIP. Surprisingly, [Ti(OiPr)3(dmae)]m (1) and [Ti(OiPr)3(dmap)]m (2) show similar volatility while [Ti(OiPr)3(dmamp)]m (3) is significantly more volatile. All precursors exhibit similar vaporization enthalpies, in the range 60-80 kJ.mol -1 . The lower vapour pressure achievable with the new precursors at the standard tank temperature broadens the ability to grow TiO2 in the low growth rate range achievable for TiO2 deposition (of particular interest when targeting very thin films) and enhances the possibility of co-deposition over a wider composition range with other low volatile precursors.

  presenting growth rate (normalized by prechamber pressure) as a function of substrate temperature. [Ti(OiPr)3(dmae)]m (1) and [Ti(OiPr)3(dmap)]m (2) show similar behavior with a CRLR till 460°C and MTLR above 500°C. [Ti(OiPr)3(dmamp)]m (3) differs because it has a lower onset for substrate temperature deposition at 340°C, the transition between the CRLR and the MTLR is observed between 380°C and 440°C. Activation energies ranges from about 90 to 230 kJ/mol. At the level of precision of our data, [Ti(OiPr)4]m, [Ti(OiPr)3(dmae)]m (1) and [Ti(OiPr)3(dmap)]m (2) have similar values while the activation energy is particularly high for [Ti(OiPr)3(dmamp)]m (3).

5 Conclusions[

 5 Ti(OiPr)3(dmae)]m (1) and [Ti(OiPr)3(dmap)]m (2) and [Ti(OiPr)3(dmamp)]m (3) were synthesized from [Ti(OiPr)4]m and fully characterized before being used as a TiO2

Figure 6 -

 6 Figure 6-Full combinatorial experiment series with precursor (2), varying substrate temperature for each deposition and keeping precursor flow constant.

Figure 7 -

 7 Figure 7-Summary of kinetics law of deposition for each precursor as a function of substrate temperature, normalized to the growth rate measured with TTIP in the mass transfer limited regime.

Figure 8 -

 8 Figure 8-a) Raman patterns for deposits made with each precursor in CRLR (lowest substrate temperature) and MTLR (highest substrate temperature), b) XRD patterns for deposits made with each precursor in same conditions. (XRD spectra: Anatase peaks are labelled as A, and rutile peak as R).

Figure 9 -

 9 Figure 9-Refractive index of films measured by ellispsometry for the different precursors deposited in the different growth regimes, MTLR or CRLR (or intermediate), in single layer mode in combinatorial configuration.

Figure 10 -

 10 Figure 10-Theoretical comparison of precursors in terms of growth rate and selectivity of deposition on substrate with respect to mask when deposition is carried out through a mask.

Figures Figure 1 Figure 5 32Figure 6 33Figure 7 Figure 10

 156710 Figures

  

  

  

  

Table 1 .

 1 Experimental parameters during deposition of step 1. Reported molar flow F emitted by the source are calculated for pre-chamber temperature T = 150°C and considering precursor molecular mass of respectively M of 284.22 g.mol -1 for TTIP, 313.26 g.mol -1 for (1), 327, 28 g.mol -1 for (2) and 341,31 g.mol -1 for (3), using the relation : = √ , where P is pre-chamber pressure and R gas constant.

	Tank			Substrate
		Pressure	Molar flow	
	temperature	(10 -3 mbar)	(10 -8 mol.s -1 )	temperature
	(°C)			(°C)
	[Ti(OiPr)4]m			
	37.23 ± 0.35	76.2 ± 6.6	1.89 +/-0.16	499.0 ± 3.7
	(pre-layer)			
	[Ti(OiPr)4]m			from 372 to
	37.07 ± 0.03	103.8 ±-0.6	2.57 +/-0.02	
	(TTIP)			585
	[Ti(OiPr)3(dmae)]m			from 400 to
	46.36 ± 0.14	52.2 ± 2.0	1.23 +/-0.05	
	(1)			591
	[Ti(OiPr)3(dmap)]m			from 400 to
	46.59 ± 0.25	55.8 ± 2.1	1.29 +/-0.05	
	(2)			590
	[Ti(OiPr)3(dmamp)]m			from 339 -to
	40.25 ± 0.57	51.7 ± 1.5	1.17 ± 0.04	
	(3)			552°C

Table 2 .

 2 Parameter for Arrehnius laws of precursor vapour pressures measured in dynamic conditions as a function of tank temperature in the range 23 to 57°C. Ln[P(mbar)]=A-normalized and all precursor flows are normalized to the flow at the wafer center).

	B/T(K)				
	Precursors	TTIP	1	2	3
	A	26.1 ± 0.4	27.3 ± 1.3	22.8 ± 1.0	21.9 ± 1.1
	B	8807 ± 113	9697 ± 397	8247 ± 301	7804 ± 332
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