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) is shifted by an additional ~100 to 300 mV compared to that with films grown on a chemical SiO 2 oxide. This is in good agreement with the expected dipole effect related to the grafting of such molecules on silicon. The interfacial state density is comparable to the one measured on films grown on SiO 2 /Si. This study opens up the route for the engineering of the Si/high- oxide interface using organic grafting.

I. INTRODUCTION

In order to continue the miniaturization of complementary metal oxide semiconductor (CMOS) devices, considerable research efforts have been placed in the last 15 years on the replacement of SiO 2 or SiO x N y gate dielectrics by a high- oxide [START_REF] Wilk | [END_REF]. A Hf-based oxide or silicate on top of a typically 0.5 to 0.7 nm SiO 2 interfacial layer (IL) is currently the most studied and mature stack. Aggressive equivalent oxide thicknesses (EOTs) well below 1 nm are now targeted for the sub-32 technology nodes [START_REF]International Technology Roadmap for Semiconductors (ITRS)[END_REF]. To achieve such low EOTs, higher  materials are envisaged such as LaAlO 3 , LaLuO 3 or rare-earth scandates [START_REF] Becerra | [END_REF][4][5][6]. Another approach consists in the suppression of the SiO 2 IL. To eliminate the IL, different schemes have been explored. Silicates in direct contact with Si have been shown to be promising candidates in low-temperature (gate-last) [7][8][9] or high-temperature (gate-first) [10] processes.

For Hf-based dielectrics, direct or remote scavenging approaches have been proposed in order to remove the IL [11][12]. In the scavenging process, the IL is consumed by interdiffusion via oxygen vacancies of oxygen atoms towards a metal that has been introduced on purpose either in the high- dielectric or in the metal gate and that acts as an oxygen sink during the hightemperature anneal at ~1000ºC that takes place for the dopant activation. Such approach has proven to be very effective to achieve EOTs as low as 0.42 nm [12]. In this study, we explore a different approach, relying on the grafting of an ultrathin organic layer on the silicon surface prior to HfO 2 deposition. Direct grafting of organic monolayers on Si is indeed an efficient method to give specific properties to the silicon surface [13][14][15][16][17][18][19][20][21][22][23][24][25][26][27]. This approach has been especially developed in view of elaborating chemical and biochemical sensors [24,25,[28][29][30], but the idea of using an organic functionalization as a protection against surface oxidation has soon appeared [START_REF] Lewis | Stabilization of Si photoanodes in aqueous electrolytes through surface alkylation[END_REF]. In the context of the growth of high- oxides on various semiconductors and of preventing the formation of the IL, various surface pretreatments have been considered [32], and organic functionalization has been suggested indeed as an alternative method to these treatments [33,34]. However, its implementation for the case of silicon has seemingly been mentioned [START_REF] Lewis | Electrical passivation of silicon-containing surfaces using organic layers[END_REF] but scarcely explored, and to, our knowledge, only for alumina deposition [START_REF] Li | [END_REF].

In this work, we investigate the possible inhibition of the IL growth when the silicon surface is functionalized with an organic layer of different chain length, with various terminal groups and a Si-C or a Si-O-C linkage. An amorphous HfO 2 layer of typically ~2.5 to 5 nm is deposited on top of these functionalized surfaces by liquid-injection metal organic chemical vapour deposition (MOCVD). The resulting surfaces and films are characterized by atomic force microscopy (AFM), X-ray reflectometry (XRR), Fourier-transform infra-red spectroscopy (FTIR) in attenuated total reflectance mode (ATR) and X-ray photoelectron spectroscopy (XPS). The electrical properties of MOS capacitive structures are evaluated on as-grown films and compared to those obtained for HfO 2 grown on a standard 1.2 nm chemical oxide SiO 2 . Emphasis is placed on the demonstration of possible IL growth inhibition. Hence the HfO 2 films thickness is not targeted to reach aggressive EOTs but rather to study the growth and evaluate in a first place the engineering capabilities of the Si/high- interface with organic layers.

II. EXPERIMENTAL SECTION

Silicon etching: The Si (111) samples were cleaned in a 1:3 H 2 O 2 /H 2 SO 4 piranha solution at 100°C for about 30 min and then rinsed with ultrapure water (Milli-Q). An atomically flat Si(111)-H surface was obtained by chemical etching for 15 min in oxygen-free 40% NH 4 F (ca. 0.05 mol•L -1 ammonium sulphite is added to the etching solution) followed by a quick rinse with ultrapure water [START_REF] Munford | [END_REF]. This surface exhibits terraces separated by steps of monatomic height. In the case of Si(100) surfaces, the surface was hydrogenated by dipping the sample in 50% HF solution for a few seconds followed by an ultrapure water rinse.

Thermal hydrosilylation reaction for long chain grafting: Clean argon gas was bubbled through the decene, decanal or undecylenic acid placed in a Schlenk tube at 95°C for 40 min and then the liquid was cooled to room temperature. After rinsing with ultrapure water, the freshly prepared H-terminated silicon sample was quickly transferred into the Schlenk tube with continuous argon bubbling for 30 min in order to remove the dissolved oxygen. The Schlenk was then hermetically closed and heated to 95°C (decanal) or 180°C (decene or undecylenic acid) for 20 hours. In the case of decene and decanal, after the thermal reaction the Schlenk was cooled to room temperature, and the grafted sample was rinsed with THF and dichloromethane in order to remove all physisorbed species [13]. In the case of undecylenic acid (solid at ambient temperature), the sample was rinsed in hot (75°C) acetic acid, which is in this case suitable to remove the physisorbed organic molecules [22]. [38]: The freshly-hydrogenated silicon sample was placed in vertical position using a metallic clip above a PTFCE cell with a copper counter electrode. This setup was introduced into a glove box where the electrochemical modification was performed in anhydrous conditions. The electrolyte was a 3.0 M solution of CH 3 MgI in diethyl ether. The modification of the hydrogenated silicon surface was obtained by anodization under galvanostatic conditions. This reaction was performed in the glove box by applying a current density of 100 µA/cm² during 10 minutes in the presence of light. After the reaction, the sample was rinsed in diethyl ether, bromobutane (in the glove box) and VLSI-grade ethanol and ultrapure Milli-Q water outside the glove box [39,40]. For Si(111), the surface grafted by this method retains the atomic structure of the initial hydrogenated surface.

Electrochemical grafting reaction of methyl groups

HfO 2 film deposition and characterization: HfO 2 films were deposited mostly at 350°C by MOCVD. A liquid injection delivery scheme was used, which allows for a reproducible growth of oxide layers, with a precise control of the thickness down to nanometric scale [41,42]. The organometallic precursor, Hf[OtBu] 2 (mmp) 2 , was dissolved at 0.05 M in octane. The precursor was injected with a frequency of 1 Hz and an aperture time of the injector of 2 ms.

The deposition was performed in an oxidizing mixed atmosphere of Ar and O 2 , under a total pressure of 133 Pa and an oxygen partial pressure of 93 Pa. These conditions are known to lead to continuous and homogenous amorphous HfO 2 layers for thicknesses down to ~1.7 nm [43,44]. Depositions were performed simultaneously on all investigated grafted surfaces. For the study on the Si(100) surface, the deposition was also performed on an 1.2 nm chemically grown SiO 2 / Si substrate. The grafted and reference substrate pieces were placed on a clean 4" Si wafer placed on the SiC-covered graphite base in order to prevent contamination of the back of the samples by traces of any precursor previously used in the same chamber. The average growth rate was of ~5 Å/min. The samples remained at 350 °C for about 15 minutes. The film thickness was estimated both from the amount of injected liquid and from X-ray reflectometry. AFM images were obtained using a Pico SPM microscope (Molecular Imaging, Phoenix, AZ) in non-contact mode with silicon nitride cantilevers (Nanoprobe, spring constant = 0.2 N.m -1 ) in a N 2 atmosphere. Attenuated-total-reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was employed for the identification of chemical bonds present in the stacks. Two different set-ups were used. In the first one, the silicon samples were cut from double-side-polished float zone 10 -30 Ω.cm n-type (111) silicon (Siltronix) and shaped as ATR prisms (19 mm length, 0.5 mm thickness, 45° bevels, leading to typically 37 internal reflections) and the spectra were recorded using a Bomem MB 100 FTIR spectrometer equipped with a liquid-nitrogen-cooled MCT photovoltaic detector. The spectra were recorded with s and p polarization over the 900-4000 cm -1 spectral range (4 cm -1 resolution). The small size of the samples allows for the reduction of the optical path length in silicon, therefore leading to a moderate bulk-Si absorption below 1500 cm -1 , which provides access to the SiO spectral range. In the second set-up, described in details in ref 45, the film is pressed against a germanium ATR prism with a tip mounted on a micrometric screw [45].

This technique allows the study of oxide bonds down to 600 cm -1 on very thin films thanks to a very good sensitivity [46,47]. The infrared spectra were acquired in the range 600 -4500 cm -1 and referenced to the spectrum when no sample was coupled to the prism. X-ray photoelectron spectroscopy was performed using a Thermofisher VG ESCALAB 250 in normal emission. Monochromatized Al K radiation (h=1486.6 eV) and a magnetic lens system guarantee high count rates despite the used low pass energy of 10 eV. Binding energies are given with respect to the Fermi energy of the electrically grounded sample holder, which is calibrated using core level and valence band spectra of a sputter cleaned Ag foil. For the electrical characterizations, backside contacts were realized by wetting with an Indium-Gallium eutectic. Contacts on the oxide were performed by vacuum evaporation of gold electrodes through a shadow mask. C-V curves were recorded using a HP4284A precision LCR meter. Measurements were recorded at 10, 100, and 1000 kHz. I(V) curves were measured using a HP4156B parameter analyzer.

III. RESULTS AND DISCUSSION

A. Grafting on Si (111) Surfaces

A.1. Si(111)-grafted surfaces prior to HfO 2 deposition

Four different types of organic moieties were grafted and are schematically represented in Fig. 1(a). On one hand, long alkoxy chains (-O-(CH 2 ) 9 -CH 3 ), alkyl chains (-(CH 2 ) 9 -CH 3 ) and carboxyalkyl chains (-(CH 2 ) 10 -COOH) were grafted by thermal hydrosilylation of decanal, decene, and undecylenic acid, respectively. On the other hand, full methylation -in order to obtain a Si-CH 3 surface -was obtained by electrochemical reaction of CH 3 MgI with the hydrogenated surface. At first, (111) hydrogenated Si surfaces, prepared in an ammonium fluoride solution, were used because they exhibit atomically flat terraces and lend themselves better to a characterization at atomic scale using AFM. Figure 1(b) shows such a surface, with terraces separated by steps of monatomic height. The surface grafted by this method retains the atomic structure of the initial hydrogenated surface as shown in Fig. 1(c). Details of the grafting conditions are given in the experimental section. The obtained organic layers have different properties according to several criteria that we have identified as important for the control of the high- oxide deposition: linkage bond (Si-O-C or Si-C), length of the grafted chain (10 carbon atoms for the long chains and one carbon atom for the methylated surface), hydrophobic (alkyl or alkoxy) / hydrophilic (carboxyalkyl) character of surface terminal groups, density of the grafted layer (substitution of the surface SiH's is nearly 50% for the long chains and close to 100% for methyl), and thermal stability of the grafted chains (start of the desorption at 200°C for alkoxy chains, at 250°C for alkyl chains and very good thermal stability for the Si-CH 3 surface, even at 450°C [27]). These Si/organic layer interfaces are known to exhibit good electronic properties. Namely, in contact with an electrolyte, they exhibit a low surface-state capacitance [48][49][50] and large photovoltage effects, indicating a low surface recombination velocity, which is further confirmed by the observation of a sizable photoluminescence from silicon [51]. All of these properties are the fingerprint of a very low density of surface states (<10 11 cm -2 ) in the bandgap.

The chemical composition of the interface was investigated by FTIR using the silicon substrate as an ATR prism. Figure 2 shows infrared spectra of grafted surfaces with the SiO 2 surface as a reference. For the three surfaces grafted with long molecular chains (decanal, decene and undecylenic acid), the characteristic CH modes of the methylene groups are observed in the 2800-3000 cm -1 region. For the surface grafted with the acid chains, the characteristic peak of the C=O groups, centred at ~ 1720 cm -1 , is observed and the one related to CH 3 (~2960 cm -1 ) is absent. The peaks corresponding to the CH 3 groups are hardly visible on the spectrum corresponding to the methylated surface, due to the weakness of the associated dynamic dipole. These spectra exhibit strong negative peaks in the 900-1300 cm -1 region, due to the silica layer present in the reference state. However, when taking the hydrogenated surface as the reference (data not shown), it appears that the four grafted surfaces exhibit very little oxidation.

The duration of exposure of the grafted samples to high temperatures is a critical parameter of our experiment. Previous studies have shown that the desorption of alkoxy chains starts essentially at 200°C by cleavage of the C-C bonds [23], and that of alkyl chains starts at 250°C by cleavage of the Si-C bonds [22]. In these thermal stability studies the heating process is not identical with the one during the deposition, as the samples were exposed to gradually increasing temperatures for a total period of time of 75 minutes before attaining 200°C. Nevertheless, we acknowledged the importance of the time parameter, and presumed that shorter heating periods could significantly prevent the organic layers from desorbing during the deposition of HfO 2 . In order to check if the grafted layer would survive the thermal budget used for the HfO 2 deposition, 4 samples with the different grafted layers were placed in the CVD chamber and underwent a similar temperature cycle (but with no HfO 2 deposition). FTIR spectra were recorded using Si as the ATR prism (not shown). In agreement with previous studies [21][22][23], they indicate very limited silicon oxidation for decyl, decoxy and 10-carboxydecyl grafting. Interface oxidation remained below detection limit for methyl grafting. Most of the CH 2 band intensity appears to be lost for the decyl and decoxy surfaces, indicating almost complete desorption of the organic species [21,23]. For the 10-carboxydecyl surface, the IR bands related to the aliphatic chains remain and only the CO band is lost, which is attributed to the desorption of the end groups and pairing of the remaining decylene chains [22]. Finally, no change is observed for the methyl surface, in agreement with the much better thermal stability of the grafted methyl groups [21,27,52] .

A.2. Characterization after HfO 2 deposition on the grafted Si(111) surfaces

Amorphous ~4.5 nm HfO 2 films were deposited at 350ºC on the different grafted surfaces. For each set of deposition, the growth was carried out on the 4 different grafted samples so that the differences observed in the microstructure of the films can be unambiguously related to the starting organic surface and not to possible deposition irreproducibility. From previous works on Si/SiO 2 chemical oxide, HfO 2 films deposited at 350ºC are mainly amorphous with nanocrystallites observed by transmission electron microscopy [43,44].

AFM images such as those shown in Fig. 3 reveal that the HfO 2 film is continuous on all of the investigated organic layers (the roughness is lower than the film thickness) and that it replicates the stepped structure of the grafted Si(111) surfaces. Figure 4 shows the ATR-FTIR spectra of the same samples as those shown in Fig. 2 after ~ 4.5 nm HfO 2 deposition taking the grafted surface as a reference. This new reference allows us to understand the evolution of the organic groups during the deposition. In order to allow for a quantitative comparison between spectra, all spectra are plotted as an absorbance (computed using natural logarithm) per useful reflection. A weak oxidation of silicon (region 900-1300 cm -1 ) is observed. The effective (i.e in terms of number of siloxane vibrators) silicon oxide thickness formed on the methyl surface, estimated from the spectrum of Fig. 4(d) on the basis of previous work, does not exceed 0.1 to 0.2 nm [53]. There is also evidence for the formation of oxidized organic species (1300-1570 cm -1 ). The CH region (2800 -3000 cm -1 ) exhibits a negative contribution (loss of organic material, especially for the long chains) superimposed with a positive contribution (organic groups from the precursor and/or a contamination, dominant contribution for the methyl-and acid-grafted surfaces). In the case of the surface grafted with the acid, the negative peak of the C=O groups in the 1740 cm -1 region has essentially the same intensity as the positive peak of the same groups in Figure 2.

Simultaneously, for the acid-grafted surface, it appears that only a relatively small part of the CH 2 groups are lost during HfO 2 deposition. The massive (total) loss of C=O groups and the persistence of CH 2 groups is consistent with the pairing of neighbouring chains leading to long methylene chains attached by the two ends to the silicon surface and thus resistant to the HfO 2 deposition temperature of 350ºC [22]. However, the shape of the CH absorption, distinct from that recorded on a methyl-grafted surface, suggests that part of the methylene chains desorbed from the surface, an observation consistent with the somewhat larger oxidation of the silicon surface for the acid-grafted surface as compared to the methylated one.

Figure 5(a) shows the data obtained with the second ATR set-up, based on the pressing of the film surface against a germanium prism, which allows to record spectra down to 600 cm -1 and to get valuable information on HfO 2 and SiO x IL layers [44][45][46][47]54]. It has been shown that SiOx layer of a few angströms can be detected by this method [47]. The Si-O-Si stretching vibrations from a SiO x interfacial layer are observed in the range 1000 -1250 cm -1 .

The Si-O-Si stretching band can be decomposed into four contributions of 2 vibrational modes, each of them with LO and TO contributions: the AS1 mode in which adjacent O atoms move in phase and the AS2 mode in which they move 180º out-of-phase with each other [47,55]. The dashed line on the graph represents the position of the maximum of the Si-O-Si vibration peak for a 1.2 nm chemical oxide SiO 2 on Si(100). A strong effect of the grafting is observed with the quasi-suppression of the SiO 2 growth on the Si-CH 3 surface.

Among the three other graftings involving longer chains, the acid terminated chains appear the most effective. This is consistent with the observations of Fig. 4.

The absorption bands in the range 1350 -1800 cm -1 are attributed to vibrations of CO, CC and CH related bonds. The peaks at ~1460 and ~1560 cm -1 are representative of the organic contamination in the films resulting from the incorporation of precursor's decomposition products and are also observed for films deposited on ungrafted surfaces in the presence of a chemical oxide [44]. We showed that these peaks are absent for films deposited at higher temperatures (500ºC) [44]. The absorption in the range of 650 -850 cm -1 is attributed to the Hf-O stretching vibrations [44,56]. The broad peak observed at 695 cm -1 is typical for amorphous HfO 2 . We previously showed that the Hf-O peak position depends on the film thickness and shifts from 690 cm -1 for 2.8 nm to 700 cm -1 for 9.7 nm films deposited on 1.2 nm chemical SiO 2 /Si(100) substrates. The position of 695 cm -1 for ~ 4.5 nm films is therefore in good agreement with deposition on SiO 2 and tends to indicate that the amorphous HfO 2 films deposited on the various grafted surfaces are similar to those deposited on SiO 2 .

Based on the above study on Si(111), methyl and 10-carboxydecyl chains were identified as the most promising groups for the inhibition of the IL growth during HfO 2 deposition. These organic monolayers were therefore grafted on the Si(100) surface, which is the surface of choice for microelectronic applications.

B. Grafting on Si (100) Surfaces

B.1. Microstructural characterization of HfO 2 films deposited on the grafted surfaces

HfO 2 films of thicknesses ranging from ~ 2.5 to 5 nm were deposited on Si(100) at 350°C. Figure 6(a) shows the ATR spectra for one set of samples (HfO 2 thickness ~ 4.6 nm).

Simultaneous depositions were done on a reference chemical oxide SiO 2 surface (1.2 nm) and on the grafted -CH 3 and 10-carboxydecyl surfaces. The peaks located at ~690 cm -1 indicate that there is no significant difference in the HfO 2 amorphous films. The oxidation is clearly reduced for the methyl and acid surfaces as compared to the SiO 2 starting surface, with the quasi absence of the LO AS1 mode that is expected around 1225 cm -1 . The quasi absence of this peak, which is the main contribution for a chemical oxide, may indicate an island-like growth of a SiO x (C y H z ) sub-oxide that would weaken the establishment of the LO mode. A peak located at ~1260 cm -1 is clearly visible for the films deposited on the grafted surfaces and it exhibits a slightly larger amplitude for the Si-CH 3 surface. It is assigned to the symmetric bending mode of CH 3 in Si-CH 3 (umbrella mode) or the wagging mode of CH 2 in Si-CH 2 [START_REF] Lin-Vien | The Handbook of Infrared and Raman Frequencies of Organic Molecules[END_REF][START_REF] Grill | [END_REF]. Its presence is consistent with the results of Fig. 4(a) indicating that part of the molecules grafted survives the HfO 2 deposition temperature of 350ºC. Its observation for the surface grafted with 10-carboxydecyl groups might indicate that part of these chains have been degraded. One can note that the inhibition of the IL regrowth with the methyl layer is more efficient on the Si(111) than the Si(100) surface, which can be related to the fact that almost 100% of the Si-H bonds are saturated in case of Si(111) while the saturation can not be completed on Si(100) for steric reasons. A related common observation is that the oxidation of Si(100) surfaces is easier than that of Si(111) ones.

In order to study the stability of the methyl chains with temperature, HfO 2 films were deposited at 450 and 550ºC on both SiO 2 and methyl surfaces. The deposited thicknesses were ~5 and ~10.2 nm at respectively 450 and 550ºC. Figure 6(b) shows the corresponding ATR spectra for the methyl-grafted surface. The methyl groups appear unstable already at 450°C. Indeed, a shift of the Si-O-Si peak is observed towards the characteristic peak position of SiO 2 at 1225 cm -1 . At 550°C, the Si-O-Si peak is similar to the one of the film grown on SiO 2 .

Faucheux et al. [21] showed that methyl groups on porous silicon are stable up to 400°C and start to degrade at 450°C. In ref 27, methyl is reported to be stable up to 450°C on Si(111) but the heating conditions are not detailed. The degradation we observe at 450°C may be related to a longer time during which the surface is exposed to high temperature and a different temperature ramp rate as the one used in ref 27. A better preservation of the methyl monolayer at 450°C could probably be obtained by optimizing the process (e.g. using a steeper temperature ramp). A doublet centered around 690 cm -1 and 770 cm -1 appears for the Hf-O stretching vibration peak as the deposition temperature increases, which is characteristic for the monoclinic HfO 2 phase [44].

XPS was performed on the three same films (~4.6 nm) as those shown in Fig. 6(a), and confirms that the oxidation of the interfacial layer is considerably reduced on the two studied grafted surfaces. The XPS Si 2p and Hf 4f core-level spectra are shown in Figure 7. Since the films are thin enough, the Si 0 2p peak is observed with a spin orbit splitting of 0.6 eV. All Si 0 2p peaks were positioned at 99.3 eV (a slight shift of ~0.15 eV was observed in their respective position but can not be unambiguously attributed to band bending due to possible charging effects). In order to compare the SiO x interfacial layer thicknesses, the spectra were normalized in order to have the same Si 0 substrate peak area and are shown in Fig. 7(a). For the sample grown on SiO 2 , the Si-O peak is observed at 103.0 eV, which is characteristic of SiO 2 . This contribution is strongly decreased for the films deposited on the -CH 3 and 10carboxydecyl layers, showing a clear effect of the grafting on the inhibition of an IL growth.

The peak is also shifted towards lower binding energies by 0.3 eV, indicating the formation of a sub-oxide SiO x , which is consistent with the ATR observation. The Hf4f core level spectra are presented in Fig. 7(b) (the spectra are normalised to the main peak amplitude). The two peaks correspond to the spin-orbit splitting for the Hf 4f 7/2-5/2 doublet. The Hf 4f 7/2 peak is located at the same position of 17.7 eV for the films grown on SiO 2 and on the methyl surface. This value is in good agreement with values reported in the literature for films of similar thicknesses [46,59,60 and references therein]. The film grown on the acid surface exhibits a peak at a lower binding energy of 17.4 eV. This difference could arise from charge or dipole effects at the interface between the IL and the HfO 2 layer. However, other factors such as thickness variation or carbon contamination can also be involved. The Hf 4f core level is indeed known to strongly depend on the sample preparation technique and film thickness, and the Hf 4f 7/2 peak has been reported at various positions such as 17.06, 17.15, 17.3, 17.55, 17.65, 17.9 or18.10 eV [60 and references therein]. Importantly, the XPS data show that the use of grafted surfaces does not lead to significant differences in the shape of the Hf4f doublet. Thus, while the organic layers grafted on the surface do inhibit the growth of SiO 2 , they do not significantly affect the HfO 2 growth.

B.2. Electrical properties of HfO 2 films grown on methyl layers

The impact of the grafted organic layer on the electrical properties of the dielectric stack was studied on as-deposited films using metal-oxide-semiconductor capacitive structures. We focused on the methyl groups as this is the organic layer that has the largest impact in reducing the SiO 2 regrowth during deposition and the best resistance to high temperature. The electrical properties of these structures were compared to those of p-Si(100)/SiO 2 (1.2 nm)/HfO 2 structures. Figure 8(a) shows typical capacitance versus voltage (C-V) curves obtained at different frequencies for a film of thickness ~ 2.5 nm. The equivalent oxide thickness (EOT) was calculated from the capacitance in accumulation and by considering a 0.5 nm correction for the Si quantization contribution. From the EOTs measured on 2.5 and 4.0 nm films, the relative permittivity of HfO 2 is estimated to be in the range [25][26][27][28][29] (this large range is due to the uncertainty on the film thicknesses), which is comparable to the value of ~21-26 measured on SiO 2 chemical oxide. The electrical interfacial layer thickness is estimated to 1.5 nm. This large value is attributed to the low permittivity of the SiO x suboxide that may possibly also contain carbon and hydrogen atoms (SiOCH dielectrics are used as low- materials). The shoulder in the C-V curves, which becomes more pronounced with decreasing frequency, is due to interface traps. Previous studies on SiO 2 /Si show that it disappears upon annealing [44]. The interfacial trap density was estimated from the parallel conductance [START_REF] Nicollian | Physics and Technology[END_REF] and is of ~ 2.3 -2.4 x 10 12 eV -1 cm -2 on the grafted surface while it is typically ~ 1x10 12 eV -1 cm -2 on a chemical oxide surface, as shown in Fig. 8(b).

The flatband voltage V fb is shifted towards positive values for all studied films, indicative of negative charges in the films. In the investigated thickness range, it is typically of 0.40-0.50V for films grown on SiO 2 [44], while it is of 0.54 -0.75V for the films grown on the methyl-grafted surface. Hence, the methyl surface leads to an additional ~100-300 mV shift. In the Hf-based high-/metal gate stacks, in which a 0.5-0.7 nm SiO 2 IL is typically present, dipoles at the high-/SiO 2 interface have been shown to play a major role in shifting the V fb value. The threshold voltage of the devices can be adjusted to desirable values for Nor P-FET operation by the insertion of a capping layer within the stack [START_REF] Kirsch | [END_REF][63][64][65][66]. For example, LaO x capping layers have been reported to provide a negative V fb shift, yielding the necessary decrease of the effective work function towards the silicon conduction band edge. The mechanism of this voltage shift attributed to a dipole formation is still debated. It has been attributed to oxygen vacancies [65], bond dipoles [START_REF] Kirsch | [END_REF], group electro-negativities [63] or to variations in oxygen ion density [64]. In the case of grafted Si surfaces, it is known that the surface dipole associated with the grafting leads to a change in electron affinity, which is directly measurable by photoemission [67]. The dipole arises from intrinsic contributions of the molecular group but also from the Si-C bonding [68]. It results in a shift of flatband potential at an interface, for example the silicon/electrolyte interface [48,50]. The V fb shift of a few hundred millivolts observed here is consistent with the decrease in electron affinity observed for methyl-and alkyl-grafted silicon surfaces [27,52].

Finally, as shown in Fig 8(c), leakage currents appear larger on the CH 3 -grafted surface than on SiO 2 . The difference is especially marked at low voltages. Typical current densities at -1V for ~2.3-2.5 nm HfO 2 films are 3.9.10 -4 A/cm 2 and 1.7.10 -3 A/cm 2 for SiO 2 and CH 3 -grafted surfaces respectively. This reflects the leaky nature of the low- IL for the films deposited on the methyl surface. No thickness dependence in the low voltage range is observed for the films deposited on the Si-CH 3 surface. This behaviour is similar to the characteristics observed after soft breakdown (or quasi breakdown). In this case the observed current is attributed to a percolation path or a conductive-filament conduction pathway [69] and does not depend on thickness. For bi-layers structures (i.e. interfacial oxide / high-) the overall time to breakdown is known to depend strongly on the interfacial layer [START_REF] Nigam | Proc. IRPS[END_REF][START_REF] Tous | [END_REF]. When the interfacial layer is modified by the Si-CH 3 grafting its resistance to breakdown may be strongly degraded, leading to an enhancement of the gate oxide stack breakdown probability.

IV. CONCLUSION

Si(111) surfaces were functionalized using methyl groups, long alkoxy chains (-O-(CH 2 ) 9 -CH 3 ), alkyl chains (-(CH 2 ) 9 -CH 3 ) and carboxyalkyl chains (-(CH 2 ) 10 -COOH) and were shown to retain the atomic structure of the initial hydrogenated surface. After heating at 350°C for 15min, almost complete desorption of the organic species occurs for the decyl and decoxy surfaces. A very good thermal stability is observed for the methylated surface; for the 10-carboxydecyl surface, the carbonyl termination is lost but most of the alkyl chains are preserved. Accordingly, these two surfaces, and particularly the methyl one, are shown to effectively inhibit the growth of an interfacial SiO 2 layer during amorphous HfO 2 deposition at 350°C. This result is also confirmed on the Si(100) surface, of higher interest for microelectronic applications. The methyl grafting is the most effective one. However, the Si(100) surface is not exempted from an interfacial layer with a partial oxidation of Si resulting in a low- interfacial layer, as shown by electrical measurements. The structural and electrical quality of HfO 2 grown on methylated Si(100) is similar to the one of HfO 2 grown on standard chemically-grown SiO 2 /Si(100). A positive shift of typically 100-300 mV of the flatband voltage is observed compared to films grown on SiO 2 and is attributed to dipole/charge effects due to the grafted molecules. This is of particular interest for p-type FET applications. HfO 2 depositions at 450 and 550°C show that the methyl surface is no more stable at these temperatures. However, we believe that the optimization of the temperature ramp rate during deposition should allow the use of methyl groups up to 450°C for the oxide deposition.

This study opens up the route to further engineering of the Si surface by organic grafting for HfO 2 and more generally for high- oxide deposition. Optimization of HfO 2 synthesis on grafted surfaces such as the methyl one should focus on the ability to further reduce the IL regrowth by optimizing the temperature rate and adjusting the injection parameters. Since there is oxygen in the precursor molecule, the addition of an oxidizing gas during deposition could be suppressed, at least in the first stage of the growth. This should further reduce the oxidation of Si. Moreover, the positive shift of the flatband voltage induced by the organic grafting can be of interest for engineering proper effective work function in FETs devices. However, due to the limitation of the thermal budget, this approach is restricted to a gate-last route for device fabrication. 
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