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Introduction

High dielectric permittivity oxides are currently widely investigated for the replacement of the gate insulator SiO 2 in advanced complementary metal-oxide-semiconductor (CMOS) devices. Indeed, silica-based transistor technology is approaching fundamental limits as the oxide thickness is reduced below 2 nm (direct tunnel current effect and reliability problems) [1]. Many oxides exhibit a permittivity higher than that of SiO 2 but their integration requires to consider many other issues, such as thermal stability with Si or with SiO 2 , control of the interfacial layer, stability of the microstructure upon high-temperature processing and compatibility with the poly-Si gate. HfO 2 is the most studied dielectric material for advanced microelectronics applications since 2001 (if one refers to the number of publications in this field). It exhibits a medium permittivity, which is often given to be 15-20 in the bulk material (supposedly monoclinic). HfO 2 is stable on Si, which is an important requirement to achieve a low equivalent oxide thickness (EOT) and to obtain a stable CMOS structure after full processing. HfO 2 or hafnium silicate are currently the most probable materials to be used, if ever, in a CMOS circuit. For longer-term application purposes, very high permittivity materials (>300) encountered in the perovskite-type compounds such as SrTiO 3 are attractive. SrTiO 3 has been widely studied for many applications such as tunable microwave devices [2,3] or high-density dynamic random access memory (DRAM) devices [4]. The epitaxy of SrTiO 3 on Si by molecular beam epitaxy and the possible interface engineering with (AO) n (A ′ BO 3 ) m compounds were demonstrated [5][6][7][8]. An EOT of 5.4 Å was reported in a MOS structure based on SrTiO 3 as gate oxide [8]. SrTiO 3 could thus be of interest to get EOTs below 1 nm, which is more difficult to achieve with medium-oxides.

Concerning the deposition technique, no consensus prevails so far. Chemical vapour deposition from metal organic precursors (MOCVD) and atomic layer deposition (ALD) are widely used among the different groups involved in this research field. These techniques are suitable for industrial scale production on large surfaces and allow for conformal coverage. For multi-elements oxides such as SrTiO 3 , ALD and classical MOCVD are more difficult to apply since the metal organic precursors used for strontium (usually ␤-diketonates derivatives) are not highly volatile and tend to decompose. Innovative CVD techniques such as liquid injection MOCVD [9] allow one to solve such issues and to grow reproducibly functional oxides with nanometer-scale control of the thickness [START_REF] Dubourdieu | Crystal Growth in Thin Solid Films: Control of Epitaxy[END_REF]. These chemical routes to grow high-K materials require adequate precursors. For CVD process, metalorganic precursors are widely used because of higher volatility at lower evaporation temperature as compared to halides. The growth of HfO 2 by MOCVD was carried out so far mostly by using the alkoxide Hf[OC(CH 3 ) 3 ] 4 precursor (also written Hf(O t Bu) 4 ) [START_REF] Choi | [END_REF][12][13][14][15]. Other molecules such as the alkoxide Hf(O-i-C 3 H 7 ) 4 [16] or the tetrakis diethyl amino hafnium (TDEAH) Hf[(C 2 H 5 ) 2 N] 4 [17][18][19] have been also reported. The amine has the advantage of containing no oxygen however, it is extremely sensitive to air and thus delicate to handle. The Hf(O t Bu) 2 (mmp) 2 was recently proposed and its synthesis and use in a MOCVD process is described by Williams et al. [20] (mmp = methoxymethyl-2-propanol with formula OC(CH 3 ) 2 CH 2 OCH 3 ). This compound was also tested for ALD deposition [21].F o r SrTiO 3 synthesis by MOCVD, the ␤-diketonates Sr(tmhd) 2 and Ti(O i Pr) 2 (tmhd) 2 are widely used (tmhd stands for 2,2-6,6-tetramethylheptanedionate with formula C 11 H 19 O 2 )) (O i Pr stands for iso-propoxide with formula: CH(CH 3 ) 2 ). The Sr(tmhd) 2 is thermally unstable and thus justifies the use of flash evaporation systems such as the liquid injection source [9]. Heterometallic precursors, in which the two metal Sr and Ti elements are present in the same molecule, have been also proposed. Potential advantage of a heterometallic precursor compared to a mixture of two precursors is that the stoichiometry in solution is fixed and therefore reproducible. Also, heterometallic precursors are likely to be more volatile than the trimer Sr(tmhd) 2 . There exist several heterometallic compounds of Sr and Ti such as [SrTi 2 (OEt) 20 or SrTi 4 (OEt) 18 . Information on their syntheses and products characterisation can be found in [22][23][24]. Among the above mentioned one, the Sr:Ti stoichiometry is different from 1. The heterometallic alkoxide [Sr 2 Ti(O i Pr) 8 ( i PrOH) 5 ] is for example used for the synthesis of Sr 2 TiO 4 [22].I n order to grow SrTiO 3 , a Sr:Ti ratio of 1 should be present in the precursor. The only known molecules are those reported by Hubert-Pfalzgraf et al. [25,26].S r 2 Ti 2 (tmhd) 4 (O i Pr) 8 [26] appears more stable than the parent molecule with the ligand OEt.

In this paper, we present the growth by liquid-injection MOCVD and the characterisation of two different high dielectric permittivity oxides, HfO 2 and SrTiO 3 , synthesised on Si/SiO 2 substrates. In both cases, we emphasise the role of precursors in the resulting composition and microstructure of the films. Effects of process parameters (substrate's temperature or total pressure) on the microstructure are also discussed. Finally, optimised electrical properties are presented.

Experimental

The films were grown by pulsed liquid injection metal organic chemical vapour deposition (MOCVD). In this delivery scheme, the liquid precursor is introduced in micro-amounts (few l) in the evaporator by means of a microvalve (car injector) [9] and a non-contact flash evaporation occurs, while the rest of the solution is kept at room temperature under an inert gas. Thus precursors of poor stability can be used, such as the ␤-diketonates of Sr or Ba. The amount of injected liquid depends on several parameters: the injection opening time, the injection frequency, the solution viscosity and the differential pressure between the liquid reservoir and the evaporator. After flash evaporation, the reactive species are transported toward the reaction zone by a carrier gas such as argon (a positive temperature gradient is set in order to avoid any condensation of the precursors during the transport).

HfO 2 films deposition

HfO 2 films were grown on 100 mm Si wafers. The substrates can be loaded via a separate chamber that is pumped down before the transfer to the deposition chamber (both are stainless steel chambers). The substrate's holder is a SiCcovered graphite block heated by 4 × 1 kW lamps. The temperature of the Si wafer is measured by a pyrometer, which has been calibrated by means of a thermocouple embedded in a silicon substrate. In this set-up, the precursor liquid flow rate is monitored by an optical method, so that the reactive species flow rate can be controlled in real time. The reactive gas flows downward to the substrate's plate (the reactor walls are thermalised). The deposited thickness is monitored in situ by laser reflectometry on the film's surface (λ = 640 nm).

The substrates were n-type silicon wafers (2-4 cm resistivity) prepared with a standard FSIB clean. Three different precursors (provided by Epichem) were used: Hf(O t Bu) 4 , Hf(O t Bu) 2 (dmae) 2 and Hf(O t Bu) 2 (mmp) 2 (dmae = dimethylaminoethoxide with formula OCH 2 CH 2 N (CH 3 ) 2 )). They were dissolved with n-hexane or with octane. Different atmospheres during deposition were studied: argon, oxygen and hydrogen. In each case, the total flow rate was 200 sccm. The working pressure was 133 Pa (1 Torr) and the deposition temperature was varied in the range of 250-600 • C. Selected samples were annealed in a rapid thermal annealing (RTA) system.

SrTiO 3 films deposition

SrTiO 3 films were deposited on 2 cm × 2 cm Si substrates. The same type of source system was used. The evaporator is connected to the reaction zone, which consists of a quartz tube, where the stainless steel substrate's holder is placed (the substrate's holder is surrounded by a cylinder heated by induction (RF)). The reactive species gas flows upward from the evaporator to the substrate. The silicon substrate is hold mechanically or pasted. Here, the injected liquid is monitored in situ by means of a pressure measurement inside the evaporator. The film's thickness is monitored in situ by laser reflectometry (λ = 670 nm).

The substrates were the same as mentioned for HfO 2 deposition. Different precursors were used: either a mixture of Sr(tmhd) 2 (stabilised or not with triglyme) and Ti(tmhd) 2 (O i Pr) 2 or a single heterometallic precursor Sr 2 Ti 2 (tmhd) 4 (O i Pr) 8 (provided by Pr. Hubert-Pfalzgraf at IRC/CNRS or by Epichem). The heterometallic precursor was originally synthesised by Hubert-Pfalzgraf et al. [26] but had not been tested so far for MOCVD applications.

These solid precursors dissolved in octane (0.02 M). Argon was used as a carrier gas (300 sccm) and oxygen as an oxidising agent (300 sccm). The working pressure was varied in the range of 266-1333 Pa (2-10 Torr) and the deposition temperature was varied in the range of 450-800 • C.

Films characterisation

The structure and microstructure of the films were characterised by several methods: X-ray diffraction (θ/2θ), X-ray reflectometry, ellipsometry, Fourier transform infra-red spectrometry (FT-IR), transmission electron microscopy (TEM) and atomic force microscopy (AFM). Electrical C(V) and I(V) measurements were performed (using respectively, a HP 4284A LCR meter and a HP 4156B parameter analyser for HfO 2 films and HP 4284A or HP4142B systems for SrTiO 3 films). MOS structures were prepared by evaporating Au through a shadow mask. Four different electrodes areas were prepared, ranging from 2.5 × 10 -5 to 2.3 × 10 -4 cm 2 .

Results and discussion

Medium-material: HfO 2 films

We investigated the effect of precursor chemistry on the final microstructure of the films. While starting with Hf(O t Bu) 4 , different atmospheres were used during deposition (Ar, O 2 ,H 2 ). No effect is observed on the resulting growth rate. The oxygen present in the precursor is sufficient to form HfO 2 . Amorphous thin films prepared from the Hf(O t Bu) 4 compound are found, however, to be porous (closed porosity) as shown by the TEM micrograph of Fig. 1. This result is confirmed by the low refractive index determined by ellipsometry (n < 1.9) and by the low density determined by X-ray reflectometry (8.3 g cm -3 ). Such a porous microstructure is of course not desirable for microelectronic applications and we thus looked for other precursors. Fig. 2 shows a comparison of the growth rate, as a function of temperature, when using the precursors Hf(O t Bu) 2 (dmae) 2 and Hf(O t Bu) 2 (mmp) 2 . The Hf(O t Bu) 2 (mmp) 2 compound appears to be more appropriate for the deposition of HfO 2 films as it is more volatile. Higher growth rates can be achieved with it and no accumulation of precursors is observed in the evaporator (up to 9 mm 3 of solution injected/pulse). Indeed, when the precursor injection was stopped, the laser reflectance signal was constant, indicating the concomitant stop of the film's growth. On the contrary, at injection flow rates higher than 3 mm 3 s -1 of a solution 0.05 mol l -1 , accumulation of Hf(O t Bu) 2 (dmae) 2 precursor occurs, whatever the source temperature. When the injection was stopped, the growth of the layer continued with a slowly decreasing growth rate (as indicated by the laser reflectance signal). Such an accumulation of condensed precursor is not acceptable for microelectronic application purposes (accumulation of precursor would lead to a non-uniform layer). In the following, we thus concentrate on films prepared from Hf(O t Bu) 2 (mmp) 2 . Fig. 2 indicates that, in our deposition conditions, the growth rate is maximum for a substrate temperature of about 500 • C. X-ray diffraction performed on thick films (∼80 nm) shows that the films are crystallised in the monoclinic HfO 2 structure for deposition temperatures of 400 • C and above (for films grown at 350 • C, the diffraction lines are very broad and hardly detected). The FTIR spectra of the crystallised films confirm the monoclinic structure of HfO 2 [27], as well as the electronic diffraction. Continuous, non-porous films are obtained. AFM observations shows that both the grains size and the surface roughness are lower with the Hf(O t Bu) 2 (mmp) 2 precursor as compared to the Hf(O t Bu) 4 one (respectively, RMS of 1.6 nm and 4.1 nm for ∼90 nm films). From the TEM micrographs, the interfacial layer thickness is found to remain almost unchanged after deposition, at least for films thickness up to ∼100 nm. We cannot conclude about its nature (whereas, it is pure SiO 2 or a Hf-silicate). However, similar experiments performed at STMicroelectronics with the same deposition technique and same precursor recently showed that no silicate and no silicide bonding was detected at the interface by X-ray photoelectron spectroscopy (Hf4f and Si2p spectra) [START_REF] Cosnier | Atomic Vapour Deposition (AVD TM ) Process for High Performance HfO 2 Dielectrics Layers[END_REF].

Observations concerning the films crystallisation were also confirmed for very thin films (<10 nm). Fig. 3 shows the TEM micrographs of two films (t < 5 nm) prepared at 350 and 450 • C. Films grown at 350 • C are mainly amorphous with few nanocrystallites, whereas those grown at 450 • C are mainly crystalline (although amorphous phase remains). The fitting of the experimental X-ray reflectometry curves could be performed satisfactory using a two-layers model: an interfacial layer of SiO x and a HfO 2 layer. A good agreement was found between TEM and X-ray reflectometry for the HfO 2 thickness value. The film's density determined from the fits (>9.0 g cm -3 ) also confirm the higher film's quality with the Hf(O t Bu) 2 (mmp) 2 precursor. Amorphous films crystallise upon high temperature annealing under Ar or O 2 (typically RTA at 800 • C for 3 min). Crystallisation leads to a larger surface roughness. The interfacial layer thickness increases during annealing under O 2, which is detrimental for the equivalent oxide thickness value. The substrate's surface was HF dipped and exposed to NH 3 prior to deposition (670 • C for 1 min or 950 • C for 2 min) in order to investigate the effect of surface "nitridation" on the interfacial layer. Fig. 4 shows that there is no beneficial effect of such a treatment. The role of oxygen is here clearly emphasised as no interfacial growth is observed when the high-temperature annealing is performed under vacuum.

Electrical measurements were performed for selected films. Thick films (t ≥ 10 nm) exhibit an effective dielectric permittivity in the range of 14-19 with leakage current densities as low as 10 -8 Acm -2 at 1 V and breakdown fields as high as 6 MV cm -1 . For thinner films, an equivalent oxide thickness of 3.2 nm for a 4.5 nm film was obtained. From the TEM study of the same film, the interfacial layer thickness was 1.3 nm (corresponding practically to the starting SiO 2 layer thickness). The EOT was calculated from the maximum capacitance in accumulation mode and was not corrected for quantum mechanical or surface differential capacitance effects [START_REF] O'sullivan | [END_REF]. Lowering the initial interfacial layer thickness should allow to decrease the EOT. 

Very high-K material: SrTiO 3 films

For SrTiO 3 deposition, the control of the stoichiometry is a key point. In case of a mixture of precursors, the Sr/Ti ratio in solution has to be adjusted to get the correct films stoichiometry. Since the Sr and Ti precursors exhibit different decomposition yields, the composition of the film is different from the composition of the liquid. Another requirement for process purposes is that the process window (temperature, working pressure) is as large as possible. As shown in Fig. 5, the films composition strongly depends on the substrate's temperature (for a given liquid composition). On the contrary, by using the Sr 2 Ti 2 (tmhd) 4 (O i Pr) 8 heterometallic precursor, the films composition remains constant in a quite large temperature range of 550 • C-750 • C (and unchanged in the pressure range of 266-666 Pa). Another beneficial effect by using this heterometallic molecule is the lowering of the deposition temperature. With the mixture of precursors, the perovskite-type phase crystallises at temperature higher than 600 • C, whereas crystallisation occurs at ∼500 • C with the heterometallic precursor (under 666 Pa). In both cases the films are polycrystalline and textured. The texturation increases with decreasing pressure (from 666 down to 266 Pa) with [0 0 1] axis perpendicular to the substrate's plane. It is optimal in the temperature range of 650-750 • C. The films are not in plane oriented. Fig. 6 shows a typical microstructure as observed by TEM for a polycrystalline SrTiO 3 film grown at 700 • C.

When deposition conditions are optimised for given working conditions, films are of equal quality (from electrical point of view) whatever the precursors mentioned above are used. SrTiO 3 films of different thicknesses were prepared (4-220 nm). Fig. 7 shows the dielectric permittivity as a function of thickness. The permittivity was calculated from the effective permittivity value deduced from the maximum capacitance of the C(V) curves in accumulation mode by taking into account the contribution of the interfacial layer. The interfacial layer thickness was determined from TEM observations and its permittivity was estimated to be close to that of SiO 2 . There is a clear size effect, with a strong decrease of the permittivity with decreasing films thickness (ε ∼ 30 for t =10nm and ε ∼ 100 for t = 100 nm). The lowest EOT obtained so far is of 1.36 nm with leakage current density of 10 -2 Acm -2 at 1 V (for a physical thickness of 15.0 nm). The obtained leakage current density represents a gain of about three orders of magnitude as compared to the value that would be obtained for the same SiO 2 thickness. This result was obtained with a solution prepared from a mixture of precursors. Different transport mechanisms have been evidenced as a function of thickness [30]. The lowest leakage current density (10 -9 Acm -2 at 1 V) and lowest interfacial defects density (D it <10 11 eV -1 cm -2 ) are obtained for films of thickness ∼30 nm, in which transport mechanisms are governed by Schottky emission [30].

Conclusion

Both for HfO 2 and SrTiO 3 compounds, the choice of precursors is of outmost importance in determining the microstructure or process window (temperature, pressure) of the films grown by MOCVD. Low temperature-grown amorphous films are porous when prepared from Hf(O t Bu) 4 precursor, which is not the case when using Hf(O t Bu) 2 (mmp) 2 . At temperatures below 400 • C, the films are amorphous whereas they crystallise in the monoclinic structure for temperatures higher than 400 • C. Amorphous films crystallise upon high-temperature annealing under O 2 and it is accompanied by an increase of the interfacial layer thickness. Surface nitridation prior to deposition does not allow to limit this interfacial layer growth. Permittivity values of 14-19 are obtained, which is consistent with the monoclinic structure. Breakdown electrical field of 6 MV cm -1 and leakage current densities as low as 10 -8 Acm -2 at 1 V are obtained. For SrTiO 3 synthesis, the heterometallic precursor Sr 2 Ti 2 (tmhd) 4 (O i Pr) 8 allows to crystallise the perovskitetype phase at lower temperature (500 • C) than the mixture of conventional precursors Sr(tmhd) 2 + Ti(tmhd) 2 (O i Pr) 2 and films are free from carbonate phases. Moreover the films composition is constant in a wide temperature range of 550-750 • C. The dielectric permittivity depends on the films thickness. An EOT of 1.36 nm and leakage current density of 10 -2 Acm -2 are obtained, which is a promising result. Further optimisation of the film-substrate interface could allow to reduce the EOT below 1 nm.

Fig. 1 .

 1 Fig. 1. Transmission electron microscopy plane view of a thin low temperature (275 • C) HfO 2 film deposited from Hf(O t Bu) 4 precursor on (0 0 1)Si/SiO 2 . A porous microstructure is evidenced.

Fig. 2 .

 2 Fig. 2. Growth rates as a function of deposition temperature for HfO 2 films prepared from two different precursors: Hf(O t Bu) 2 (dmae) 2 (open symbols) and Hf(O t Bu) 2 (mmp) 2 (closed symbols). For each precursor, two injection rates were used (circles: 9 mm 3 injected/pulse and triangles: 3 mm 3 injected/pulse).

Fig. 3 .

 3 Fig. 3. Transmission electron microscopy plan views (left: bright field, right: dark field) of HfO 2 thin films grown on (0 0 1)Si/SiO 2 at 350 • C (HfO95, t = 3.2 nm) and 450 • C (HfO97, t = 4.7 nm) together with their electron diffraction patterns.

Fig. 4 .

 4 Fig. 4. High-resolution transmission electron microscopy (cross-section) of a HfO 2 film deposited at 450 • C (substrate preparation: Hf last follow by NH 3 treatment at 950 • C during 2 min). From top to bottom: as-deposited, after a RTA at 800 • C for 3 min under high vacuum (1.33 × 10 -4 Pa) and after a RTA at 800 • C for 3 min under 1,01,300 Pa of O 2 .

Fig. 5 .

 5 Fig. 5. Films overall composition determined from wavelength dispersion spectroscopy as a function of deposition temperature when using a mixture of precursors (open symbols) or the heterometallic precursor (closed symbols).

Fig. 6 .

 6 Fig. 6. (a) TEM bright field image and (b) corresponding diffraction electron pattern of a polycrystalline SrTiO 3 film deposited on (0 0 1)Si/SiO 2 .

Fig. 7 .

 7 Fig. 7. Intrinsic dielectric permittivity of SrTiO 3 films as a function of films thickness. It was calculated by taking into account the interfacial layer (permittivity of 3.9) contribution on the effective permittivity.
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