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Three-dimensional imaging of silicon nanoclusters array in silicon-rich silicon oxide layers was evidenced and studied. The atom probe tomography technique allows to give the composition of the nanoclusters and the composition of the interface with the silica matrix. These results give new insights for the understanding of the properties of Si-based photonic devices.

Introduction. -The development and optimization of Si-based photonic or memory devices [1][2][3][4][5], compatible with silicon integration technology, need to understand the precipitation of Si and the characteristic of Si nanoclusters (Si-nc) and the local chemical composition in Si/SiO 2 system. These Si-nc are deeply studied as sensitizer of erbium ions for silicon-based planar optical amplifier applications at 1.54 µm which is the wavelength used as standard in optical telecommunication [6][7][8][9]. A way to synthesize these nanoparticles consists in annealing at high temperature silicon-enriched silicon oxide (SRSO) leading to phase separation between Si and SiO 2 . The understanding, modelling and prediction of the optical properties of these materials require an accurate determination of the nanostructure of the system such as the phase composition, the nanoclusters size distribution and number density as well as roughness, thickness and composition of the Si/SiO 2 interface. The Si-nc/SiO 2 interface has been suspected to governs, to a large extent, the optical properties of Si-nc. The presence of a thin ∼1 nm substoichiometric silicon oxide interface has been reported as playing a critical role in the emission properties [10,11]. In addition, it has been demonstrated that very small Si-nc, even amorphous, still have an efficient sensitizing effect towards Er ions [9,12] and the relating energy transfer is highly dependent on the Si-nc-Er separating distance [13,14]. For these reasons, numerous studies focus (a) E-mail: etienne.talbot@univ-rouen.fr on Si/SiO 2 interface investigations because of the strong technological interest for the achievement of efficient optical and semiconductors devices.

In this letter, a new approach, using a femtosecond laserassisted wide-angle tomographic atom probe for studying Si-SiO 2 system is described. This technique allows to report the quantitative chemistry of Si-nanoparticles, their true size distribution and the nature of the Si/SiO 2 interface.

Experimental. -A set of SRSO/SiO 2 multilayers (MLs) were deposited on Si substrates ([100] oriented) by an alternative reactive magnetron sputtering of a pure silica target under a plasma of 50% H 2 + 50% Ar to obtain SRSO sublayers, owing to the ability of hydrogen to reduce oxygen [15], and under a plasma of pure Ar to deposit the SiO 2 sublayers. More detail of this reactive process can be found elsewhere [15]. The MLs were grown at 650 • C with a power density of 1.3 W cm -2 and were subsequently annealed at 900 • C for 1 h in a forming gas to favour the phase separation between Si and SiO 2 and achieve good photoluminescence properties. This annealing temperature corresponds to the best heating treatment for maximizing energy transfert between Si-nc and Er ions which is one of the key parameter for the achievment of net gain in Si-based optical amplifiers as reported in references [12,16]. The thicknesses of the SRSO and SiO 2 sublayers, determined by HRTEM, are 3.8 nm and 4 nm, respectively. Results and discussions. -Figure 1 shows a crosssectional HRTEM image of the SRSO/SiO 2 multilayers (carried out on a Topcon 002B on samples prepared in the cross-section configuration). The presence of crystalline Si-nanoparticles in the SRSO sublayers is revealed (as shown in the inset) when diffraction conditions are fulfilled. These particles are only localised, as expected, in SRSO layers. Therefore, even with this high resolution technique, it is difficult: i) to estimate the particle number density and ii) to characterize nanoprecipitate/matrix interfaces. Complementary information is provided by high resolution analysis technique such as laser-assisted three-dimensional atom probe tomography (3D-APT). It is able to provide a spatial chemical map at the atomic scale [17]. The basic principle of the technique is the field evaporation of surface atoms. During the analysis, a high positive DC voltage (several kilovolts) is applied on the sample in order to create an electric field at the apex of the tip. The superposition of femtosecond laser pulses lead to the controlled evaporation of the specimen. The evaporated ions are collected on a position-sensitive detector which measure the time of flight of individual ions (time of flight mass spectrometry) and the impact position of each ion on the surface of the detector. These data permit the three-dimensional reconstruction of the analyzed volume at the atomic scale. A more detailed description of the principles of the technique may be found in references [18][19][20][START_REF] Miller | Atom Probe Tomography: Analysis at the Atomic Level[END_REF]. The recent development of this technique allows to carry out analyses of "poor" conductor materials by using laser-assisted evaporation [START_REF] Gault | [END_REF]. In order to be a quasi-stereographic projection microscope and to locally increase the required electrical field and thus to perform 3D-APT experiments, the sample needs to be tip-shaped with a small cone angle and a radius of curvature of the extremity smaller than 50 nm. Such a requirement is achieved using an annular milling procedure with a focus ion beam (FIB) [23,24]. In order to prevent ion beam damages and gallium implantation, the samples were previously protected with a 300 nm Cr layer. The final steps of the process consist in the milling of the tips at a low acceleration voltage (2 kV). The laser-assisted wide-angle tomographic atom probe (LA-WATAP) used in this work is a CAMECA version. The experiments were performed at 80 K, using UV (343 nm) femtosecond laser pulses (50 nJ, 350 fs) with a pulse repetition rate of 100 kHz.

m n 1 5 x 3 1 x 3 1 : x o B 3 i S O s i s y l a n A n o i t c e r i d
Figure 2 shows a 3D reconstruction image of the SRSO/SiO 2 multilayers analysed by LA-WATAP. The stacking of the SRSO and SiO 2 sublayers in the growth/analysis directions is clearly visible. In the SRSO sublayers indicated by an arrow and dashed-line, a higher Si content is evidenced and in some parts, Si-nc can be detected. In order to visualize clearly the presence of the Si-nanoclusters, a 3D iso-concentration surfaces image, which map the Si-rich concentration zones, is performed and shown in fig. 3(a). This figure corresponds to the fig. 2 where areas with %Si > 75% are in red (i.e. Si-ncs) and areas with %Si = 33% (i.e. SiO 2 matrix) are in green. The expected distribution of Si-nc (in red) in SRSO sublayers between pure silica sublayers (in green) is evidenced. The corresponding concentration profile in at.% along the growth direction of the multilayer is presented in fig. 3(b). The abscise axis corresponds to both growth and analysis direction while the y-axis give the atomic concentration in at.% of Si or O atoms. The measured atomic composition evidences the alternating stacking sequence of deposited nano-layers with pure silica sublayers (X Si ≈ 34.3 ± 0.3 at.% and X O ≈ 65.7 ± 0.3 at.%) separated by Si-enriched regions (X Si ≈ 51.0 ± 0.3 at.% and X O ≈ 49.0 ± 0.3 at.%). Thus the Si excess (%Si excess = X Si (1 -1 2 XO XSi ) in the 3.8 nm thick SRSO sublayers is estimated to ∼26%. The Si-content in the SRSO sublayer is found to be X Si ≈ 41.9 ± 0.3% (and X O ≈ 58.1 ± 0.3%) which is significantly higher than a pure silica matrix (X Si = 33.3% and X O = 66.7%). This local measured composition allows to assess that only a fraction of 50% of the Then, the last region (R3) is the silica matrix X matrix Si ≈ 30 ± 3 at.%). The presence of 20 at.% O in the core of the Si-nanoclusters is surprising and in contradiction with some previous experimental results where the nanoclusters are given as pure Si [10,13,25]. It is well known that APT analysis of phases with large different field of evaporation as it is the case with Si-nc in pure SiO 2 , leads to a local magnification effect artefact [START_REF] Miller | Atom Probe Field Ion Microscopy[END_REF]. This latter, when the particle is a low-evaporation-field (E L ) phase embedded in a high-evaporation-field matrix (E H ), is responsible of trajectory aberration of the ions during field evaporation process. The signature of the effect is the characteristic ellipsoidal shape of the clusters after 3D reconstruction as observed in fig. 3(a) and the concomitant increase of the number density of atoms (number of atoms per unit volume) in the nanocluster. In the case of Si-nc in SiO 2 , the density is multiply by a factor 4. Thus, this effect affects the size of the particle in the x-and y-direction, i.e., perpendicular to the analysis direction. However, the depth extension of the particle (in the z-or analysis direction) is accurate up to the interatomic distance. This increase in the density is also due to the introduction of atoms from originally located at the interface into the particle. Thus, in our case, this leads to an overestimation of the O concentration in the Si cluster present in the SRSO sublayers. This well known artefact (already observed in FeCu system for example) has been fully described and quantified by Vurpillot et al. [START_REF] Vurpillot | [END_REF]. When the difference between the field of evaporation of two phases: ϵ = 20% (where 100 * E H /E L = ϵ + 1) a composition bias of ∼25% may be observed [START_REF] Vurpillot | [END_REF]. This demonstrates that specific cares are needed in the interpretation of atom probe data.

Starting from the hypothesis that Si-nc are Si pure, as mostly expected in the optical amplifier devices community, the stoichiometry of the surrounding shell of Si-nc, silicon oxide (SiO y ) with different values of y, has been tested in order to make a correction of the local magnification effect and determine the exact composition of the interface. The model is simply based on the assumption that the cluster has a spherical shape (as seen with HRTEM images). Based on calculation from Vurpillot et al. [START_REF] Vurpillot | [END_REF] and Blavette et al. [29], the silicon concentration of the nanocluster is given by

X Si (r) = r 3 nc ρ Si + τ (r nc -∆e) 3 -r 3 nc ρ SiO2 X shell Si r 3 nc ρ Si + τ [(r nc -∆e) 3 -r 3 nc ] ρ SiO2 , (1) 
where r nc is the radius of the Si-nc, ∆e is the thickness of the shell around the Si-nc, τ is the fraction of atoms belonging to the interface or the surrounding shell and artificially introduced into the clusters by the field effect, ρ Si = 50 at./nm 3 and ρ SiO2 = 66 at./nm 3 are, respectively, the density of Si and SiO 2 , and X shell Si is the mean Si concentration of shell. Using this relation, the evolution of Si concentration in the Si cluster as a function of the cluster size is calculated and is reported in fig. 4(c) for τ = 30%. This value has been taken from Blavette et al. work in which experimental and model are fitting in the case of a difference of 20% in the field of evaporation of the two phases [29] which is the difference estimated in our case. In this case, only the shell thickness and mean Si concentration of the shell are tuneable parameters. The experimental concentrations deduced from the reconstructed volume have also been reported on the same graph. The good correlation between the modelling curve and the experimental data confirm the different field effect described below and the good estimate of artefact parameters. To go further in the determination of the local microstructure, three hypotheses have been tested to determine the chemical composition of the shell around the Si-nc i) a pure silica shell has been considered which corresponds to an abrupt interface between Si and SiO 2 , ii) a sub-stoichiometric silicon oxide shell (SiO y ) with two different values of the Si content X Si = 50% or 75%, iii) a silicon oxide shell with a Si gradient with X Si ranging from X Si = 100% (near the core of the cluster) down to X Si = 33.3% (near the silica matrix). Blavette et al. [29] have demonstrated that, in the case of ϵ = 20%, the adatoms (in the clusters) from the surrounding matrix or interface cannot come from more than a thickness of 0.25 nm. To determine the composition of the surrounding shell of the Si-nc, we have calculated, for the different hypotheses, the thickness of the shell (∆e) which is able to reproduce the observed Si cluster concentration of about X measured Si ∼ 80 at.%. The cluster radius was taken to r nc = 1.6 nm (according to the composition profile on fig. 4(a)) and to r nc = 2.0 nm, which corresponds to the maximum size of the Si-nc. The results are reported in table 1.

In these multilayers, the results of the modelling allows to eliminate the hypothesis of sub-stoichiometric oxide (hypothesis 2 with X shell Si = 75%) and the linear silicon oxide shell (hypothesis 3), for which shell thicknesses of ∆e = 1.6 nm and ∆e = 0.8 nm, respectively, were obtained, which is not physically acceptable with the field evaporation process. The case of SiO 2 or SiO y (with X shell Si = 50%) shells give a better agreement with the composition profile of the Si-nc (fig. 4(a) and(b)). Moreover, we can note that the large shell thickness obtained in the case of sub-stoichiometric oxide with X shell Si = 75% evidences the fact that rich-Si shell cannot explain the detected oxygen content in the Si-nc.

Finally an explanation and modelling of the composition profiles obtained through the Si-nc are coherent with the description of Si pure nanoclusters embedded in the silica matrix. The local magnification effect artificially introduces oxygen in the reconstructed particles and shows diffuse interfaces (substoichiometric compositions). The correction of this effect leads to the conclusion that Si-ncs are pure Si embedded in silica. Daldosso et al. [10] have recently demonstrated (using HR-EFTEM and modelling) that Si-nc could be surrounded by a stressed SiO 2 shell, giving rise to a different contrast in TEM images. This interpretation is coherent with our results although atom probe is not able to detect stress, specifically in the elastic domain.

At the end, an accurate size distribution (corrected from apparent diffuse interfaces) of the silicon clusters (sub-nanometric detection) can be deduced from the 3D-APT technique (fig. 4(d)). The size ranges from 0.5 to 4.5 nm. The mean diameter is 2.9 nm and the nanoclusters number density is estimated to 5.7 ± 1.0 × 10 18 Si-nc/cm 3 . Such result highlights the new capability of the 3D-APT to detect small Si-nc embedded in SiO 2 compared to other techniques (HRTEM, XRD, Raman spectroscopy, EFTEM. . . ).

In summary, Si nanoclusters array in SRSO/SiO 2 multilayers was investigated by 3D atom probe tomography. 3D-APT results show at the atomic scale the characteristics of the nanoclusters. In the fabrication condition reported here which are the conditions usually applied for the Er-doped SRSO layers, the phase separation is incomplete. This is evidenced with a Si-supersaturation in the SRSO layers and a large scale distribution size of the nanoclusters. More important, it is shown the existence of an abrupt interface between the Si-nc and the matrix. The results described here are of primary importance for the understanding of the optical properties of future Sibased device as well as for their modelling. Thus, next steps of this work will be to deeply analyze the effect of higher annealing temperature (1000 and 1100 • C) on the local microstructure of these multilayers before studying the rare-earth (Er 3+ , Nd 3+ )-doped SRSO layers. For this latter, such a powerful atomic scale technique will allow to give some correlation between the optical properties and the chemical surrounding of the rare-earth ions as well as the localization of these ions towards the Si nanocluster. This will lead to an optimization of the fabrication process and pave the way to the achievemen of net gain in such doped materials. * * *
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 1 Fig. 1: (Colour on-line) High-Resolution TEM image of the SRSO/SiO2 multilayers. Two crystallized Si-nanoclusters are revealed (white circles and magnified image (inset)).
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 2 Fig. 2: (Colour on-line) 3D reconstruction of the SRSO/SiO2 multilayers analysed by LA-WATAP. Each dot represents one atom (Si or O). The volume is 13 × 13 × 51 nm 3 . SRSO layers are indicated by arrows and dashed lines.

Fig. 3 :

 3 Fig. 3: (Colour on-line) (a) 3D iso-concentration of the SRSO/SiO2 multilayers (red: Si-nc). (b) Composition profile along the multilayer. initial silicon excess has precipitated in Si-nanoclusters. The 1 h-annealing time of the SRSO/SiO 2 multilayers and/or the annealing temperature fixed here at 900 • C are not long/high enough to ensure a complete phase separation of the system. This confirms the slow phase separation process at such a temperature as suggested by Iacona et al. [25], and confirmed by Wang et al. [26] who suggested continous phase separation process as function of annealing temperature. The Si-nc/SiO 2 interface has been analyzed by Daldosso et al. on composite Si-SiO 2 layers [10]. They concluded by means of XANES and EFTEM experiments on the presence of a diffuse interface of about 1 nm between Si-nc and the SiO 2 host matrix. Figure 4(a) and fig. 4(b) show nanoscale composition profiles across Si nanoclusters. The profile in fig. 4(a) evidences three regions: the first one (R1) is the core (∼3.2 nm) of the Si-nc where the Si concentration is constant and maximum (X core Si ≈ 80 ± 3 at.%). The R2 region is composed of a substoichiometric silicon oxide shell (SiO y ) where the Si concentration varies from X interface Si

Fig. 4 :

 4 Fig. 4: (Colour on-line) (a), (b) Composition profile across a Si particle in the analyse direction for a Si-nc. (c) Measured cluster concentration as function of cluster radius. (d) Size distribution of the Si-nc diameter in the SRSO layers.

Table 1 :

 1 Calculated apparent Si content (at.%) in a Si-nanoclusters with a radius of rnc = 1.6 nm and rnc = 2.0 nm, with τ = 30% and ∆e thickness.

		SiO 2		SiO X -X shell Si	= 50%	SiO X -X shell Si	= 75%	Linear SiO X
		∆e (nm)	X Si	∆e (nm)		X Si	∆e (nm)		X Si	∆e (nm)	X Si
	r nc = 1.6 nm	0.4	81.7%	0.6	80.6%	1.6	81.6%	0.8	81.7%
	r nc = 2.0 nm	0.5	81.7%	0.7	81.7%	2.0	81.6%	1.0	81.7%
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