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An instability occuring in electrical signals of the discharge is used as a mark to detect the end of the single-crystal silicon nanoparticle formation in Ar/SiH4 rf plasmas. Scanning electron microscopy and atomic force microscopy studies of depositions show that the exact beginning of the coalescence phase corresponds to the onset of the instability. At the end of the instability, no singlecrystal nanoparticles are remaining in the gas phase. These results based on a non-perturbative method allow to control depositions of single-crystal silicon nanoparticles of a well-defined size distribution with the highest density available during dust particle growth.

Dusty plasmas generated in radiofrequency (rf) discharges have been widely studied in the past few years. The range of interest spreads over industrial [1] as well as astrophysical concerns [START_REF] Cernogora | AIP Conference Proceedings[END_REF]. An active research has been induced by contamination phenomena in industrial plasma reactors. However, new applications of dust production have emerged. It can be used to produce analog aerosols of planet atmospheres like Titan [START_REF] Cernogora | AIP Conference Proceedings[END_REF]. The singlecrystal nanoparticles obtained by this way can be incorporated in thin film layers in order to improve their mechanical and/or optoelectronical properties [START_REF] Roca I Cabarrocas | [END_REF], or used for single electron device fabrication [4]. Many theoretical [5,6] and experimental [7,8] studies have dealt with the detection and dynamics of particles in silane based plasmas. Presently, many studies are being carried out on the production of silicon nanoparticles generated in plasma processes [9].

In previous experimental and theoretical works [7,10,11], the way particles grow has been brougth to the fore. The dust particle formation in Ar-SiH 4 low pressure rf plasmas has been shown to be a four step process occuring in the gas phase: nanocrystal growth (2-3 nm in diameter) from molecular species, accumulation phase, coalescence, and growth by deposition of the plasma species on the particle surface. Particle growth in the discharge leads to strong modifications of the plasma characteristics. Indeed dust grains affect many of the physical properties of the plasma (electron density, temperature, electric field, impedance, ...). The modification of the plasma impedance due to the particle formation and growth led us to use a diagnostic based on the time evolution of the amplitude of the third harmonic of the discharge current (3H) and the amplitude of the self-bias voltage (V dc ) [11]. This electrical diagnostic has been developed in the GREMI laboratory. The current and voltage probes are inserted between the matchbox and the powered electrode. The curves are visualized on a LeCroy scope LT364L (500 MHz bandwidth and 1 GS/s) and the results are recorded via a computer. This diagnostic has been shown to be able to follow the particle formation and growth in different chemistries such as silane and methane based ones [START_REF] Mezeghrane | Proceedings of the 31th EPS Conference on Plasma Physics[END_REF]. Thus, in a pure argon plasma, the amplitude of 3H and V dc remains constant in time. When silane is added to the the mixture, i.e. in a dust forming plasma, V dc and 3H show a time evolution due to the formation and growth of dusts in the discharge.

The main formation steps (accumulation phase, coalescence and growth by surface deposition) can be clearly identify thanks to this electrical diagnostic (fig. 1). Even though, some uncertainties are remaining concerning the exact transition from one step to another. As can be seen in figure 1 insert, an instability occurs in between accumulation and coalescence phase [START_REF] Cavarroc | [END_REF].

Until now it was still quite difficult to exactely define when the coalescence starts. The end of the accumulation phase is the most interesting point for nanocrystal deposition. In a previous study performed in our group in the same experimental conditions, nanocrystals have been shown to be single-crystal silicon nanoparticles of 2-3 nm in the FCC phase [14] and the critical density (i.e. the greater density of nanocrystals in the discharge) is reached just at the end of this phase. A precise control of the nanocrystal phase is very important for all industrial applications in nanotechnologies in which a well known nanocrystal size and density are required [15]. The aim of the present work is to determine the point on electrical signals corresponding to the exact end of the accumulation phase (i.e. to the exact beginning of the coalescence phase).

The experimental set up has already been described in details in a previous paper [8]. The rf discharge is produced in a grounded cylindrical plasma box (13 cm inner diameter and 3.3 cm for inter-electrode distance). The whole system is enclosed in a vacuum chamber. The upper electrode (driven electrode) is a shower-head one in order to ensure a homogeneous gas distribution at the entrance of the plasma zone. This electrode is connected to a 13.56 MHz rf generator through a match box including a blocking capacitor. The power can be varied from 0 up to 20 Watts. The experimental conditions are the following: 12 Pa total pressure, 20 sccm of argon flow In this work, depositions of dust particles at different instants have been performed. We used the instability occuring in the electrical signals as a mark. This instability has been studied in details in previous work [START_REF] Cavarroc | [END_REF]. We realized three different types of samples : a first one just before, a second one during, and a last one after the instability. Structural morphology of the formed dust particles is qualitatively analyzed from topographical observations of the samples by means of atomic force microscopy (AFM) operating in the tapping mode and scanning electron microscopy (SEM).The SEM images obtained are shown in figure 2.

Just before the instability (figure 2(a)), there are only single nanocrystals (around 2-3 nm) on the substrate. At the beginning and in the middle of the instability (figure 2(b) and (c)), two populations can be distinguished: there are both nanocrystals and small polycrystalline aggregates. At the end of the instability (figure 2(d)) deposited dust particles are mainly small polycrystalline aggregates. These results seem to place the beginning of the coalescence phase at the beginning of the instability. The AFM images obtained from the same samples are shown in figure 3. They are all normalized to the same height size scale in order to make the comparison easier. In the nanocrystal case, the AFM tip size is of the same order as the nanocrystal size. We are confronted to convolution troubles in the x and y directions. The only dimension we can use is the height because this dimension is less concerned by convolution troubles. The results are quite similar to the ones obtained by SEM. Before the instability (figure 3 The same analysis performed on a sample deposited during the instability (figure 4(b)) shows two peaks located at different heights. The higher peak around 1.5 nm corresponds to the nanocrystals and the smaller one around 4 nm corresponds to the first coalesced polycrystalline nanoparticles. On the last sample (figure 4(c)), a single peak appears around 5 nm, corresponding to bigger coalesced polycrystalline nanoparticles. Those dust particle radius distributions confirm our qualitative topographical observation.

The third harmonic/self-bias based diagnostic does not need any optical access to the plasma. Once it is calibrated, this diagnostic can provide precise information concerning the dust particle nature in the discharge. We performed the calibration for the first phases of formation (formation and accumulation of nanocrystals and beginning of the coalescence) in a typical dust forming Ar/SiH 4 plasma generated in a rf discharge. Presently, we can conclude that before the instability, the dust particles are single-crystal silicon nanoparticles of 2-3 nm in diameter in the FCC phase [14]. Their shape appears to be spherical and their density increases during the accumulation phase until reaching the critical value estimated to 10 11 to 10 12 cm -3 at room temperature [11]. Thereby, just before the instability the single-crystal silicon nanoparticle density in the plasma is the highest that can be reached. During the instability, nanocrystals agglomerate together to form the first polycrystalline dust nanoparticles of 4-5 nm. All the nanocrystals begin to agglomerate at least two by two. This is the early beginning of the coalescence phase and two populations can be distinguished. The first one corresponds to nanocrystals while the second one corresponds to first coalesced polycrystalline particles. At the end of the instability, no more single nanocrystals remain in the gas phase. Thus, the onset of the instability exactly corresponds to the beginning of the coalescence phase. This instability is certainly due to a charge effect of the nanoparticles becoming bigger and starting to attach more electrons. It can be related to attachment induced ionization instabilities observed in electronegative gases [START_REF] Cavarroc | [END_REF]16,17]. After the instability the dust nanoparticles are made of agglomerated nanocrystals. Their size increases from 5 nm at the beginning of the coalescence to about 45 nm at the end of the phase [1]. The dust particles are now polycrystalline and present a high specific surface (up to 115 m 2 .g -1 [18]) that can be of interest for applications in catalysis.
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 1 FIG.1:(Color online) Time-evolution of the amplitude of the discharge current 3 rd harmonic in a dust forming plasma.

  (a)), there are only small nanocrystals around 2-3 nm in height. At the beginning and in the middle of the instability (figure 3(b) and (c)), two populations of dust particles are present, one around 2-3 nm and another one around 4-5 nm. After the instability (figure 3(d)), a single population is visible, around 10 nm. Those results confirm the ones obtained by SEM.The radius distribution of dust particles corresponding to the first sample (figure4(a)) shows a single peak centered at 1.5 nm (corresponding to 3 nm in height).
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 3 FIG. 3: (Color online)AFM images of the samples deposited (a) just before (b) at the beginning of (c) during (d) after the instability.
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 4 FIG. 4: (Color online) Radius distribution diagrams corresponding to a sample deposited (a)before (b) during (c) after the instability.
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