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The bias-assisted HF CVD nucleation of diamond:

Investigations on the substrate temperature and the filaments location

Introduction

In the early times of the CVD diamond synthesis, one single step was carried out to grow a diamond film by the hot filaments CVD process (HFCVD), with previous exsitu treatments (by either carbon scratching, or seeding, or coating, or carburization, ...) to enhance nucleation [START_REF] Liu | Diamond Chemical Vapor Deposition: Nucleation and Early Growth Stages[END_REF]. Thus nucleation remained vanishingly little on mirrorpolished surfaces [START_REF] Constant | [END_REF]3]. However, it has been found, in a similar way to the microwave-assisted CVD process, that the application of a negative bias relative to the substrate before the growth in a short time strongly promotes the diamond nucleation, resulting in thin diamond films with even sometimes epitaxial orientation of the grains [4]. The deposition conditions such as substrate temperature, reactant composition, reactor pressure, etc., influence strongly the nucleation density, and the optimal conditions for the actual growth are not necessarily adequate for this initial nucleation step. Moreover, a balance must be found between the density and the quality of the diamond nuclei during the biasing step [5,6]. In a previous paper [7],w e described a new hot filament CVD set-up with direct current plasma assistance (DC HF CVD) for diamond nucleation. Activation of the gas phase constituents was obtained by a stable glow discharge between two grid electrodes coupled with two sets of parallel hot filaments located in-between and polarized at the corresponding plasma potential. In addition the sample is negatively biased with a small 10-15 V extraction potential with respect to the cathode grid. Such design allows creating a high density of both ions and radicals that are extracted and focused onto the surface of the sample. In this paper the influence of important nucleation parameters such as the distance between the filaments and the substrate and the substrate temperature is reported. While temperature is generally a key parameter of the nucleation by increasing the surface diffusion of atomic species, it was reported that the filaments-to-substrate distance might govern the energy and the concentration of the activated or ionized species [8]. Moreover, a direct comparison of the influence of these two parameters in the same experimental set-up might provide more insight into the true nucleation mechanism.

Experimental conditions

Si(100) samples, p-doped at 1-3 V cm and of size 8 Â 8 Â 0.5 mm 3 , were preliminary cleaned ultrasonically 5 min, consecutively into acetone and ethanol, then dipped into HF (4%) for 2 min. They were introduced into the CVD reactor (Fig. 1). The diamond deposition had been carried out in three consecutive steps: (i) surface etching by H + plasma, (ii) nucleation and (iii) growth. In the case of the etching and nucleation steps, a plasma was ignited both between the cathode and the anode grids (primary plasma: bias1 + bias2, Fig. 1) and between the cathode and the negatively biased substrate (extraction plasma: bias3, Fig. 1). The filaments were kept at the potential of the plasma (bias1, Fig. 1). The parameters related to the etching and growth steps were kept identical for all the samples. The substrate was independently heated by an infrared lamp located on the rear of the sample and controlled by a thermocouple. More details on the experimental set-up and the procedure were reported in Ref. [7]. Both to visualize images of the nuclei and to obtain a measurable Raman signal, the nucleation step was followed by a 1-h growth step. Table 1 summarizes these experimental conditions. The diamond films were characterized by Raman spectroscopy using the HeNe (632.8 nm) laser excitation source and a Renishaw set-up. A microscope objective was used to focus the laser onto a spot of approximately 1 Ami n diameter, and to collect the scattered light that then passed Fig. 1. Schematics of the DC HF CVD system. The distance d n between the substrate and the bottom couple of filaments is defined. The primary plasma between the cathode and the anode and the extraction plasma above the substrate are displayed in full. The parameters range of substrate temperature T and distance cathode -substrate are indicated in italics, while the most common used values are indicated in italic bold. V e and I e are the extraction voltage and current intensity, respectively (Fig. 1).

through the spectrometer onto a CCD detector. SEM investigations were performed with a JEOL JSM 840 working at 5 -10 kV.

Results

Nucleation temperature

The temperature of the nucleation was varied within the range 600 -850 -C. The Fig. 2 shows the Raman spectra and the SEM images at 600 and 850 -C, respectively. The SEM images illustrate that after 15 min of nucleation and 1 h of growth, the whole surface is covered by a diamond film. The film morphology is comparable for the whole range of nucleation temperature, with a b110À orientation. Although the grain size slightly increases with temperature, there are no appreciable differences in nucleation density. Raman spectroscopy is a convenient probe to evaluate the quality of the diamond films by recording the variations of the vibration frequency of the carbon -carbon bond. After subtraction of the luminescence background, the Raman spectra of Fig. 2 were decomposed into a lorentzian sharp peak D at 1332 cm À 1 characteristic of diamond and additional wide gaussian contributions. In all cases the Raman spectrum shows contributions centred at ¨1200, 1300, 1350, 1450 and 1560 cm À 1 [9]. The shoulders at ¨1200 and 1300 cm À 1 can be attributed to nanodiamond particles. Contributions at 1350 and 1560 cm À 1 are characteristic bands of sp 2 carbon clusters, the later one being due to the allowed mode E 2g and the former one is attributed to a breakdown in the selection rules due to size or defects-induced effects. Their relative contributions increase with nucleation temperature, as does the wide band centred around 1450 cm À 1 attributed to amorphous or DLC carbon with carbon in either threefold or fourfold coordination states.

Substrate-to-filaments distance

The substrate-to-filaments distance d n was varied from 4 to 8 mm, with the same set of filaments. Diamond particle size and density strongly change with the location of the filaments relative to the substrate. Thus the density decreases with increasing distance from a highly dense film at d n = 4 mm to a partial covering at d n = 8 mm, respectively, while the mean grain size increases. As shown in the Fig. 3 increase as the particle size decreases [10].A td n = 8 mm, the Raman intensity of diamond peak decreases significantly, in agreement with a significant decrease of nucleation density. Moreover a nanodiamond contribution around 1130 cm À 1 is quite noticeable.

Discussion

The nucleation density is quite sensitive to the location of the filaments but not to the temperature in the DC HF CVD process. By contrast film quality is little affected by both parameters, although a too little filaments-to-substrate distance leads to a decrease of the diamond quality and smaller size grain. Thus a distance around 5 -7 mm is believed to yield an optimized balance between a high nucleation density and a good quality of the diamond deposited. In a classical nucleation theory the nuclei rate formation is governed by the surface diffusion and formation of nuclei through surface collisions. Thus nucleation is strongly dependent on the surface temperature as surface diffusion is a thermally-activated process. By contrast in an ion-activated nucleation, enhanced diffusion is promoted by energetic ions impinging the surface. As the ion energy and concentration distributions are strongly dependent on the filaments location [8,11], it is expected that the nucleation formation rate will be now strongly modified with both the location and the thermal characteristics of the filaments. The filaments also play an important role to stabilize the primary plasma at a low polarisation voltage. Thus, with the presence of the filaments, the primary plasma is ignited around 200 V, much lower than without filaments [7]. This can be explained by the intense electron emission from the heated filaments that promotes the ionization reactions around the filaments. At low substrate-to-filaments distance we observe an asymmetric and broad diamond Raman peak with intense nanodiamond and amorphous carbon contributions. This is the indication of an intense secondary nucleation due to a high ion concentration above the substrate. At large filaments-tosubstrate distance reversely, the ion concentration decreases as a result of decreasing electron concentration and the nucleation rate decreases. Thus an optimization of the distance exists due to the spatially variable ion concentration in the extraction potential above the substrate.

The results provide evidence for an ion-enhanced nucleation rate. However two ion-enhanced nucleation processes were invoked in the literature [4]: Either surface collisions or bulk collisions through shallow implantation into the substrate, a process that is likely with energy of the ions larger some tenths of eV. The proportion of each of these processes depends on the kinetic energy of the ionic species impinging the surface. Thus it will also depend on the location of the filaments, all other parameters being otherwise constant. Further analyses are therefore required to discriminate between these two explanations and thus to elucidate the subtle behaviour of the filaments in the nucleation step of diamond.

Conclusion

The influence of substrate temperature and filaments-tosubstrate distance was studied during the diamond nuclea-tion step in a direct current and hot filaments-assisted CVD process. Whereas the nucleation temperature in the range of 600 -850 -C has negligible influence on the diamond nucleation density and film quality, the nucleation density is closely related to the distance between the filaments and the substrate. At low distance, secondary nucleation with nanodiamond formation and sp 2 -hybridized carbon are formed in addition to diamond. This is explained by an intense ion concentration above the surface. Reversely, at large distance, poor nucleation occurs due to decreasing ion concentration. It is thus expected an optimization of the distance to get a high nucleation density with a good film quality. However, not only the concentration, but also the energy of the ions, govern the diamond nucleation mechanism. Therefore combined surface studies and gas phase studies are required to elucidate the subtle role of the filaments in the nucleation step.
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 2 Fig. 2. Raman spectra and SEM images for different nucleation temperatures: (a) 600 -C, (b) 850 -C.
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 3 Fig. 3. Raman spectra and SEM images corresponding to substrate-filaments distance d n = 4 (I), 6 (II) and 8 mm (III).
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	Experimental parameters during the diamond films deposition steps						
	Step	T	P	Total flow rate	Distance cathode -	Filament temperature	Time	[CH 4 ]	V e	I e
		(-C)	(mbar)	(CH 4 +H 2 ) (sccm)	substrate (mm) d n	(-C)	(min)	(%)	(V)	(mA)
	Etching	700	15	100	4	1900	2	0	20	0.2
	Nucleation	600 -700 -850	15	100	2-4-6	1900	15	4	15	0.8
	Growth	850	30	200	6	2100	60	1	0	0