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Thin films of silicon carbide attract much attention for applications in various branches of technology [1][2][3][4][5][6]. Silicon carbide can be used in high temperature electronics [7] and as wide band gap device in optoelectronics [8]. Thin films can be produced by various techniques like plasma-enhanced chemical vapor deposition (PE-CVD), hot wire CVD (HW-CVD), hot wire plasma-assisted CVD (HWPA-CVD) processes [9] or magnetron sputtering. Using magnetron sputtering, films of high quality with reproducible properties can be deposited on different substrates. After deposition the films are amorphous. Annealing at elevated temperatures leads to crystallization. Nucleation and growth process during crystallization affect the microstructure of the polycrystalline films [10]. For a tailored production of films for applications detailed information of the crystallization kinetics is important. In Ref. [11] crystallization kinetics of amorphous Si 1-x C x films with a stoichiometric composition (x = 1/2) deposited on silicon wafers and glassy carbon, respectively, was investigated by X-ray diffractometry and transmission electron microscopy. Crystallization could be described by a modified JMAK model (according to the formalism developed by Johnson, Mehl [12], Avrami [13][14][15] and Kolmogorov [16]).

The crystallization mechanism was found to be an interface controlled three dimensional growth process from pre-existing small crystallites with dimensions of 10 to 15 nm which are formed in a transient process in the early stage of crystallization.

The rate constants of crystallization and also the corresponding activation enthalpies were found to depend strongly on the substrate. While an activation enthalpy of 8.9 eV is found for crystallization of silicon carbide deposited on glassy carbon an activation enthalpy of about 4.1 eV is found for crystallization of silicon carbide deposited on silicon wafers [11]. Compared to the same temperature, crystallization of silicon carbide is significantly faster for silicon substrates. The samples for the two types of substrates where produced under identical experimental conditions which excludes an influence due to different conditions of preparation. The dependence of the activation enthalpies of crystallization on the type of substrate, therefore, was referred to the importance of point defects for crystallization. Since the temperatures used were close to the melting point of silicon the silicon substrate can possibly act as a source for point defects. Therefore, crystallization of silicon carbide deposited on silicon substrates is faster than crystallization of silicon carbide deposited on glassy carbon if a point defect mediated crystallization process is assumed [11].

For an understanding of crystallization of silicon carbide it is important to know the chemical order of the amorphous system which depends on the composition and on the production method [18]. According to the tetrahedron model for amorphous silicon-carbon alloys given in Ref. [18] three types of chemical order can be considered (a) complete random order where no preferential chemical bonding between Si and C atoms exists, (b) complete chemical order with homogenous dispersion which means that in Si-rich alloys a C atom in the centre of a tetrahedron is surrounded by four Si atoms and a maximum of possible Si-C bonds is realized and (c) complete chemical order with phase separation which means that the Si-C bonds are clustered [18]. Molecular-dynamics simulations revealed [19] that 40% -45% homonuclear bonds are present in stoichiometric amorphous silicon carbide. This means that the system is not complete chemically ordered. The same simulations also revealed that a high degree of short and medium range order exists which means that that the system is not complete randomly ordered. Consequently, the real atomic structure of an as-deposited amorphous Si 1-x C x film can be considered as a mixture of the three types of chemical order. In Ref. [20] structural relaxation of magnetron sputtered amorphous silicon carbide films deposited on silicon substrates was is investigated. It was found that as-deposited films show a certain degree of random order which means that the order is a mixture of type (a) and (b). After annealing at 800 °C the degree of random order converts to complete chemical order. In Ref. [11] crystallization experiments were carried out at 1200 °C and higher temperatures. At these temperatures the amorphous films are expected to be already relaxed to complete chemical order after very short times of annealing. However, if the composition of the films deviates from the stoichiometric composition complete chemical order should be accompanied by a phase separation. If the composition strongly deviates from the stoichiometric composition the resulting phases should be detectable. Therefore, for further insight into this topic, in this work we investigated the crystallization of silicon carbide in magnetron sputtered Si 1-x C x films with x = 1/3 deposited on silicon wafers. For silicon rich Si 1-x C x films a silicon phase can be expected in addition to the silicon carbide phase in the case of complete chemical order with phase separation. If these phases are crystalline they can be detected by XRD. We used grazing incidence X-ray diffractometry (GIXRD) to determine the crystallized fractions and the sizes of the crystallites.

Experimental details

Thin amorphous Si 1-x C x films with x = 1/3 were prepared by r.f. co-sputtering using a 3'' US GUN low profile planar magnetron source (AP&T, Nürtingen, Germany) mounted on a standard DN 150 CF double cross recipient equipped with pre-sputter shutter and sample positioner allowing various distances (100 nm -200 nm) between magnetron and substrate. Deposition rates of 2 -5 nm/min were achieved, using an operation pressure of 1 × 10 -3 mbar, a sputtering power of 80 W and a substrate temperature of 200 °C. Carbon stripes (99.99 %, Goodfellow, Bad Nauheim, Germany) of 5 mm × 25 mm were radially fixed at equal distances on a silicon base target (99.999 %, Norwegian Talc, Bad Soden, Germany). Films were deposited on single crystalline single silicon (111) wafers (CIS, Germany). Composition was determined by Rutherford backscattering spectrometry (RBS). Concentration depth profiles were measured with secondary ion mass spectrometry (SIMS). A CAMECA IMS-3F was used. The thickness of the films was determined measuring the SIMS crater using a surface profilometer (Alphastep 500, TENCOR). The samples were annealed at temperatures between 1200 °C and 1350 °C in an argon atmosphere (99.996 %) at 1000 mbar for times between 0.5 h and 190 h. A glassy carbon crucible was used. The samples were embedded in a fine-grained SiC powder to protect them from contamination. A special mechanical transfer unit was used to place the samples into the hot zone of the furnace within about 5 minutes. During annealing temperature was kept constant within 1 °C using a eurotherm type 815 temperature controller. Since the transfer times were small compared to the annealing times, heating and cooling times were neglected and our experiments can be considered as an ex-situ investigation of isothermal crystallization. The samples were analysed with GIXRD. Using GIXRD the X-ray strikes the sample under a small angle. The detector is moved while the sample is kept fix. Due to the small incident angle maximum information from the film is obtained while Bragg peaks from the substrate can be eliminated. We worked with a Siemens Kristalloflex/D5000 using Co K α radiation (λ = 0.1789 nm, 40 kV, 40 mA). A rocking curve was recorded before each GIXRD measurement to eliminate a possible tilt angle of the sample. The grazing incidence angle was 5°. At this angle the substrate did not contribute to the diffractograms and a maximum count rate from the film was achieved. Since silicon precipitates are expected from composition considerations it is essential to eliminate the contribution of the silicon substrate.

Results

The composition of the as-produced samples was determined by RBS to be Si 66 C 34 . Concentration depth profile measurements with SIMS revealed constant silicon and carbon intensities throughout the film. The thickness of the films was determined to be 1.5 µm. No change in homogeneity in depth profiles could be observed by SIMS after annealing. The scan size of the primary beam during SIMS analysis was 250 µm. Therefore, resolution of lateral homogeneity is limited to 250 µm. From the diffractograms information about the crystallized phases (position of a Bragg peak), the crystallized fraction of a phase (integrated area of a Bragg peak), the size of the grains (width of a Bragg peak) and the micro strain (shift of the line position) can be obtained. An as-deposited sample was measured with GIXRD in the 2Θ range from 10 ° to 130 °. No Bragg peaks were observed. This shows that asdeposited films are X-ray amorphous and the peaks of the silicon substrate are eliminated. After the first annealing step (1 hour at 1200 °C and 0.5 h at higher temperatures) Bragg peaks from β-SiC and silicon are observed. Since no silicon peaks are found in the diffractograms of the as-deposited samples we attribute these silicon peaks to crystalline precipitates formed within the film. Determination of the crystallized fraction proceeds from the idea that the crystallized fraction of a phase is proportional to the integrated area of a certain Bragg peak, A(t).

If the sample is annealed until no change in the integrated peak area is observed the normalization area A(t = ∞) is determined and the crystallized fraction at a time t, x(t), is given by:

x(t) = A(t)/A(t = ∞) (1) 
Fig. 1 shows the Bragg peaks at 2Θ = 41.6° for a sample annealed at 1350 °C for different annealing times. The peak can be identified as the (111)-peak of β-SiC. The crystallized fraction of silicon carbide determined from the integrated area under the (111)-peak is shown in Fig. 2 together with the crystallized fraction of silicon determined from the integrated area under the silicon (220)-peak. Surprisingly, the silicon (220)-peak decreases with increasing annealing time. At 1200 °C the silicon (220)-peak can only be resolved up to an annealing time of 15 h. At 1350° C the silicon (220)-peak can no longer be resolved for annealing times higher than 3.5 h. The crystallized fraction of the β-SiC increases with increasing annealing time. An initial fast crystallization step leads to a crystallized fraction of about 0.25 after an annealing time of 1 h at 1200 °C. At higher annealing times the crystallized fraction increases with a slower rate but the data points do not follow a simple sigmoidal curve. This points to a complicate sequence of crystallization steps. The Bragg peaks were numerically fitted with Lorentzian functions. From the full width at half maximum, β(2Θ), the crystallite size can be determined using the Scherrer formula [21]

Θ Θ = cos ) 2 ( 9 . 0 β λ d ( 2 
)
where d is the average size of the crystallites, and λ the wavelength of the radiation. However, if micro strain is present, the Scherrer equation does not give reliable values for the average grain size. To overcome this problem average grain size and micro strain can be determined simultaneously using the Williamson-Hall equation [22,[START_REF] Klug | X-ray Procedures for Polycrystalline and Amorphous Material[END_REF] 
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where ε is the micro strain. From the ordinate section in Eq. 3 the crystallite size can be determined. Unfortunately for β-SiC only three Bragg peaks with sufficient intensity can be resolved in our diffractograms. Therefore the ordinate section in Eq. 3 is associated with large errors. The slope in Eq. 3, however, and hence the micro strain can be determined with sufficient accuracy using three data points. Fig. 3 shows the micro strain for a sample annealed at 1200 °C. Up to an annealing time of 36 h the micro strain is less than 0.001. At higher annealing times the micro strain increases slightly but never exceeds 0.002. The increase of micro strain may be due to impingement since more than 50 % of silicon carbide is crystallized for annealing times higher than 36 h. For short annealing times the influence of micro strain on line widths can be neglected and the Scherrer equation can be used to determine the size of the crystallites. Fig. 4 shows the average size of the crystallites determined according Eq. 2 with respect to the annealing time. The line width of the most intensive Bragg peak, the (111)-peak, was used. At the beginning of crystallization the experimental points follow a straight line. At higher annealing times the growth of the crystallites slows down until the size becomes constant. From a straight line fit at the beginning of crystallization we obtain the rate constant u = dr/dt for the growth of the crystallites (r being the radius of the crystallites), which are plotted in Fig. 5 as a function of reciprocal temperature.

Discussion

As shown by data from Fig. 2 annealing of Si 1-x C x films with x=1/3 leads to crystallization of a silicon and a silicon carbide phase. This can be expected because of the non-stoichiometric composition of the as-deposited sample. Further, formation of crystalline silicon is much faster than formation of crystalline silicon carbide. This is in accordance with results on the crystallization of amorphous silicon [START_REF] Spinella | [END_REF]. The results can be explained with the assumption that chemical ordering and phase separation have already taken place during the first annealing step and our films consist of a silicon phase and silicon carbide phase. In Fig. 2 data reveal unexpected decrease of Si-peak intensity with annealing time until it can no longer be resolved with our experimental equipment. Therefore, in Fig. 2 the crystalline fraction of silicon is 0 for annealing times higher than 20 h. The line width of the silicon (220)-peak, however, remains constant as long as the peak can be resolved. This makes it very unlikely that the silicon grains are transformed continuously into gaseous SiO or a non-crystalline phase like amorphous SiO 2 via internal oxidation. A continuous dissolution of silicon grains is expected to be connected with a significant line broadening. Also, consumption of silicon grains caused by a reaction of Si with free C would lead to a line broadening. At 1200 °C formation of a liquid silicon phase can also be excluded. Another possible explanation for the decrease of the silicon (220)-peak is that Si diffuses to the substrate. During the first annealing step phase separation takes place and silicon grains grow while the silicon carbide phase remains amorphous. When crystallization of silicon carbide sets in the amount of grain boundaries in the film is as large that Si can diffuse to the substrate along these fast diffusion paths. This means that transport of Si from the film to the silicon substrate can take place. If Si grows epitaxially on the silicon substrate it does not longer contribute to the diffractograms measured by GIXRD. Transport of Si from the film to the substrate is not associated with the volume selfdiffusivity of silicon in silicon carbide which is known to be very low (< 10 -21 m 2 /s at 1100 °C [25]). For the transport of silicon through a polycrystalline silicon carbide layer produced by carbonization of silicon wafers Si diffusivities up to 10 -15 m 2 /s are reported [26][27][START_REF] Rimai | The[END_REF] at about 1200 °C. This results in diffusion lengths of some micro meter for annealing times of some hours. Considering these values the decrease of the silicon peak might be explained by a decrease of the phase faction of silicon in the film due to diffusion of Si from the film to the substrate. However, also in this case a line broadening is expected which is not observed. Nevertheless, the experimental method itself, GIXRD, used to detect crystalline silicon can give an explanation for the decrease of the silicon (220)-peak. With GIXRD only those grains contribute to the diffractogram which fulfil the Bragg condition under the given grazing incidence angle since the sample is kept fix. After the first annealing step the silicon grains are more or less randomly orientated so that they are detected by GIXRD. During further annealing, the grains realign and become textured towards an orientation for which the Bragg condition is not fulfilled for the gracing incidence angle used in the experiment. Consequently, grains are no longer detected by GIXRD. In this case the number of silicon grains which contribute to the diffractogram decreases while the line width of the silicon (220)-peak is not affected. Theoretically, XRD in Bragg-Brentano geometry can detect a phase even in the case of texture. Such measurements were not successful since it was not possible to separate the silicon (220)-peak of the film from the contribution of the silicon substrate.

The crystallization curve given in Fig. 2 shows a very complex shape. This is an indication of a change in the mechanism of crystallization during annealing. Additionally, determination of the crystallized fraction using the integrated area under a Bragg-peak measured with GIXRD may lead to a methodical error if the preferential orientation of the crystallites changes with annealing time. Therefore, the statistical error at the data points in Fig. 2 which was calculated from the errors of the integrated areas determined by least-squares fits with Lorentzian lines might be superimposed by a systematic error. Hence, it is not straight forward to analyze the crystallization curve in Fig. 2 using JMAK theory. Information about the activation enthalpy of crystallization, however, can be obtained from the dependence of the average size of the crystallites on annealing time. As already mentioned at the beginning of crystallization the average size of the crystallites with respect to the annealing time can be described with a straight line. The rate constant u for the growth of pre-existing nuclei is given by [29]
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where r is the radius of the crystallites, ∆H I is the activation enthalpy for the transfer of an atom across the amorphous-crystalline interface and its incorporation into the crystal lattice, ∆G is the Gibbs energy difference between the amorphous and the crystalline state, and u 0 is a pre-exponential factor. Since ∆G is commonly larger than k B T the growth rate can be described by an Arrhenius behaviour
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where ∆H c = ∆H I is the activation enthalpy of crystallization. The growth rates can be obtained from the slopes of the straight line fits in Fig. 4. The temperature dependent growth rates obey the Arrhenius law (Fig. 5). From the slope in the Arrhenius diagram an activation enthalpy ∆H c = 4.0 ± 0.7 eV can be determined. In Ref. [11] two growth rates have been determined for Si 1-x C x with x = 1/2. In that case after a first step crystallization slows down resulting in two crystallization rates u 1 and u 2 . The values from Ref. [11] are included in Fig. 5. The activation enthalpy of 4.1 ± 0.5 eV given in Ref. [11] is, within error limits, in good agreement with the activation enthalpy found in the present work. The absolute values of u found in this work lie in between u 1 and u 2 from Ref. [11]. Extrapolation of the crystallite size given in Fig. 4 to t = 0 leads to an initial size of 12 ± 1 nm. This is also in agreement with Ref. [11] where the size of the pre-existing crystallites is reported to be in the order of 10 to 15 nm. It should be emphasized that the initial crystallite size is not the critical size of the nuclei but the size of the pre-existing crystallites resulting from a transient process in the very early stage of crystallization [11]. The consistence of the growth rates, of the activation enthalpies and of the initial crystallite size in this work compared to Ref. [11] demonstrates that the growth mechanism in the first stage of crystallization is the same for the non-stoichiometric system and for the stoichiometric system. Obviously, this is a consequence of the phase separation in Si 1-x C x with x = 1/3 during the first annealing step. In a later stage the mechanism of crystallization may change. This is suggested by Fig. 2. The main result of our work, however, is that phase separation takes place and is completed before crystallization of silicon carbide begins. It should be pointed out that so far we only investigated silicon rich Si 1-x C x films. Carbon rich Si 1-x C x films will be investigated in future to clarify whether our conclusions are valid also in this case.

Summary

In this work we investigated the crystallization of silicon carbide in magnetron sputtered Si 1-x C x films with x = 1/3 deposited on silicon substrates. The evolution of the crystallized fraction with respect to the annealing time does not show a simple sigmoidal curve which was observed in the case of magnetron sputtered Si 1-x C x films with x = 1/2. For the first stage of crystallization an activation enthalpy of 4.0 ± 0.7 eV for crystallization could be deduced from the growth rates of the crystallites. The activation enthalpy is, within error limits, equal to the activation enthalpies found for crystallization of silicon carbide in magnetron sputtered Si 1-x C x films with x = 1/2 deposited on silicon substrates. The absolute values for the growth rates and the initial size of the crystallite sizes are also in good agreement with the values for the films with a stoichiometric composition. Therefore, we conclude that prior to crystallization of silicon carbide a phase separation has taken place in the Si 1-x C x films with x = 1/3 resulting in an amorphous silicon carbide phase and an amorphous or crystalline silicon phase. For the first stage of crystallization of the amorphous silicon carbide the same crystallization mechanism is active as in the case of the films with a stoichiometric composition. 3). Also shown are the growth rates u 1 (triangles) and u 2 (circles) from Ref. [11]. annealing time (h) 
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 1 Figure captions: Fig. 1: (111) peaks of β-SiC for a Si 2 C film deposited on a silicon wafer. Shown are the diffractograms of a sample as-deposited and annealed at 1350 °C for different annealing times.

Fig. 2 :

 2 Fig. 2: Crystallized fractions of β-SiC and Si for a sample annealed at 1200 °C. The error bars at the data points correspond to the errors of the integrated areas determined by least-squares fits with Lorentzian lines.

Fig. 3 :

 3 Fig. 3: Micro strain determined from a Williamson-Hall plot for a sample annealed at 1200 °C. The error bars correspond to the standard deviations of the straight line fits based on three data points, respectively.

Fig. 4 :

 4 Fig. 4: Average crystallite size determined by the Scherrer equation for a sample annealed at 1200 °C. The error bars correspond to standard deviations.

Fig. 5 :

 5 Fig.5: Arrhenius representation of the growth rates u (squares). The error bars correspond to the standard deviations of the straight line fits (Fig.3). Also shown are the growth rates u 1 (triangles) and u 2 (circles) from Ref.[11].
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