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Introduction

Directional solidification has become the leading technique for growing the multicrystalline silicon (mc-Si) for photovoltaic applications. The solar cells efficiency depends on the structural quality and the impurity content of the silicon material. The contamination with carbon (C), nitrogen (N) and oxygen (O) is very deleterious, reducing the conversion efficiency of the solar cells. Carbon and nitrogen can form precipitates (SiC and Si3N4), when their concentration exceeds a critical solubility limit in the molten silicon. Silicon carbide (SiC) precipitates are undesirable because they allow the formation of small grains and also cause ohmic shunts, which reduce the solar cells performance.

Many studies have been dedicated to the analysis of the impurities distribution in directional solidification of multicrystalline silicon [START_REF] Muhlbauer | Removal of C/Si from liquid silicon by directional solidification[END_REF][START_REF] Ribeyron | Oxygen and carbon transfer during solidification of semiconductor grade silicon in different processes[END_REF][START_REF] Mangelinck-Noel | Modelling of the transition from planar faceted front to equiaxed growth: application to photovoltaic polycrystalline silicon[END_REF][START_REF] Liu | Carbon concentration and particle precipitation during directional solidification of multicrystalline silicon for solar cells[END_REF][START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF][START_REF] Vorob'ev | Advanced chemical model for analysis of Cz and DS Si-crystal growth[END_REF][START_REF] Gao | Crystal growth of high-purity multicrystalline silicon using a unidirectional solidification furnace for solar cells[END_REF][10][START_REF] Garandet | Solute segregation in a lid driven cavity: Effect of the flow on the boundary layer thickness and solute segregation[END_REF][12][START_REF] Liu | Global simulation of coupled oxygen and carbon transport in an industrial directional solidification furnace for crystalline silicon ingots: effect of crucible coating[END_REF]. Some experiments and numerical modeling were conducted to investigate C, N and O distribution in mc-Si ingots of 6 cm diameter solidified at different rates by using the vertical gradient freezing (VGF) method [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF]. The axial and radial distribution of impurities were measured in samples resulting from silicon feedstock with different grades of contamination. The modeling of species transport performed in [START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF] considers the solute segregation at the crystal-melt interface, the incorporation of impurities at the melt-gas interface and the particles precipitation during the solidification process. Simulations are conducted at different values of some unknown physical parameters, such as the reaction rate coefficient governing the particles precipitation, or the mass transfer coefficient which describes the impurities incorporation from the gas in the melt.

The values of the reaction rate coefficient ( ), governing the carbon precipitation in silicon melts, differ significantly in the literature. Numerical computations performed in [START_REF] Liu | Carbon concentration and particle precipitation during directional solidification of multicrystalline silicon for solar cells[END_REF] show that the carbon distribution in the silicon samples remains practically unchanged when the reaction rate coefficient increases beyond a critical value ( = 100

). Simulations carried out in [START_REF] Vorob'ev | Advanced chemical model for analysis of Cz and DS Si-crystal growth[END_REF] by using the reaction rate coefficients given by the existing literature failed to get reasonable results for SiC distribution in the silicon ingots. Further investigations performed in this work have shown the best agreement between modeling and experimental observations is obtained in the case of much lower values of the reaction rate coefficient ( = 10 ) than predicted in the literature.

In the present paper, numerical modeling is applied to investigate the distribution and precipitation of carbon during directional growth of multicrystalline silicon. The simulation results are compared to experimental measurements performed in [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF], in order to estimate some unknown parameters describing the carbon distribution and precipitation in the molten silicon.

Physical model

The modeling is performed for the experimental growth of silicon by using the VGF technique [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF].

Silicon ingots of 6 cm diameter and 4 cm length were grown in open fused silica crucibles at different growth rates: 0.2 cm/h, 1 cm/h and 2.2 cm/h. After crystallization, the axial and radial distribution of impurities (C and N) was measured by FTIR-spectroscopy.

The present simulations use the finite element code COMSOL Multiphysics to solve the heat transfer, momentum and species equations (Eq. 1-3) for an axisymmetric domain containing the silicon sample and the crucible (see Fig. 1):
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In the above equations, 5, 6 , 7, 8, 9, : ; , <, =, >, ?, @ and A denote the density, specific heat, The reaction rate in Eq. 3 describes the impurities precipitation, and is given by:

R = -α&C -C ' (4) 
where is the reaction rate coefficient and ? S is the solubility limit of impurities in the silicon melt.

The coefficient is actually unknown and will be estimated in the following paragraph. The precipitation occurs when the impurities concentration is greater than the solubility limit. Therefore, the reaction rate is negative when ? > ? S and vanishes when ? < ? S . The solubility limit of carbon ? S = 14 • 10 U / (at the melting temperature of silicon > B = 1685 ) was carried out from the Si-C phase diagram given in [START_REF] Liu | Carbon concentration and particle precipitation during directional solidification of multicrystalline silicon for solar cells[END_REF].

Thermal boundary conditions are imposed at the crucible wall according to the experimental conditions described in [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF]. A linear temperature profile characterized by a constant vertical gradient V ; = 2K/ (as specified in [START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF]) was imposed at the external wall of the crucible. The temperatures at the top and the bottom surfaces of the sample are equilibrated with the crucible wall temperature at the same vertical location. During the solidification process, the external temperature is lowered at cooling rates which are adjusted in order to obtain the solidification rates used in experiments (0.2 /ℎ, 1 /ℎ and 2.2 /ℎ).

The no-slip boundary condition (@ = 0) is imposed at the solid walls of the liquid domain, and the normal velocity is set to zero (@ X = 0) at the melt-gas interface.

The boundary conditions for species transport are imposed as follows:

-No flux condition at the crucible walls:

Φ = -D • ∇C • Z = 0 (5) 
-Mass flux conservation at the solid-liquid interface:

D • ∇C • n = &1 -K' • &] • Z ' • C ^ ( 6 
)
where K is the segregation coefficient, ] is the interface velocity, Z is the normal vector and ? _ is the solute concentration in the liquid at the interface.

-Mass flux across the melt-gas interface:

Φ = h&C -C abc ' (7) 
where ℎ is the mass transfer coefficient and ? def is the reference solute concentration in the gas near the free surface of the melt. These parameters are unknown and will be estimated in the following paragraph by comparing the numerical results with the experimental data. This boundary condition describes the carbon incorporation at the top surface of the melt via CO gas from the atmosphere. Eq. ( 7) is similar to the Noyes-Whitney equation which relates the dissolution rate of solids in a liquid solvent. The reference concentration is dependent on the temperature ? def ~exp &-∆V/= • >' . In our case the reaction energy ∆V is much higher than the = • > term (= is the ideal gas constant), so the variation of ? def with the temperature during the solidification process was neglected in the present computations.

The Heat Transfer, Laminar Flow and Deformed Geometry modules of COMSOL Multiphysics are used in the present work. Numerical computations are performed in two steps. Steady-state simulations are performed firstly in order to compute the temperature and flow fields in the samplecrucible system. Then, transient computations of temperatures, flow velocities and species distribution are started with the initial conditions carried out from the steady-state computations. The transient computations use a deformable mesh technique to compute the shape of the solid-liquid interface. The structured mesh contains 5000 triangular elements with higher density of nodes near the solid-liquid interface. The minimum element size is 0.03 cm.

Simulation results

Thermal field and convection

Simulations of temperature and velocity fields are performed for three growth rates used in experiments: 0.2 cm/h, 1 cm/h (standard growth rate of mc-Si ingots) and 2.2 cm/h. Experimental visualization of the solidification front has shown a significant increase of the interface deflection ( k)

as the growth rate increases:

k el6 = 0.4 at ] = 0.2 /ℎ, k el6 = 0.78 at ] = 1 /ℎ and k el6 = 1.3 at ] = 2.2 /ℎ [5-7]
. This is explained by the amount of the latent heat released at the solid-liquid interface, which is directly dependent on the solidification rate [START_REF] Stelian | Analysis of the factors affecting the interface deflection in the vertical Bridgman configuration[END_REF]. Fig. 3 compares the values of the interface deflection carried out from numerical modeling, experiments [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] and by applying the analytical formula proposed in [START_REF] Stelian | Analysis of the factors affecting the interface deflection in the vertical Bridgman configuration[END_REF]:
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In the above equation, •, ', V D and ƒ denote the sample diameter, sample (or crucible) surface, vertical temperature gradient in the liquid and the latent heat of the solidification. Eq. 8 predicts a significant increase of the interface curvature with increasing growth rate, which is in agreement with the numerical and experimental results. This can be explained by accounting the differences between the experimental and the numerically computed solidification rate. The measurements performed over the complete solidification process have shown significant variations of the growth rate by the end of the crystallization process (k B > 0.7) [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF]. Random variations of the growth rate during the solidification process cannot be included in the present numerical model. Therefore, we expect some differences between the measured and numerically computed concentration profiles.

The value of the reaction rate coefficient = 1.2 • 10 (profile B in Fig. 5) was estimated by using the measured concentration profile in the experiment started from the high concentration feedstock (? / = 57 • 10 U / ), since in the case the carbon concentration is more sensitive to the precipitation rate (see Fig. 7). Several computations were performed by varying the values of the reaction rate coefficient in the range 10 Q < < 100 . The best agreement was obtained for = 1.2 • 10 (curve B in Fig. 7).

The carbon incorporation at the melt-gas interface is analyzed in Fig. 6. The mass transfer coefficient is varied in the range 0 ≤ ℎ ≤ 0.1 / . The concentration ? def of carbon (or CO) in the gas is actually unknown in the experiments. The values of ? def are varied between the solubility limit ? S = 14 • 10 U / and 17 • 10 U / . Surprising, the better agreement between the experiment and simulation is obtained for the case which neglects the carbon incorporation at the top surface of the melt (curve A). The computations performed by varying the mass transfer coefficient in the range 10 / ≤ ℎ ≤ 0.1 / at the same reference concentration, show no changes in the carbon concentration profiles. On the other hand, the profiles computed by increasing the reference concentration from ? def = 14 • 10 U / (curve B) to ? def = 17 • 10 U / (curve C) exhibit higher carbon concentrations than measured in the experiments.

Concluding these simulations, we observe a good agreement between experiments and simulations at lower values of some physical parameters (as the diffusion coefficient < = 1.5 • 10 # / and the reaction rate coefficient ≅ 10 ), than those used in other numerical works [START_REF] Liu | Carbon concentration and particle precipitation during directional solidification of multicrystalline silicon for solar cells[END_REF][START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF]. It seems also that the amount of carbon incorporated at the melt-gas interface during the solidification process is negligible. This could be explained by the low CO content of the gas atmosphere in VGF experiments described in [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF].

High concentration feedstock

In this paragraph, the simulations are performed for two solidification experiments (] = 0.2 /ℎ and ] = 1 /ℎ) started from high contaminated silicon melts (? / = 57 • 10 U / ) [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF]. In this case, the initial concentration of carbon is much higher than the solubility limit (? S = 14 • 10 U / ), therefore a massive SiC particle precipitation in the melt is expected. The present simulations are conducted in order to adjust the value of the reaction rate coefficient .

The first set of computations are carried out for the solidification experiment at ] = 1 /ℎ (interface deflection k = 0.7

). The axial carbon distribution computed at different values of is compared to the experimental data from [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] in the Fig. 7. The experimental results show a significant increase of carbon concentration at the beginning of the growth process (k B < 0.3), then a plateau with small oscillations (0.3 < k B < 0.6), and, finally, an ascendant concentration profile at the end of the growth process (k B > 0.6). The best agreement between modeling and experiment has been obtained for = 1.2 • 10 (curve B). The axial concentration increases rapidly during the first stage of the growth process (k B < 0.3), due to the segregation phenomenon at the crystal-melt interface. The segregation coefficient of carbon in the silicon melt is very small (K = 0.07), so a large amount of carbon is rejected at the interface during the crystallization process. Moreover, the solute transported by the flow from the crucible walls to the sample center, enhances the content of carbon in this region.

Starting with a critical value of the concentration, the excess of carbon at the crystal-melt interface is converted in SiC precipitates. This could explain the solute plateau obtained for 0.3 < k B < 0.6. By the end of the solidification process (k B > 0.6), the flow cell is located near the crucible wall. The poor convective mixing at the sample center causes an increasing axial concentration, as shown by the simulation and experiment. The simulation performed without the reaction rate, shows a continuously increasing concentration profile (curve A). The large area between the curves A and B, which is proportional to the carbon consumed in reaction, suggests a significant amount of SiC precipitates resulting in this experiment. The profile C in Fig. 7 was obtained by a small increase of the reaction coefficient to = 2.5 • 10

. The results show a significant decrease of the carbon concentration over the solidified fraction k B = 0.2, which is in disagreement with the experiment. We conclude that the numerical results are now more sensitive to small variations of values.

The results shown in Fig. 8 are used to compute the radial segregation in the solidified sample, by applying the formula:

†? = G ‡ˆ‰ G ‡Š‹ G ˆOE (9) 
? n•l , ? ntX and ? •Ž are respectively, the maximum, minimum and the average concentration in the solid sample at a given solidified fraction. The experimental measurements performed in [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] have shown a high radial segregation †? = 0.6 at the solidified fraction k B = 0.45 (2 cm height from the ingot bottom). The maximum concentration is reached at the sample center and the minimum near the crucible wall. Fig. 8 shows the axial (ingot's center) and the lateral (ingot's periphery) carbon distribution, plotted for the cases computed without precipitation ( = 0) and with precipitation ( =

• 10

). The radial segregation is computed by using the profiles B and D, obtained from the simulations with the reaction rate. The value †? = 0.66 obtained at the solidified fraction k B = 0.45 is in good agreement with the experimental one.

The area between the curves computed with and without precipitation is proportional to the content of SiC precipitates in the solidified ingot. The area between curves A-B is larger than C-D area, showing an accumulation of SiC precipitates at the sample center over the solidified fraction k B = 0.3. This is in agreement with IR-transmission images of the vertical cut at the ingot center shown in [START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF].

The second set of simulations are performed in the case of the crystallization experiment conducted at ] = 0.2 /ℎ growth rate (initial concentration in the melt ? / = 57 • 10 U / ). The numerical computations show different results in this case. The interface deflection is smaller as compared with the previous case: k ≈ 0.4 . The flow pattern is similar to the previous case, with a maximum velocity @ n•l ≈ 0.6 • 10 / . The transient simulation shows no reversed flow in the primary vortex by the end of the growth, so the convection is more stable during the solidification process.

The fluid rises at the sample center and downwards along the crucible wall. 

Conclusions

Numerical modeling of carbon distribution in silicon samples has been compared to the experimental results from [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF], in order to estimate some unknown physical parameters which characterize the diffusion and the precipitation rate of the impurities in the silicon melt. . This result is in agreement with the estimations given in [START_REF] Vorob'ev | Advanced chemical model for analysis of Cz and DS Si-crystal growth[END_REF].

The modeling of the experiment started from a low concentration feedstock (? / = 7 • 10 U / )

shows that the reaction rate is low, resulting in a low content of SiC precipitates in the ingot, even at high growth rates (] ≥ 1 /ℎ). At high grades of contamination with carbon (? / = 57 • 10 U / ), massive precipitation takes place, especially at growth rates ] ≥ 1 /ℎ. The analysis of the carbon incorporation at the melt-gas interface shows a negligible mass flux through this boundary in the VGF experiments described in [START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF][START_REF] Reimann | Modeling of incorporation of O, N, C and formation of related precipitates during directional solidification of silicon under consideration of variable processing parameters[END_REF][START_REF] Reimann | About the formation and avoidance of C and N related precipitates during directional solidification of multi-crystalline silicon from contaminated feedstock[END_REF].

Finally, we conclude that the formation of SiC precipitates can be avoided if the initial content of carbon in the silicon melt is below the solubility limit (≈ 10 / ). Samples can be grown at high growth rates ] ≥ 1 /ℎ, without forced convection, since the carbon precipitation rate increases only at the end of the growth process. (blue squares), simulation (green diamonds) and Eq. 8 (red line). (blue squares), simulation (green diamonds) and Eq. 8 (red line). 

  thermal conductivity, pressure, dynamic viscosity, thermal expansion coefficient, diffusion coefficient, reaction rate, temperature, concentration, flow velocity and the gravity vector. The values of the physical parameters used in the simulation are: 5 B,D = 2580 7A/ , 5 G = 3290 7A/ , 7 B = 22 J/ • K, 7 D = 64 J/ • K, 7 G = 30 J/ • K, 6,BD = 1040 N/7A • K, 6,G = 710 N/7A • K, 9 = 0.75 • 10 7A/ • , : ; = 7 • 10 Q K (S, L and C denote the solid, the liquid and the crucible).

Fig. 1 .

 1 Fig.1shows the temperature and velocity fields computed in the case of VGF experiments conducted

3. 2 .

 2 Carbon distribution 3.2.1. Low concentration feedstock Simulations are performed for the crystallization experiment started from a feedstock having a low concentration of carbon ? / = 7 • 10 U / [5-7]. The sample is solidified at ] = 1 /ℎ in an open crucible. The initial concentration of carbon in the melt is below to the solubility limit (? S = 14 • 10 U / ), so a low precipitation rate is expected in this experiment. The carbon distribution should be not much affected by the SiC particle formation, therefore the simulation can be used to estimate the diffusion coefficient < and the mass transfer coefficient ℎ. The experimental carbon distribution along the symmetry axis [6] is compared to the numerical results obtained with different values of the diffusion coefficient in Fig. 4. The precipitation and carbon incorporation at the top surface of the melt are neglected in these simulations ( = 0, ℎ = 0). The values of the diffusion coefficient are varied between 0.5 • 10 # / (curve A) and 3.5 • 10 # / (curve C). One can observe that the value given in literature < = 3.5 • 10 # / [16] is too high (see curve C). A better agreement between simulation and experiment is obtained at smaller diffusion coefficient < = 1.5 • 10 # / (curve B). The influence of precipitation rate on carbon distribution is shown in Fig. 5. Simulations are performed with different values of the reaction rate coefficient: = 0 (curve A), = 1.2 • 10 (curve B) and = 50 • 10 (curve C). The incorporation of carbon at the top surface of the melt is neglected (ℎ = 0) and the diffusion coefficient is < = 1.5 • 10 # / . Concentration profiles obtained without and respectively with precipitation (curves A and B) are almost identical, indicating a small amount of SiC precipitates resulting in this experiment. By increasing the reaction rate coefficient to = 50 • 10 , the carbon concentration is almost constant for a solidified fraction k B > 0.5, which is in disagreement with the experimental data. The profile computed with = 1.2 • 10 (curve B) is close to the experimental results. Some differences are observed for the last solidified part of the ingot, were the numerical results are not well fitting the experimental profile.

Fig. 9

 9 Fig.9illustrates the comparison of the axial carbon concentration measured in experiment[START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] to the

  Carbon distribution in the samples is analyzed for two sets of experiments started from silicon melts with different grades of contamination. Good agreements between the simulations and experiments are obtained at smaller values of the diffusion coefficient (< = 1.5 • 10 # / ) than those used in other simulation works. The analysis of carbon precipitation shows much lower values of the reaction rate coefficient than expected (1 < < 100 in other simulation works). Numerical results are in agreement with the measured concentration profiles for computations performed with = 1.2 • 10

Figure 1 :

 1 Figure 1: Temperature field and isotherms (left side) and velocity field (right side) computed at different growth rates: (a) ] = 0.2 /ℎ (k Xmn = 0.37 ); (b) ] = 1 /ℎ (k Xmn = 0.7 ); (c) ] = 2.2 /ℎ (k Xmn = 1.25).

Figure 2 :

 2 Figure 2: Evolution of temperature field and isotherms (left side) and velocity field at the middle stage of the growth process (k B ≥ 0.5) for the experiment conducted at high pull rate (] = 2.2 /ℎ).The blue line represents the solidification isotherm.

Figure 3 :

 3 Figure 3: Interface deflection versus the growth rate. The results are carried out from experiments[START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] 

Figure 4 :

 4 Figure 4: Comparison of measured carbon distribution along the center axis (square symbols from [6]) to numerical results obtained with different values of the diffusion coefficient: < = 0.5 • 10 # / (curve A), < = 1.5 • 10 # / (curve B) and < = 3.5 • 10 # / (curve C). Growth rate ] = 1 /ℎ, initial concentration ? / = 7 • 10 U /

Figure 5 :

 5 Figure 5: Comparison of measured carbon distribution along the center axis (square symbols from [6]) to numerical results obtained with different values of the reaction rate coefficient: = 0 (curve A), = 1.2 • 10 (curve B) and = 50 • 10 (curve C). Growth rate ] = 1 /ℎ, initial concentration ? / = 7 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .

Figure 6 :

 6 Figure 6: Comparison of measured carbon distribution along the center axis (square symbols from [6])

Figure 7 :

 7 Figure 7: Comparison of measured carbon distribution along the center axis (square symbols from [5]) to numerical results obtained with different values of the reaction rate coefficient: = 0 (curve A), = 1.2 • 10 (curve B) and = 2.5 • 10 (curve C). Growth rate ] = 1 /ℎ, initial concentration ? / = 57 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .

Figure 8 :

 8 Figure 8: Carbon distribution on the longitudinal direction: axial distribution for = 0 (curve A) and = 1.2 • 10 (curve B), lateral distribution for = 0 (curve C) and = 1.2 • 10 (curve D). Growth rate ] = 1 /ℎ, initial concentration ? / = 57 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .

Figure 9 :

 9 Figure 9: Comparison of measured carbon distribution along the center axis (square symbols from [5]) to numerical results obtained for: = 0 (curve A) and = 1.2 • 10 (curve B). Growth rate ] = 0.2 /ℎ, initial concentration ? / = 57 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .
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 12 Fig. 1. Temperature field and isotherms (left side) and velocity field (right side) computed at different growth rates: (a) ] = 0.2 /ℎ (k Xmn = 0.37 ); (b) ] = 1 /ℎ (k Xmn = 0.7 ); (c) ] = 2.2 /ℎ (k Xmn = 1.25).

Fig. 3 .

 3 Fig.3. Interface deflection versus the growth rate. The results are carried out from experiments[START_REF] Trempa | The influence of growth rate on formation and avoidance of C and N related precipitates during directional solidification of multicrystalline silicon[END_REF] 
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 45 Fig. 4. Comparison of measured carbon distribution along the center axis (square symbols from [6]) to numerical results obtained with different values of the diffusion coefficient: < = 0.5 • 10 # / (curve A), < = 1.5 • 10 # / (curve B) and < = 3.5 • 10 # / (curve C). Growth rate ] = 1 /ℎ, initial concentration ? / = 7 • 10 U /

Fig. 6 .Fig. 7 .

 67 Fig. 6. Comparison of measured carbon distribution along the center axis (square symbols from [6]) to

Fig. 8 .

 8 Fig. 8. Carbon distribution on the longitudinal direction: axial distribution for = 0 (curve A) and = 1.2 • 10 (curve B), lateral distribution for = 0 (curve C) and = 1.2 • 10 (curve D). Growth rate ] = 1 /ℎ, initial concentration ? / = 57 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .

Fig. 9 .

 9 Fig. 9. Comparison of measured carbon distribution along the center axis (square symbols from [5]) to numerical results obtained for: = 0 (curve A) and = 1.2 • 10 (curve B). Growth rate ] = 0.2 /ℎ, initial concentration ? / = 57 • 10 U / , diffusion coefficient < = 1.5 • 10 # / .
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