Eustathopoulos 
  
D Camel 
  
E Cierniak 
  
B Drevet 
  
R Cabal 
  
D Ponthenier 
  
N Eustathopoulos 
  
Directional solidification of photovoltaic silicon in re-useable graphite crucibles

Keywords: Photovoltaics, silicon, crystallization, re-usable crucible, graphite, conversion efficiency

 

Introduction

Mass production of photovoltaic silicon is predominantly performed by the cost effective and high yield directional solidification process. Currently this process is performed in silica crucibles which are covered with a silicon nitride powder coating which avoids sticking of silicon on the crucible and cracking. Compared to the Czochralski process [START_REF] Matsuo | Thermodynamic analysis of oxygen incorporation from a quartz crucible during solidification of multicrystalline silicon for solar cell[END_REF], this coating also reduces the contamination of silicon by the oxygen of the crucible. A similar process is used to purify metallurgical silicon by segregation. The mechanisms occurring at the Si/coated silica interface were discussed and elucidated in a previous work [START_REF] Camel | The crucible/silicon interface in directional solidification of photovoltaic silicon[END_REF]. The main results of this study will be recalled in section 3 below. 2 However, a major drawback in this technology is that these initially amorphous crucibles can only be used once because they buckle by softening on heating, and subsequently become brittle during cooling. To realize crucibles which would be re-usable, different refractory materials can be considered which present a good stability and mechanical strength up to the temperature of 1500°C which is reached in the process. However, additional requirements are that the thermal expansion coefficient of the material should be lower or close to that of silicon, and that the material should not contaminate silicon with dopants or electrically active metallic impurities. Thus candidates can be compounds of silicon with the light elements nitrogen or carbon, or graphite itself.

Si3N4 crucibles processed by reactive bonding have been tested [START_REF] Modanese | Chemical bulk properties of multicrystalline silicon ingots for solar cells cast in silicon nitride crucibles[END_REF][START_REF] Schneider | Nitride bonded silicon nitride as a reusable crucible material for directional solidification of silicon[END_REF] because of the favourable expansion coefficient of this material. A major drawback of this type of crucibles is its high cost as emphasized in [START_REF] Schneider | Nitride bonded silicon nitride as a reusable crucible material for directional solidification of silicon[END_REF]. Moreover, a substantial contamination in dopants (B, P, Al) has been observed, especially during the initial melting-solidification cycles. Also, the importance of the oxidation treatment of the crucible and the Si3N4 coating to prevent wetting of the crucible and sticking has been emphasized in [START_REF] Modanese | Chemical bulk properties of multicrystalline silicon ingots for solar cells cast in silicon nitride crucibles[END_REF].

Graphite is also a very good candidate as it can be relatively easily purified to very low levels (20 ppm wt of total impurities [START_REF]Carbon and graphite solutions for a competitive PV industry[END_REF]). However, as all other dense materials, it cannot be used as such because of the high reactivity of silicon [START_REF] Pampuch | Reaction mechanism in carbon-liquid silicon systems at elevated temperatures[END_REF][START_REF] Voytovych | Reactivity between liquid Si or Si alloys and graphite[END_REF], and thus requires coating with a releasing layer as confirmed in [START_REF] Prakash | Use of silicon oxynitride as a graphite mold releasing coating for the growth of shaped multicrystalline silicon crystals[END_REF][START_REF] Pupazan | Effects of crucible coating on the quality of multicrystalline silicon grown by a Bridgman technique[END_REF]. Interactions between silicon and coated graphite during short times (tens of minutes) and at a small scale (in the mm range) have recently been studied in another paper [START_REF] Huguet | Study of interactions between silicon and coated graphite for application to photovoltaic silicon processing[END_REF] with the help of sessile drop experiments. The main conclusion of this study is that, provided that a dense SiC layer is inserted between the coating and graphite, the resistance of the coating to silicon infiltration is equivalent to that observed with coated silica.

The present paper aims at investigating the interaction processes occurring between silicon and graphite crucibles at the scale of full size ingots and for typical crystallization times. Two types of crucibles are used: graphite directly coated with a Si3N4 releasing powder, and graphite covered with a dense SiC layer before being coated with a Si3N4 releasing layer.

Results are compared to those obtained using the standard coated silica crucible according to the following aspects: release of the ingot from the crucible and capability to re-use the crucible, contamination of silicon and its influence on electrical properties.

Experimental

Crystallization experiments are performed in a pilot scale directional solidification furnace described in a previous work [START_REF] Camel | The crucible/silicon interface in directional solidification of photovoltaic silicon[END_REF] which can accommodate G1 or G2 crucibles allowing to process ingots of respective lateral dimensions 200x200 mm and 380x380 mm. Two types of graphite crucibles are used (Fig. 1):

bare graphite, -graphite protected by a dense SiC layer.

Standard silica crucibles of similar dimensions are used for comparison. These crucibles, made of fused silica and especially designed for solar applications, are provided by the Vesuvius company [START_REF]SOLAR® Crucible Gen1 to Gen3[END_REF]. In order to limit the deformation of these silica crucibles occurring at high temperatures, they are supported by lateral graphite plates.

For bare graphite crucibles, the 2020 grade of MERSEN (and optionally the highly purified 2020PT grade with less than 20 ppm wt of total impurities) is used. This grade, with a density 1.77 g.cm -3 and open porosity 12% [START_REF]Carbon and graphite solutions for a competitive PV industry[END_REF], presents an average thermal expansion coefficient between 20 and 1000°C of 4.5x10 -6 K -1 [START_REF]Carbon and graphite solutions for a competitive PV industry[END_REF], which is relatively close to the corresponding value 4.0x10 -6 K -1 for silicon [START_REF] Touloukian | Thermophysical properties of matter volume 13, Thermal expansion nonmetallic solids[END_REF], so that single block crucibles can safely be used provided that a clearance angle of typically 8 to 10 degrees is ensured. As for graphite crucibles protected by a dense SiC layer, two different methods are used for their preparation. SiC layers of constant thickness obtained by CVD have been used to study the fundamental aspects of Si/crucible interactions. CVD deposition allows to get thick layers (∼ 100 µm). In this case, a graphite with an expansion coefficient higher than the one of SiC is used in order to avoid cracking of the layer on cooling. Then, in view of the large difference between the thermal expansion of this material and that of silicon, crucibles have to be realized by the assembly of plates in order to avoid cracking and allow to release the ingot and re-use the crucible parts [START_REF] Prakash | Use of silicon oxynitride as a graphite mold releasing coating for the growth of shaped multicrystalline silicon crystals[END_REF][START_REF]Reusable crucible for the manufacture of crystalline material[END_REF]. However, SiC produced by CVD has a high cost, which may be a barrier for the development of CVD-SiC/graphite crucibles at industrial scale. Another method consists in forming the SiC layer by reaction of liquid Si with graphite, hereafter denoted LR-SiC (for Liquid Reaction-SiC). The mechanisms of formation of this layer have been studied and clarified in [START_REF] Voytovych | Reactivity between liquid Si or Si alloys and graphite[END_REF]. The thickness of the SiC layer obtained is around 10 µm. This method is more interesting for potential applications as it is much more cost efficient than the CVD process. In the present work, the internal faces of single block 2020 grade graphite crucibles have been silicided according to the method described in the patent [14].

All the crucibles are internally covered with a releasing layer of oxidized Si3N4 powder a few hundred microns thick. When silica or CVD-SiC/graphite crucibles are used, two Si3N4 layers are successively deposited on the internal crucible walls and oxidized by heating at 900°C under air for 2 hours. In the other cases, where graphite is at least partly not protected by SiC, the oxygen content of the Si3N4 layer is increased according to either of the following methods:

pre-oxidation of the Si3N4 powder at 1100°C during 2 hours, -mixing of the Si3N4 powder with SiO2 fumes.

In the case of processing of multicrystalline silicon, Electronic Grade silicon feedstock is directly loaded in the coated crucibles and doped with 0.08 ppm wt of boron to get a resistivity around 1.5 Ohm.cm in the middle of the ingot. Monolike Si processing is also performed in the present work. In this case, a pavement of Czochralski monocrystalline seeds is laid on the bottom of the crucible before feedstock loading.

The cycle is started by heating up to 900°C under vacuum in order to outgas the graphite parts of the furnace (especially graphite felt insulation). Then argon is introduced up to an absolute pressure of 600 mbar in order to avoid the evaporation of silica of the coating under vacuum [START_REF] Selzer | Chemical stability of silicon nitride coatings used in the crystallization of photovoltaic silicon ingots. Part I: Stability in vacuum[END_REF]. Then, a permanent Ar flow is blown above the crucible with the two following functions: first, partly de-oxidize silicon by evacuating the SiO vapours emitted at the surface of the silicon melt, and secondly, limit the contamination of silicon with carbon by evacuating the CO vapours due to outgassing of graphite felt insulation and to reaction of hot graphite parts with SiO vapours and with the silica crucible. In experiments with standard silica crucible, Ar is introduced through a single entry located above the crucible, and the applied flow is 10 l/min during heating and melting, and 20 l/min during crystallization. For experiments with graphite crucibles, the Ar flow was split into two parts, as shown on Fig. 2, a minor one (1 to 2 l/min) blown directly above the crucible to account for the evacuation of SiO from the melt surface, and the remainder (around 9 l/min) injected outside the high temperature chamber to account for the evacuation of the CO vapours. The reason for this difference of one order of magnitude between the Ar flows applied above the melt respectively for silica and graphite crucibles will be evidenced in section 4.1.

The melting and stabilisation stage lasts between 6 and 10 hours, and is followed by crystallization at a rate between 1 and 1.5 cm/h for around 20 hours. In the case of monolike crystallization, silicon is molten from the top and the partial back-melting of the seeds is controlled by dipping a silica rod.

Solidified ingots are released from the coated crucible and their surfaces previously in contact with the crucible are examined in detail. Ingots are then cut in order to get both vertical slices for structural and chemical characterization, and 156x156 bricks to be subsequently sliced into 200 µm thick wafers for solar cells manufacturing.

Lateral ingot surfaces are characterized both from above and in section by optical microscopy and scanning electron microscopy (SEM) in order to determine the mechanisms of interaction with the coated crucible.

Concerning the pollution by light elements, concentration profiles of dissolved C and O are measured by Fourier transform infrared spectroscopy (FTIR) along the vertical axis of the ingot (crystallization direction). The regions with a high density of precipitates are revealed by IR transmission imaging at the scale of the ingot. The morphologies and nature of these precipitates are determined in selected areas by IR-microscopy and SEM.

The distribution of dopants is determined by resistivity mapping. Mapping of the charge carrier lifetime by microwave-detected photoconductivity decay is used to compare the global influence of electrically active impurities between the different processed ingots. Quantitative determinations of dopants and impurities contents are performed by Fast Flow-High Resolution-Glow Discharge Mass Spectroscopy (device from Thermo Fisher Scientific) by EAG Laboratories. For B and P dopants the typical detection limit is 5 ppb wt, and for metals it typically ranges between 1 and 50 ppb wt depending on the considered element. The limit of detection also depends on other factors such as the shape of the sample (wafer, powder, chunk), or the presence of elements in high concentrations, and the measurement uncertainties are +/-20% [16].

Solar cells are manufactured in a same batch from wafers coming from ingots processed either in silica or SiC/graphite crucibles of G2 size. Wafers are first texturized in an alkaline solution and then subjected to a RCA cleaning. Conventional POCl3 diffusion is used for both external gettering of Si bulk and n + front side emitter doping. After removing the resulting phosphorus silicate glass in HF, a standard 75 nm thick SiN layer is deposited on wafer front side as an anti-reflective coating. Rear and front electrodes are screen printed using Al and Ag pastes respectively according to standard Al-BSF architecture. Cells are then fired in an industrial belt furnace. Eventually, the junction opening is performed using an IR laser.

Czochralski (Cz) wafers are processed in the same way for comparison purposes. Cell I-V parameters are measured in a class AAA solar simulator under Standard Test Conditions (AM1.5 G, 1000 W.m -2 , 25°C).

The silicon/silica interface: review of previous work [2]

The spontaneous detachment of Si ingots from standard coated silica crucibles is the result of the interaction process described in [START_REF] Camel | The crucible/silicon interface in directional solidification of photovoltaic silicon[END_REF]. The mechanisms involved are briefly recalled here.

During melting silicon comes into contact with the oxidized coating, in which it penetrates by a reactive infiltration process (Fig. 3a) according to the reaction of dissolution of the silica covering the Si3N4 particles into Si melt:

SiO2(s) ⇔ Si(l) + 2(O) (1) 
Simultaneously, the uncovered Si3N4 particles dissolve in Si. As a result, liquid Si becomes locally saturated in both O and N and these two species are transported towards the bulk melt by diffusion and convection.

When the bulk melt becomes saturated in N, larger Si3N4 crystals can start to form by a process of recrystallization at the expense of the smaller particles. These crystals subsequently grow when the melt becomes supersaturated, i.e., as soon as cooling is applied in order to start crystallization. Thanks to the property of non-complete wetting of Si3N4 by silicon, these crystals can grow at the surface of silicon without being immersed. Liquid silicon finally loses contact with the oxidized coating, this contact being then ensured by these Si3N4 crystals, which thus constitute a kind of self-crucible for silicon (sketch of Fig. 3b, and optical micrography of a transverse section of the solidified ingot (Fig. 4a)). This process prevents a further infiltration of silicon into the remaining coating and is responsible for the spontaneous detachment of the solidified ingot from the crucible. Notice that this does not need the layer of Si3N4 crystals to be continuous, which explains why the Si crystalline structure remains apparent on the lateral faces of the ingot.

Results and discussion: interactions of silicon with graphite crucibles

SiC/graphite crucibles

When graphite is protected by a SiC layer obtained either by CVD or by reaction with liquid Si, the ingot is found to spontaneously detach from the crucible (Fig. 5a). A selfcrucible made of a discontinuous layer of Si3N4 crystals is observed at the surface of ingots (Fig. 4b), which is quite similar to what is observed in the reference case with a silica crucible.

Fig. 6 presents the O concentration profile measured by micro-FTIR as a function of the distance from the interface (curve b), in comparison with the curve obtained for the reference silica crucible (curve a). In the case of silica crucible, the oxygen concentration varies rapidly close to the crucible walls, where oxygen transport takes place mainly by diffusion in the liquid, and then much more slowly in the bulk liquid where, in such large crucibles, the natural convection is prevailing and promotes homogenisation. In agreement with previous studies [START_REF] Matsuo | Analysis of oxygen incorporation in unidirectionally solidified multicrystalline silicon for solar cell[END_REF][START_REF] Champliaud | Mechanisms of oxygen transfer from the releasing coating into the melt during Si ingot crystallization[END_REF], the thickness δL of the diffusion boundary layer at the Si/crucible interface is close to one mm. The initial slope of the curves of Fig. 6 is a measure of the flux ΦCr of oxygen transported from the interface with the crucible towards the bulk of the melt. The average bulk concentration at any moment results from the competition between ΦCr, which tends to increase this concentration, and the flux of oxygen ΦS evacuated in the gas at the bath surface, which tends to decrease it. The main source for the oxygen contained in ΦCr is silica contained in the coating and/or silica of the crucible. During crystallization, although the selfcrucible is already formed thus precluding reaction (1), the Si melt can still be contaminated in oxygen by the SiO vapours generated in the pores of the coating by the reaction between silica and Si3N4 particles of the coating according to the reaction:

3 SiO2(s) + Si3N4(s) ⇔ 6 SiO(g) + 2 N2(g) (2) 
The measured concentration of oxygen at the Si/coated silica interface (curve a of Fig. 6) is 3 to 4 times lower than the solubility limit corresponding to reaction (1) whose value is 2.1 x10 18 at.cm -3 according to [START_REF] Matsuo | Thermodynamic analysis of oxygen incorporation from a quartz crucible during solidification of multicrystalline silicon for solar cell[END_REF]. According to our analysis, this is precisely because this concentration is no longer fixed by reaction (1) but by reaction (2).

In the case of SiC/graphite crucibles, the curve obtained by micro-FTIR (curve b of Fig. 6)

shows that the oxygen concentration gradient at the interface (and the associated O flux) is very low, lower than the limit of sensitivity of the measurements. Definitely, this is due to the fact that the contribution of the crucible itself to the delivery of oxygen is suppressed in the present case. Now comparing the longitudinal profiles of dissolved O measured by FTIR along the ingot height for silica and SiC/graphite crucibles of the same size (Fig. 7), it is seen that these profiles are similar. This may be surprising, knowing that at this stage of the process, the pollution flux Φcr is much higher for silica crucibles than for SiC/graphite crucibles. However one must take into account the fact that the experiments with silica crucibles were carried out using an argon flow QAr above the melt higher by a factor 10 than in the case of SiC/graphite crucibles. And it is known [START_REF] Huguet | Initial stages of silicon-crucible interactions in crystallization of solar grade silicon : Kinetics of coating infiltration[END_REF] that the flux of oxygen evacuated at the bath surface ΦS varies with the argon flow as QAr 1/2 . In other words, in order to obtain the same level of oxygen in silica and SiC/graphite crucibles, the argon flow in the case of silica crucibles must be considerably increased.

In principle, it would be possible to further decrease the O content of silicon solidified in SiC/graphite crucibles by applying the same Ar flow above the melt as for silica crucibles.

However, another phenomenon precludes the use of high Ar flows with SiC/graphite crucibles. Indeed, a strong de-oxidation of the melt occurs in this case, which favors coating infiltration and sticking (see Fig. 6 of [START_REF] Camel | The crucible/silicon interface in directional solidification of photovoltaic silicon[END_REF]) before the formation of the Si3N4 self-crucible is achieved. Preliminary experiments showed that Ar flows of only 5 l/min above the melt (instead of 1-2 l/min in experiments of Fig. 6 and7) were high enough to provoke infiltration and sticking.

The replacement of silica by graphite as crucible material raises the question of its potential effect on the contamination of silicon by carbon. A first cause of C contamination in both cases is the CO vapour pressure generated from graphite parts of the furnace hot zone.

The CO pressures respectively measured during experimental runs with the two types of crucibles are shown on Fig. 8. During the melting stage at high temperature, this pressure is found lower with a SiC/graphite crucible than with a silica crucible. This difference can be easily explained taking into account the different sources of CO, namely:

1) Desorption from the graphite insulating felts. This contribution is the same for solidification with SiC/graphite and silica crucibles.

2) The CO formed by the reaction between SiO emitted by the bath and hot graphite parts. As seen above, this contribution to CO production is higher with silica crucibles.

3) The CO produced by the reaction between the silica crucible and graphite plates used to maintain it, as specified in the experimental part. This last source is suppressed in the case of graphite crucibles.

Examples of the resulting profile of carbon concentration CS measured in the solid along the crystallization direction are shown on Fig. 9a for the ingots processed in SiC/graphite and silica crucibles. The concentration CS0 of the initial solid is well below the maximum solubility value CS(max) (∼ 4x10 17 at.cm -3 [START_REF] Durand | Carbon solubility in solid and liquid silicon -A review with reference to eutectic equilibrium[END_REF]). Its value is even lower with a SiC/graphite crucible than with a silica crucible, which is related to the fact that the CO vapour pressure was lower during the heating and melting stage as noticed above on Fig. 8. It is interesting to compare the overall concentration profile of Fig. 9 with the theoretical prediction giving the evolution of the segregating element as a function of the solidified fraction fS (Scheil law):

= 1 - (3) 
where k is the equilibrium segregation coefficient between liquid and solid (k = 0.07 for carbon [START_REF] Nozaki | Concentration and behavior of carbon in semiconductor silicon[END_REF]), and CL0 the initial concentration of the melt. Fig. 9 shows that, for both types of crucibles, the overall C concentration profile qualitatively follows a Scheil law, which indicates that the evolution of the concentration in the liquid during solidification is controlled by the rejection of carbon ahead the front, and that the effect of the contamination by the atmosphere or by the crucible during this stage is comparatively negligible.

Graphite crucibles

Results obtained with graphite crucibles which are not covered with a SiC layer are presented below for comparison. In order to reduce friction on extraction of the ingot, crucibles are made with a clearance angle of 10°, and coatings of thicknesses of at least 800 -1000 µm are used, so that they are not compressed by more than 20% during cooling. With these conditions, and for the two methods of preparation of the pre-oxidized coating, all ingots are found to spontaneously detach from the crucible by turning over (Fig. 5b). Both the lateral faces and the surface of the ingots are covered by a continuous skin (Fig. 5b) so that, contrarily to the previous case, the crystalline structure of the silicon beneath cannot be seen.

Metallographic examination and SEM show that this skin is made of a continuous layer of SiC crystals (Fig. 4c). Thus liquid Si has been separated from the coating by a SiC selfcrucible (instead of Si3N4 in the previous case), which stopped silicon infiltration in the coating and subsequently allowed detachment. The presence of this layer implies that the liquid has been saturated in carbon. This is verified on the profile of dissolved C concentration measured by FTIR (Fig. 9b), where it can be seen that the initial value is equal to the saturation value CS(max) of 4x10 17 at.cm -3 [START_REF] Durand | Carbon solubility in solid and liquid silicon -A review with reference to eutectic equilibrium[END_REF].

The mechanism of formation of this SiC self-crucible can be explained in the following way. The carbon of the crucible can react with SiO vapours generated by the reduction of SiO2 by liquid Si according to the reactions:

Si + SiO2 ⇔ 2 SiO (4a) 2 C + SiO ⇔ SiC + CO (4b)
The CO vapour is transported by diffusion through the pores of the coating towards Si where C is dissolved into liquid Si:

CO ⇔ (C)Si + (O)Si (5) 
The high CO vapour pressure resulting from reaction (4b) (point B on Fig. 10.a) causes very rapidly the saturation of the melt in carbon at the interface. Carbon is transported by diffusion and convection from the interface into the bulk liquid, which finally becomes fully saturated in carbon, leading to the precipitation of SiC at the interface. This precipitation continues until a tight SiC layer is formed. By comparison, when the graphite crucible is protected by a CVD-SiC layer (section 4.1 above), the silica of the coating reacts with SiC instead of graphite so that the vapour pressure of the CO formed is reduced by 3 orders of magnitude (point A on Fig. 10.a). This explains why the contribution of the crucible to the C contamination of silicon was negligible in this case.

During crystallisation, the carbon rejected by the solidification front continues to precipitate on the particles of the self-crucible, but also on other nucleating particles which may be present in the bulk and at the upper surface as already observed in [START_REF] Pupazan | Effects of crucible coating on the quality of multicrystalline silicon grown by a Bridgman technique[END_REF]. Indeed, one can see on Fig. 9b the correlation between the profile of dissolved carbon and the precipitations revealed by IR macroscopic imaging and IR microscopy. At the upper surface, the transport of CO vapours from the atmosphere can contribute to the precipitation of SiC, leading to the formation of the more or less continuous SiC layer observed at the surface.

Concerning the pollution by oxygen, Fig. 7 shows that the oxygen concentrations reached are very low (below 1x10 17 at.cm -3 ). This is because the pollution by the crucible is suppressed, and additionally the continuous SiC self-crucible acts as a barrier to the diffusion into the melt of the O generated by the coating according to reaction (2).

Results and discussion: applicability of re-usable graphite crucibles to photovoltaic silicon processing

In principle, re-usable graphite crucibles might be used both for intermediate processes of purification of silicon by using the segregation occurring during directional solidification, and for the final processing of ingots to be sliced into wafers for photovoltaic cells manufacturing.

The above results have shown that thanks to the process of formation of a self-crucible, ingots can be released both from graphite and SiC/graphite crucibles, although different mechanisms are involved.

However, in order to ensure that such crucibles can be used for PV application, one must verify that the following additional requirements are fulfilled: in the segregation process efficient purification of dopant and metallic elements must also be ensured, and in crystallization both contamination by impurities of the crucible must be minimized, bulk precipitations of Si3N4 and SiC avoided, and crystallographic defects of silicon controlled, in order to get the expected electrical properties.

Finally, the factors limiting the number of runs that can be performed with a crucible and the reproducibility of the resulting electrical properties have to be analysed.

Photovoltaic performances

For the reference situation with silica crucibles, a typical resistivity profile measured along the crystallisation direction is shown on Thus, the dopant contamination observed in the case of the graphite crucibles which were not protected by a dense SiC layer has been suppressed. This can be attributed to the fact that this dense SiC layer is a very good barrier against the diffusion of dopant impurities from the crucible.

Charge carrier lifetime maps and profiles displayed on Fig. 12 b and c for this case show that lifetimes are at least as good as for the reference case, which indicates that SiC is also a very efficient barrier for the other electrically active metallic impurities. This is confirmed by the performances of the photovoltaic cells which have been processed with wafers from this material. As shown by Fig. 13, which presents values of the open circuit voltage (VOC) measured at different ingot heights, decent VOC values are obtained for Al-BSF solar cells, ranging from 639 to 645 mV for both monolike and Cz materials. It is worth noticing that no difference in VOC values is observed between silica and SiC/graphite crucibles as the scatter range is similar for both crucibles. The comparison of conversion efficiencies for ingot heights between 70 and 120 mm shows that efficiencies of cells from SiC/graphite crucible are as good as those from silica crucible (18.1% ± 0.3% against 17.9% ± 0.1%) and that they are close to efficiencies of the Cz material (18.5% ± 0.5%).

Crucible re-use

The different types of silicided graphite crucibles prepared in the present study have been used several times, namely:

-3 times for the single block G1 LR-SiC/graphite crucible, -4 times for the assembled G1 CVD-SiC/graphite crucible, -4 times for the assembled G2 CVD-SiC/graphite crucible.

For re-use, the crucible is simply taken with its previous Si3N4 coating, and a thin Si3N4 layer is added in order to compensate its partial consumption by dissolution in liquid Si in the previous run (see Fig. 6 in [START_REF] Camel | The crucible/silicon interface in directional solidification of photovoltaic silicon[END_REF] for Si3N4 dissolution).

For all the experiments, spontaneous detachment of Si ingots from crucibles was observed after cooling. Ingots and graphite crucibles do not show any cracks. The absence of cracking in the graphite is an expected result given its excellent mechanical and thermal properties at high temperatures. The absence of cracking in the silicon shows that the separation mechanisms thanks to the Si3N4 self-crucible worked in all cases as described in section 4.1.

We recall that the two essential parameters for Si3N4 self-crucible formation and absence of sticking are the thickness of the Si3N4 layer and the value of the Ar flow used above the melt. Fig. 12.c compares the lifetime profiles along ingot height for four ingots successively processed in the same G2 assembled CVD-SiC/graphite crucible. A very good reproducibility is observed for ingots 1-3-4 of p type (notice that, as expected, ingot 2 of n type exhibits a much higher lifetime).

The further discussion concerns the LR-SiC/graphite crucible, which is of interest for the application. In order to check its applicability, a G2 pilot scale demonstration has been performed with an assembled crucible coated with SiC by this method. The results are similar to those obtained with CVD-SiC/graphite in terms of ingot demolding and electrical properties of silicon. Now the question is whether the conclusion drawn on crucible re-use from a small number of tests (n = 4) is also valid for n >> 4. The essential factor is the chemical and mechanical stability of the SiC layer formed by direct silicidation of graphite, i.e. its thickness and absence of cracking. In order to answer this question a single block crucible was cut after a crystallization run. Fig. 14 shows the SEM micrograph in transverse section, and its comparison with a similar area for a silicided graphite sample. One can observe the SiC formed in the infiltrated pores of graphite, and the continuous SiC surface layer of similar thickness in both cases, which demonstrates that the surface layer was not degraded during the process. Furthermore, no cracking of the layer is observed at micron scale. To understand these results, let us consider Fig. 10.b showing schematically the interface between liquid Si and crucible. As Si is not carbon saturated, it can in principle dissolve SiC. However, direct SiC dissolution is not possible due to the presence of the oxidized Si3N4 coating. Despite this, some very limited consumption of SiC may occur at interface A by reaction between SiC and SiO2 with production of SiO and CO. Nevertheless, as shown in Fig. 10.a, this consumption is very weak because of the very low value of CO partial pressure (< 10 -3 atm). Moreover, SiC can be regenerated by the reaction between SiO and the underlying graphite at the interface denoted B in Fig. 10.

Regarding the mechanical behavior of the LR-SiC layer, the absence of cracking is attributed to the fact that this layer is connected with SiC formed in the graphite pores (see Fig. 14). Thus, the SiC layer is not formed on a surface consisting solely of graphite, but on a composite surface consisting partly of graphite and partly of SiC, which helps to minimize stresses in the SiC layer.

Conclusions

Re-usable graphite and SiC protected graphite crucibles have been tested in full scale Si crystallization experiments.

The mechanisms of interaction involved at Si/crucible interfaces have been studied and elucidated for graphite and SiC/graphite crucibles. In both cases, although different mechanisms are involved, the formation of a self-crucible is evidenced. As a result, the ingot was successfully released from the crucible without cracking and the crucible was re-used several times.

With bare graphite crucibles, silicon is contaminated in C up to the saturation level, and the self-crucible is made of a continuous layer of SiC crystals. This SiC self-crucible was responsible for the ability to release the ingot from the crucible in this case, similarly to what occurs in the case of the Si3N4 self-crucible formed in the standard situation with a silica crucible. But a strong contamination by dopants and other electrically active impurities from the crucible was also observed.

On the opposite, in the case of SiC/graphite crucibles, which are protected by a dense SiC layer, the self-crucible is made of Si3N4 crystals as in the standard situation with a silica crucible. And no contribution of the crucible to the contamination in carbon is observed, this contamination being only due to the CO vapours present in the atmosphere of the furnace as in the reference case with a silica crucible.

As for oxygen, graphite crucibles suppress the important source of oxygen pollution coming from the crucibles when these are made of silica. As a consequence, with graphite crucibles, the melting and solidification process can be carried out by using an argon flow above the melt much lower than in the case of silica crucibles, while maintaining the O concentration at a low level in the processed ingots. High argon flows above the melt must be avoided with graphite crucibles, because they lead to rapid coating infiltration and sticking.

Concerning the contamination of silicon by electrically active impurities, no contribution of the crucible is observed in the case of SiC/graphite crucibles, and photovoltaic performances equivalent to those of the reference case with a silica crucible are obtained.

Such is not the case with bare graphite crucibles, where the contamination cannot be avoided during the period preceding the formation of the SiC diffusion barrier.

The obtained results showed excellent reproducibility in terms of demolding and electrical properties of silicon for up to 4 re-uses. A specific study must be carried out to determine the maximum number of re-uses. However, it can reasonably be anticipated that this number is well above 4 because of two favourable factors: the graphite crucible itself, which is known to have excellent mechanical and thermal properties at high temperatures, and the SiC layer formed by direct silicidation of graphite. Indeed, we have shown that this layer is stable both chemically and mechanically.

Finally, the re-usable SiC/graphite crucible is of both environmental and economic interest.

From a sustainability point of view, it can replace silica crucibles thus allowing to avoid the consumption of large quantities of silica. Indeed, silica crucibles are discarded after single use and go to the landfill as no recycling chain exists. The re-usable crucible also offers economic benefits such as reduced consumption of Ar during the crystallization cycle, and also of Si3N4 powder used as releasing coating. Further, direct silicidation of graphite is much more cost efficient than SiC produced by CVD. However, a precise economic assessment can only be made after determining the maximum number of re-uses of the crucible. 

Figure caption

Fig. 11 (

 11 full line). It results from the segregation of the introduced B dopant according to a classical Scheil law with a segregation coefficient close to one (k = 0.8 for B). Standard electrical properties are obtained, as illustrated by the charge carrier lifetime map and longitudinal profile shown on Fig. 12.a and c, where one can observe classical bulk characteristic values and peripheral red zones associated with the contamination by metallic impurities of the coated crucible through diffusion in the solid state. When the graphite crucible is not covered by a SiC layer, the electrical resistivity appears to be significantly reduced by comparison to the values expected from the B quantity intentionally introduced (Fig. 11, dotted/dashed line). The experimental resistivity curve is fitted with initial dopant concentrations of 0.31 ppm wt B and 0.15 ppm wt P. These values are in semi-quantitative agreement with the values of 0.47 ppm wt B and 0.09 ppm wt P which fit the B and P profiles measured by GDMS in the ingot (analyses were performed at three solidified fractions: 0.2, 0.6 and 0.8). Note that GDMS analyses indicate that metals are below the detection limit of the technique (e.g. 0.05 ppm wt for Fe, and 0.005 ppm wt for Mo). Due to the dopant contamination by the graphite crucible, solar cells have not been manufactured with this material. When the graphite crucible is covered by a SiC layer, the resistivity profile corresponds to the one expected according to the amount of B dopant initially added (Fig 11, dashed line).

Fig. 1 .

 1 Fig. 1. Types of crucibles studied in this work (schematic).

Fig. 2 .

 2 Fig. 2. Crystallization furnace (schematic) showing the two Ar flow inlets designed in order to evacuate SiO and CO vapours.

Fig. 3 .

 3 Fig. 3. Sketch of the configuration of the interface between Si and coated crucible. (a) First stage: contact with the oxidized coating and infiltration. (b) Second stage: formation of a Si3N4 self-crucible suppressing the contact between Si and oxidized coating.

Fig. 4 .

 4 Fig. 4. Cross section SEM micrographs of the surface of Si ingots formerly in contact with the coated crucible. (a) Standard silica crucible: discontinuous Si3N4 self-crucible. (b) CVD-SiC/graphite crucible: discontinuous Si3N4 self-crucible. (c) Graphite crucible: continuous SiC self-crucible.

Fig. 5 .

 5 Fig. 5. External view of ingots and crucibles (left) and surface of ingots (right). (a) CVD-SiC/graphite crucible (G2 size). (b) Graphite crucible (G1 size).

Fig. 6 .

 6 Fig. 6. Concentration profile of dissolved O (interstitial oxygen Oi) in silicon at the interface with coated crucible, measured by micro-FTIR at mid-height of the ingots (G1 size). (a) Standard silica crucible. (b) CVD-SiC/graphite crucible.

Fig. 7 .

 7 Fig. 7. Concentration profile of dissolved O (interstitial oxygen Oi) along the crystallization direction measured by FTIR for standard silica crucible (G1 and G2 size), CVD-SiC/graphite crucible (G2 size), and graphite crucible (G1 size).

Fig. 8 .

 8 Fig. 8. CO pressures measured during a full processing cycle for silica crucible and CVD-SiC/graphite crucible (G2 size).

Fig. 9 .Fig. 10 .

 910 Fig. 9. Concentration profiles of dissolved C (substitutional carbon Cs) along the crystallization direction measured by FTIR (full lines). (a) Profiles for standard silica crucible and CVD-SiC/graphite crucible of G2 size. Theoretical variations according to Scheil law are also drawn (dashed light grey lines) by approximating the solidified fraction to the relative

Fig. 11 .

 11 Fig. 11. Electrical resistivity profiles for standard silica crucible (G1 size), CVD-SiC/graphite crucible (G2 size) and graphite crucible (G1 size).

Fig. 12 .

 12 Fig. 12. Maps of charge carrier lifetime obtained by the microwave-detected photoconductivity decay technique (wavelength 904 nm) for standard silica crucible (a) and CVD-SiC/graphite crucible (b) of G2 size (lifetime with false colour scale from 0 to 8.5 µs and same size scale). (c) Lifetime profiles along ingot height for the reference ingot processed in a silica crucible, and the four monolike ingots successively processed in the same G2 CVD-SiC/graphite crucible (notice that a specific scale is used for the second ingot which was intentionally n type doped).

Fig. 13 .

 13 Fig. 13. Open circuit voltages VOC of solar cells manufactured in the same batch using wafers cut in monolike ingots processed respectively in a CVD-SiC/graphite crucible and a standard silica crucible, and Czochralski (Cz) wafers.

Fig. 14 .

 14 Fig. 14. SEM micrographs in transverse section of a LR silicided graphite sample (left) and a LR-SiC/graphite crucible after use (right).
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