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Abstract The photovoltaic properties of the polycrystalline silicon depend mainly on the crystalline structure (grain size and presence of defects) and of the purity of the material. The production of monocrystalline silicon for high-efﬁciency solar cells requires an extremely complex and expensive process. Therefore, the production of photovoltaic energy for terrestrial use, on a large scale, demands an alternative and low-cost method, especially in terms of puriﬁcation of the starting material. The use of metallurgical grade silicon and the purifying of the same, through melting in electron beam furnace under a 103 Pa vacuum, is a method, which is able to provide high-purity material (99.999% Si). In this research, the results of the chemical analysis of polycrystalline silicon puriﬁed in an electron beam melting furnace, specially in terms of distribution of impurity due to their position in the sample related to the direction of solidiﬁcation, are presented. r 2002 Elsevier Science B.V. All rights reserved. Keywords: Electron beam melting furnace; Photovoltaic energy; Polycrystalline silicon



1. Introduction Silicon is used as an alloy element in steel industries and metallurgical companies (metallurgical grade silicon, MG-Si). In elementary form is used in the production of *Corresponding author. Fax: +55-19-3289-3722. E-mail address: [email protected] (J.C.S. Pires). 0927-0248/03/$ - see front matter r 2002 Elsevier Science B.V. All rights reserved. doi:10.1016/S0927-0248(02)00471-3
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silicone and other products for chemical industries (chemical grade silicon), in the production of solar cells (solar grade silicon) and in the production of devices for the micro-electronic industry (electronic grade silicon). All these silicon grades are obtained from the reduction of silica (SiO2) in a voltaic arc furnace and the impurities present in the silicon are inherent to this process and also dependent on the quality of the starting material. There are some routes for the silicon purifying, among them is the melting in an electron beam furnace, which is proving to be a satisfactory process and capable of purifying silicon, due to characteristics such as [1]: *



* * *



Fusion under pressure better than 102 Pa, using a water refrigerated copper crucible which avoids contamination; High ﬂexibility of fusion rate and conditions for the removal of volatile elements; Almost unlimited fusion temperatures; High density of potency, in the order of 103–106 W/cm3, available for local overheating.



Despite the inherent characteristics of this process, silicon puriﬁcation by electron beam melting furnace has not been sufﬁciently exploited in the last two decades. In the eighties, Casenave and Norman [2,3] used this process to purify sheets of polycrystalline silicon. However in the nineties, Ikeda et al. [4,5] puriﬁed MG-Si in an electron beam melting furnace by obtaining samples in the shape of hubcaps weighing in the order of 50 g. Research carried out by Braga [6,7], using melting in an electron beam furnace, demonstrated that it is possible to reach 99.999% purity starting from leached MG-Si with 99.97% initial purity and that there is a segregation of impurities towards the top area of the sample, the last area to solidify. A more detailed study of the distribution of the impurities along the radius and along the thickness was carried out, taking into consideration the coefﬁcient of segregation k of the main impurities and the way the sample solidiﬁes as a disk.



2. Experimental procedures Silicon samples were molten in an electron beam furnace, EMO 80 model, LEW mark, with 80 kW power. For the ﬁrst melting, 280 g of MG-Si powder with 99.91% mass of initial purity was used (particles diameter varying between 150 and 200 mm), supplied by RIMA Industrial SA. Before fusion, the silicon was washed with acetone in an ultrasound container and dried in a heater. Fig. 1 shows the crucible full of silicon powder before the melting. The experimental procedure used is shown in Fig. 2. The process parameters are indicated in Table 1.
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Fig. 1. MG-Si powder in a copper crucible inside the electron beam melting furnace.



3. Results and discussion Fig. 3 presents the sample, in the shape of a disk, after melting, with a diameter in the order of 90 mm and 25 mm thickness. The crucible’s geometry and the refrigeration favored the formation of temperature gradients from the bottom to the top and from the edge to the center. This can be seen by the formation of circular rings on the surface of the sample, reﬂecting therefore the solidiﬁcation front, which must also occur following the temperature gradient. This implies that the last area to solidify is the top of the sample. Another aspect that can be observed still in Fig. 3 is the formation of a protuberance in the region at the top of the sample. This occurs because the silicon, contrary to other metals, expands when solidifying. The impurities segregation to the top can be explained by the low segregation coefﬁcients, which are characteristic of nearly all the impurity elements present in silicon. During solidiﬁcation, these elements are dragged to the remaining liquid region, purifying the solidiﬁed part. Elements such as Cu(k ¼ 4  104 ), Al(k ¼ 2  103 ), Ti(k ¼ 2  106 ), Fe(k ¼ 8  106 ), among others are effectively segregated to the liquid part during solidiﬁcation because they have very low segregation coefﬁcients (k51). However, this process has no effect on the elements
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Starting Material Material loading and system evacuation Material heating with gradual rise of power until melting of all the mass is reached Constant beam power maintenance used during research experience Cooling of the sample with gradual reduction of beam power Removal of sample in the shape of a disk Fig. 2. Experimental procedure used during research experience.



Table 1 Experimental parameters used in the melting Time of melting (min) Beam power (kW) Internal chamber pressure (Pa)



20 14–17 104–102



such as B(k ¼ 0:8) and O(k ¼ 0:5), which have a segregation coefﬁcient close to 1 and moderate effect on P(k ¼ 0:35) and C(k ¼ 0:07) [8]. Fig. 4 is a schematic representation, in perspective, of a slice removed along the diameter of the disk. In this ﬁgure, the regions from where samples were taken for impurity proﬁle analysis and the chemical composition can be noted in Table 2. The results clearly indicate the segregation of the impurities to the central area of the disk, particularly to the top, the last area to solidify. These results can also be seen in Figs. 5–8. Analyzing Figs. 5 and 6 for impurity elements with k51; it can be noted that these elements are dragged from the edge to the center and from the bottom to the top, following the direction and sense of solidiﬁcation. The purest area is the edge followed by the central area, coming from the bottom to the top with maximum concentration at the top of the sample. One noteworthy fact in Fig. 6 is that the bottom presents greater impurity concentrations than the area just over it. This can be explained by the fact that this area is a contact area with the refrigerated surface of the copper crucible where there could have been incipient fusion.
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Fig. 3. Silicon disk obtained after melting in an electron beam furnace.



Figs. 7 and 8 present concentration data due to the position, on the sample of elements, with kD1: It can be noted here that the segregation is minimum, independent of the analysis being carried out from the edge to the center or from the bottom to the top. These elements, beyond the segregation coefﬁcient being nearer the unit, present atomic radii smaller than silicon, so reverse diffusion can occur, which allows these elements to be dragged in the opposite direction of solidiﬁcation [9]. In the case of carbon, when this is in high concentrations in the polycrystalline silicon, there can also be a precipitation and formation of silicon carbides. The same result seen in Fig. 6 can also be seen in Fig. 8, where the concentration of impurities at the bottom is greater than that immediately above and the reasons for this are the same as those already presented.



ARTICLE IN PRESS 352



J.C.S. Pires et al. / Solar Energy Materials & Solar Cells 79 (2003) 347–355



8



7 2



3



4



1



6



5



Fig. 4. Schematic representation of a slice removed along the diameter of the disk, and the regions from where samples were taken for impurity proﬁle analysis.



Table 2 Chemical composition (ppmw) of the regions from where samples were taken for impurity proﬁle analysis Elements



Al Cu Fe Ti B O C P



Regions 1



2



3



4



5



6



7



8



0.074 0.004 0.038 0.001 9.8 15 32 0.36



0.044 0.005 0.027 0.001 10 10 23 0.28



0.23 0.008 0.039 0.006 12 12 17 0.49



0.95 0.008 0.53 0.01 11 11 120 1.1



1.9 0.037 0.31 0.006 11 12 76 5.5



0.32 0.017 0.09 0.002 13 8 25 0.74



28 2.2 40 1.2 17 12 66 1.4



235 32 170 5.2 16 26 162 2



This tendency to segregate impurities in polycrystalline silicon had already been observed by Braga [10] in previous studies of MG-Si puriﬁcation in electron beam melting furnace.



4. Conclusions The melting in electron beam furnace has shown to be a process technically capable of purifying polycrystalline silicon. Silicon with ﬁve nines purity (99,999% in mass) was obtained from MG-Si (99.91% in mass) on the edge of the disk.
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Fig. 7. Variation of chemical composition for impurity elements with kD1 along sample radius.
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The segregation of impurities was observed in the central area of the disk. Particularly those impurities with a very low segregation coefﬁcient (k51) were effectively dragged to the last area to solidify. The other impurities are not dragged due to their segregation coefﬁcients being close to the unit and due to their atomic radii being smaller than silicon radius.
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