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Impurity accumulation at the grain boundaries in multicrystalline Si (mc-Si) was investigated by in situ observation of the crystal/melt interface, analysis of the grain boundary characteristics, and measurement of impurity concentrations. The impurity concentration was higher at grain boundaries that formed a groove at the crystal/ melt interface than that at regions which did not form a groove at the crystal/melt interface. We conclude that groove formation at the crystal/melt interface is the cause of impurity accumulation at the grain boundary.

In the casting of multicrystalline Si (mc-Si) ingots for solar cells, metallic impurities, oxygen, and carbon are incorporated into the ingot from the crucible, which is usually coated with Si 3 N 4 powder, and from the atmosphere [1][2][3][4][5][6][7][8][9]. If low-grade raw materials, also called metallurgical silicon or solar-grade silicon, are used for the growth, a variety of metallic impurities will be present in the melt. Therefore, a fundamental understanding of impurity accumulation during crystallization from the melt is required to control the impurity distribution in the ingot. To date, it has been shown that metallic impurities accumulate at grain boundaries, and the impurity concentration depends on the grain boundary characteristics, as defined by the coincidence site lattice (CSL) indices (Σ parameters) of mc-Si wafers [1][2][3]9]. The concentration of metallic impurities was high at high-Σ grain boundaries and at random grain boundaries not defined by Σ parameters, but low at the Σ3 twin boundary. In most previous experiments investigating impurity accumulation in mc-Si wafers, metallic impurities were introduced from the surface of the wafer at elevated temperatures below the melting point of Si [1,3,4,10]. Therefore, impurity accumulation and precipitation phenomena at the grain boundaries were discussed on the basis of atomic diffusivity in the solid phase. However, in the casting process, metallic impurities might accumulate at grain boundaries at the crystal/ melt interface during unidirectional growth because grain boundary grooves are formed at the crystal/melt interface [9,[11][12][13]. In a previous study, we found indications that groove formation at the crystal/melt interface was one cause of impurity accumulation at grain boundaries; however, sufficient supporting evidence was unavailable because we observed a crystal/melt interface of pure Si, which did not include impurity elements [13]. Therefore, in this study, we investigated the influence of grain boundary grooves at the crystal/melt interface on impurity accumulation during unidirectional growth.

In this study, we added Ge as an impurity element, because of the unlimited mutual solubility of the Si-Ge system in the solid state, so no precipitation phases are formed during the crystallization processes. We previously investigated the effect of impurity elements on the morphology of the crystal/melt interface in single-crystal Si, with Ge used as an impurity. We showed that the impurity enhanced the instability of the crystal/melt interface, and also showed that the Ge accumulated at the valley of the zigzag-faceted crystal/melt interface [14]. In this study, we focused on impurity accumulation at grain boundaries on the crystal/melt interface of mc-Si.

The crystal/melt interface of mc-Si containing Ge was observed during unidirectional growth using an in situ observation system consisting of a furnace and a microscope [15]. The Si and Ge raw materials were completely melted in a silica crucible by a furnace, and then unidirectional growth was promoted by cooling one side of the crucible. Groove formation was directly observed at grain boundaries on the crystal/melt interface. After crystallization, the sample was rapidly cooled to room temperature by powering off the heaters to avoid atomic diffusivity effects in the solid phase. The Σ values of the observed grain boundaries were determined using the electron backscattering diffraction pattern (EBSP) method, and the Ge concentration around the grain boundaries was measured by wavelength-dispersive X-ray spectrometry (WDX) to clarify the effect of grooves at the crystal/melt interface on impurity accumulation.

Fig. 1 shows a crystal/melt interface of mc-Si containing Ge. The initial Ge concentration in the melt was 8.5 at.%. A groove was observed at the crystal/melt interface (marked by a red circle in the figure) and the depth of the groove increased gradually during the growth. The velocities of the flat interface and the tip of groove were measured, as shown in the t-x plot of Fig. 2(a). The tip of the groove moved more slowly than the flat crystal/melt interface, so the groove became gradually deeper as the crystallization progressed, as shown in Fig. 1. When the impurity accumulated at the groove of a crystal/melt interface, the growth rate at this location decreased for the following reason. T L (x), the melting temperature of Si(Ge), is expressed as T L (x) = T 0 + mC L (x), where T 0 is the melting temperature of pure Si, m is the gradient of the liquidus line in the Si-Ge phase diagram, and C L (x) is the Ge concentration in the melt. In the Si-Ge system, the melting temperature T L (x) decreases with increasing Ge concentration due to the negative gradient of the liquidus line. Therefore, the driving force of crystallization (undercooling (ΔT), ΔT = T L (x) -T, where T is the temperature of the melt at the crystal/ melt interface) becomes weaker in locations with higher Ge concentrations because of the decrease in T L (x), and thus, the growth rate decreases. Therefore, the lower growth rate at the tip of the groove, as shown in Fig. 2(a), suggests an accumulation of Ge at the groove. After the sample from Fig. 1 was completely crystallized, we performed an EBSP measurement, as shown in Fig. 2(b). The color in the ND and TD images corresponds to the color in the stereotype triangle. Grain boundary characteristics were also shown in the ND image. A random grain boundary was present on the groove at the crystal/melt interface, as indicated by a black line in the ND image. We also found that a Σ3 grain boundary existed near the random grain boundary, as indicated by a red line. This boundary did not form a groove at the crystal/melt interface, which is consistent with the previous report [13]. The TD image in Fig. 2(b) shows the growth orientation, which corresponds to the orientation of the crystal/melt interface. The lattice image at the crystal/ melt interface for both crystal grains adjacent to the groove are also shown in Fig. 2(b). It was found that the growth orientation of both grains were close to b112N. After the EBSP measurement, a concentration analysis around the random grain boundary was performed using the point analysis mode of SEM-WDX, as shown in Fig. 2(c). The red dots in the image indicate the analyzed points by SEM-WDX. The analysis indicated that the Ge concentration was clearly high at the random grain boundary.

Fig. 3 shows the results of another sample, which contained 12.8 at.% Ge in the melt. A groove was observed at the crystal/melt interface, and we confirmed the existence of a Σ27 grain boundary at the groove position by EBSP measurements after crystallization, as shown in the ND image in Fig. 3. The TD and the lattice images show that the growth orientation of upper-side grain was close to b101N, and that of lower-side grain was close to b 100N. Concentration analysis around the Σ27 grain boundary indicated that the Ge concentration at the Σ27 grain boundary was higher than that of the surrounding region.

Based on the results shown in Figs. 123, we can summarize impurity accumulation at the crystal/melt interface, as illustrated in Fig. 4. A groove forms at a grain boundary on the crystal/melt interface during unidirectional growth, which leads to an accumulation of the impurity. When the impurity concentration at the groove increases, the groove grows larger due to the lower growth velocity at the tip of groove. The impurity concentration at the grain boundary becomes higher when the impurity-rich melt at the groove crystallizes.

In summary, in situ observations of the crystal/melt interface, EBSP measurements, and WDX analysis were performed to investigate why impurity concentrations are high at a high-Σ and random grain boundaries in mc-Si wafers. We conclude that groove formation at grain boundaries, such as random grain boundaries and high-Σ grain boundaries, is the cause of impurity accumulation at these grain boundaries during unidirectional growth. 

Fig. 1 .

 1 Fig. 1. Crystal/melt interface during unidirectional growth of mc-Si. The initial Ge concentration in the melt was 8.5 at.%. A groove formed at the grain boundary at the crystal/melt interface and gradually became larger during the growth.

Fig. 2 .

 2 Fig. 2. (a) t-x plots of the flat crystal/melt interface and the tip of groove. (b) EBSP image around the grain boundary. The ND and TD images show the surface orientation and the growth orientation of the sample, respectively. The color in the ND and TD images corresponds to the color in the stereotype triangle. The lattice images at the crystal/melt interface for both crystal grains adjacent to the groove are also shown. The observed grain boundary, which formed a groove at the crystal/melt interface, was found to be a random grain boundary. (c) Results of concentration analysis around the random grain boundary. The red dots in the image indicate the analyzed points by SEM-WDX. The Ge concentration was high at the random grain boundary.

Fig. 4 .

 4 Fig. 4. Schematic image of impurity accumulation at a grain boundary during unidirectional growth of mc-Si.

Fig. 3 .

 3 Fig. 3. Crystal/melt interface during unidirectional growth of mc-Si, and results of EBSP analysis and concentration analysis around the grain boundary. The initial Ge concentration in the melt was 12.8 at.%. The ND and TD images show the surface orientation and the growth orientation of the sample, respectively. The color in the ND and TD images corresponds to the color in the stereotype triangle. The lattice images at the crystal/melt interface for both crystal grains adjacent to the groove are also shown. The red dots in the image of crystal/melt interface indicate the analyzed points by SEM-WDX. The Ge concentration was high at the Σ27 grain boundary.
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