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Abstract. 
It is imperative to improve the crystal quality of Si multicrystal ingots grown by casting because they are widely used for solar cells in the present and will probably expand their use in the future. Fine control of macro- and microstructures, grain size, grain orientation, grain boundaries, dislocation/subgrain boundaries, and impurities, in a Si multicrystal ingot, is therefore necessary. Understanding crystal growth mechanisms in melt growth processes is thus crucial for developing a good technology for producing high-quality Si multicrystal ingots for solar cells. In this review, crystal growth mechanisms involving the morphological transformation of the crystal-melt interface, grain boundary formation, parallel-twin formation, and faceted dendrite growth are discussed on the basis of the experimental results of in situ observations.


1. Introduction
The expectations for solar cells have been increasing yearly toward solving energy and environmental problems worldwide. The Si multicrystal (mc-Si) is one of the most important materials along with the Si single crystal (sc-Si) for the substrate of solar cells in the future although other materials are being developed. The crystal structure of an mc-Si ingot obtained by casting based on a unidirectional growth technique is markedly different from that of sc-Si, as illustrated by the formation of grain boundaries and the distribution of crystallographic orientations, which prevent the realization of high-efficiency solar cells. Various types of defect included in an mc-Si ingot, such as grain boundaries, dislocations, sub-grain boundaries, and metallic impurities, affect the properties of solar cells. Therefore, there is increasing importance to control the macro- and microstructures of mc-Si ingots. In recent years, various new methods for controlling the macro- and microstructures have been presented, which focus on controlling the nucleation or crystal growth mechanism in the earlier stage of casting. Dendritic casting is a method in which seed crystals are created from the melt during crystallization by inducing dendrite growth at the bottom of the crucible [1–3]. Seeded casting is a method in which prearranged seed crystals are set at the bottom of a crucible before crystallization, which initiates from seed crystals [4–6]. Other methods have been proposed, in which the nucleation site is controlled by controlling the cooling area in the initial stage of casting [7–9]. Many studies to establish such technologies for obtaining high-quality mc-Si ingots have been continuously performed on all these methods. In this review, such technologies for mc-Si ingot growth will not be discussed; only the melt growth mechanisms of Si will be discussed because fundamental understanding of crystal growth mechanisms is crucial to developing all such technologies. The crystal growth phenomena during melt growth processes including the morphological transformation of crystal-melt interfaces, grain boundary formation, parallel-twin formation, and faceted dendrite growth will be discussed by providing a review of our recent studies.
2. Morphological Transformation of Crystal-Melt Interface
2.1. Crystal-Melt Interface during Unidirectional Growth
To control the morphology of the crystal-melt interface during unidirectional growth processes is crucial to obtaining high-quality crystals because it affects the macro- and microstructures and eventually the mechanical, optical, and electrical properties of materials. It has been suggested that the generation of crystal defects, such as dislocations and twin boundaries, is related to the morphology of the crystal-melt interface [12–14]. The segregation of impurities is also dependent on the interfacial morphology [15]. According to Jackson’s theory [16, 17], only the crystal-melt interfaces of Si 
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 planes, called facet planes, are atomically smooth; other crystallographic planes are atomically rough. Because the 
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 planes have the lowest surface energy [18], a zigzag-faceted interface bounded by 
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 planes is expected to form at the crystal-melt interface of rough planes. The crystal-melt interface was observed in recrystallization processes in Si thin films [19–28], and micron-sized zigzag facets at the Si (100) crystal-melt interface were observed. Molecular dynamics simulation showed the existence of atomic-scale zigzag facets at the Si (100) crystal-melt interface [29, 30]. Such a zigzag-faceted interface at the Si (100) crystal-melt interface was also observed in bulk samples [31, 32]. Therefore, as one possible formation mechanism of a zigzag-faceted interface, it was considered that atomic-scale facets are initially formed, which gradually enlarge to macroscopic facets during crystallization [26]. On the other hand, recently, the zigzag-facet formation at the Si (100), (112), (110), and (111) crystal-melt interfaces has been investigated by in situ observation [10, 11].
Figure 1 shows the Si (100) crystal-melt interface whose growth velocity was 162 μm/s [10]. In this experiment, a piece of Si (100) wafer was set between quartz plates inside the furnace to keep the surface of the Si melt flat during crystal growth. The morphology of the interface transformed from planar to zigzag facets during the growth. It was shown that a wavelike perturbation is introduced into a planar interface, the perturbation is amplified, and the zigzag facets are formed finally. A similar morphological transformation from planar to zigzag facets of the moving interface was observed at the Si (112) and (110) crystal-melt interfaces at higher growth velocities, as shown in Figure 2 [11]. On the other hand, when the growth velocity was lower, the planar interfaces were maintained throughout the crystallization, as shown in Figure 3. The critical growth velocity for the morphological transformation, 
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 < 129 μm/s at the Si (100), Si (110), and Si (112) crystal-melt interfaces, respectively [10, 11]. In those experiments, the temperature gradient along the growth direction in the furnace was about 8 K/mm. It was found that the critical growth velocity was dependent on the temperature gradient in the furnace. When the temperature gradient was about 4 K/mm, the critical growth velocity of the Si (100) interface was 36 μm/s < 
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 < 100 μm/s [33]. Figure 4 shows isochrones of the interface of Si (100) and Si (110) when the planar interface transformed to a zigzag-faceted interface. It was shown that the wavelength of the wavy interface completely agreed with that of the zigzag-faceted interface. The perturbation was amplified with time, and one perturbation peak formed one zigzag facet peak. Here, it should be determined why the perturbation is amplified when the growth velocity is high, using stability arguments [34]. Tokairin et al. calculated the thermal field in the Si crystal and melt during crystallization along the growth direction at a constant growth velocity, before the zigzag facet formation [10]. Generally, a crystal-melt interface becomes unstable, leading to the amplification of the perturbation, when the temperature gradient at the interface is negative along the growth direction [35]. However, the temperature gradient in the furnace was positive in Figures 1–4. Therefore, it was considered that the latent heat of crystallization increases the temperature at the crystal-melt interface, and that the temperature gradient in the Si melt at the interface becomes negative when growth velocity is high, because the amount of generated latent heat per unit time increases with growth velocity. The thermal field of the Si crystal and melt, 
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 are the heat capacity of the Si crystal and melt, the thermal conductivity of the Si crystal and melt, the thermal conductivity of the quartz plate, the thickness of the quartz plate, and the thickness of the Si, respectively. The origin of the coordinate is the crystal-melt interface, which moves with the growth velocity 
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 is the furnace temperature at the interface. The first and second terms on the right-hand side of (1) come from the heat diffusion along the growth direction and the heat conduction between the Si crystal or melt and the furnace through the quartz plates, respectively. From the solution of (1), the thermal fields of the Si crystal and melt during crystal growth for various growth velocities were obtained, as shown in Figure 5 [10]. The physical properties of Si used were based on those indicated in [37], and 
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 were based on experimental values. The temperature gradient in the Si melt at the interface changes from positive to negative as growth velocity increases. When the growth velocity is low, the temperature gradient is positive, and this means that the interface is stable and the planar interface is maintained. On the other hand, when the growth velocity exceeds its critical value, the temperature gradient in the Si melt at the interface changes from positive to negative, and thus the perturbation introduced into the planar interface is amplified, forming zigzag facets at high growth velocities.





	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
			
		
	





	
	
	
	
	
	
	


	
	
	
	


	
	
	
	
	


	
	
	
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 1: Morphological transformation of Si (100) crystal-melt interface moving at 162 μm/s [10].







	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	


	
		
		
		
	
	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
			
			
				
				
				
			
			
				
					
				
			
			
				
				
				
			
			
				
					
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
			
		
	
	
		
	
		
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


Figure 2: Morphological transformation of Si (110) and (112) crystal-melt interfaces at high growth velocities [11].







	
		
	
	
		
	
	
		
	


	
		
		
	


	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
		
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
			
		
	
	
		
		
		
	
	
		
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


Figure 3: Morphology of Si (100) crystal-melt interface at low growth velocity [10].









	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	
	
	
	
		
			
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
			
		
	


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
	


Figure 4: Isochrones of Si (100) and Si (110) interfaces when planar interface transformed to zigzag faceted interface [10].





	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
		
		
			
		
		
			
			
			
		
	
	
	
	
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
		
	
	
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
			
			
		
	
	
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
			
			
		
	
	
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
			
			
		
	
	
	
	
	
	

Figure 5: Calculated thermal fields of Si crystal and melt during crystallization for 
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 = 50, 123, 147, 200, and 250 μm/s. 
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 are based on the experimental values, and the physical properties of Si used are based on those mentioned in [37]. The temperature gradient in the Si melt at the crystal-melt interface changed from positive to negative as 
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Figure 6 shows the crystal-melt interface of the Si (111) plane growing at a high growth velocity of 200 μm/s. The Si (111) interface maintained a planar shape even at a high growth velocity although a negative temperature gradient should have been formed at the interface at such a high growth velocity. The difference in interface morphology between the (111) plane and the other planes could be explained by considering the anisotropy of growth velocity. The growth velocity along the 
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 direction is the lowest. Moreover, the growth velocity on the Si (111) plane was more than 2 orders lower than that on the Si (100) plane at a given undercooling [38]. Thus, even though perturbation is introduced into the (111) planar interface, the morphology of the interface remains planar owing to the faster growth in the lateral direction than in the 
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 direction. For added consideration regarding the growth of the Si (111) interface, it was reported that the step-flow mode is stable up to an undercooling of 40 K by molecular dynamics simulation [39]. The step velocity at the (111) interface was found to be quite high because of the large step kinetic coefficients, that is, 0.29–0.79 m/sK. Such a high step velocity makes the interface planar in this growth mode.





	
		
	
	
		
	
	
		
	
	
	
	
	


	
		
		
			
		
	





	
	
	
	
	


	
		
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
	
		
		
		
	


	
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 6: Typical image of the Si (111) crystal-melt interface during crystal growth [11].


It has been shown that the interface morphology is controlled by temperature gradient and growth velocity. When the zigzag facets are formed at the crystal-melt interface of rough planes during a unidirectional growth process of an mc-Si ingot by casting, the growth velocity difference between the rough planes and 
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 facet planes becomes larger [32, 40]. When two crystal grains, the one has (100) interface and the other one has (111) interface, exist side by side, the (100) grain with zigzag facets interface grows much faster than (111) grain with planar interface, and the (100) grain gradually occupies the space and becomes larger than (111) grain during the unidirectional growth. In such competitive growth process between the two crystal grains, the shape of the grain boundary between two crystal grains is also changing during the growth [32, 40]. The stress given to the grain boundary maybe increased with the shape change, which leads to increasing the defect generation, such as dislocations or twin boundaries, at the grain boundary. Moreover, when the zigzag facets are formed at the crystal-melt interface of rough planes during a unidirectional growth process, the impurities segregate at the valleys of zigzag facets, which lead to in-plane inhomogeneity in an ingot. Those phenomena seem to affect the quality of an mc-Si ingot in an adverse way. On the other hand, Si-faceted dendrites easily grow from a zigzag facets interface [12]. In the dendritic casting, faceted dendrites are promoted to grow along the bottom of the crucible in the earlier stage of casting [1]. In this method, the growth condition to form the zigzag facets interface should be selected to initiate the dendrite growth in the initial stage of casting, which leads to the formation of large-size grains at the bottom of the ingot. Thus, we should carefully control the growth mechanism during casting for obtaining high-quality mc-Si ingots.
2.2. Growth Kinetics in Melt Growth of Silicon
In the previous section, the morphological transformation of crystal-melt interfaces for different orientations was shown. Those phenomena observed at crystal-melt interface depend on the anisotropy of crystal-melt interfacial energy, which governs the growth kinetics and growth modes. It is well known that Si (111) is a facet plane, which means that the surface of crystal-melt interface is atomically smooth, and other planes are atomically rough. Therefore, the growth kinetics in melt growth processes seems to be different between the (111) plane and other planes. In general, the growth on the (111) facet plane is discussed by a 2D nucleation mode, and that of rough planes are discussed by a normal growth mode [38]. The normal growth velocity, 
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 are the kinetic coefficient for rough plane and undercooling at the crystal-melt interface, respectively. The value of the kinetic coefficient for Si (100) rough plane has been derived by computations as approximately 0.1 m/(sK) [38, 39]. Thus, the growth velocity on Si (100) rough plane linearly increases with increasing the amount of undercooling. On the other hand, the growth velocity on a Si (111) facet plane increases exponentially with undercooling in a 2D nucleation growth mode [38, 42]. Therefore, the growth velocity on a facet plane seems to be much smaller than that of the rough plane at a low undercooling. However, direct evidences by experiments for the growth kinetics in melt growth processes have been very limited comparing with those in the solution growth or the vapor growth. Thus, a more detailed discussion of the growth mode should be reserved for future works. The growth mode on a Si (111) facet plane has been well summarized in [42].
2.3. Crystal-Melt Interface at the Grain Boundary Formation
In mc-Si grown by a casting, grain boundaries are one of the main factors governing the mechanical, optical, and electrical properties. For instance, some of the grain boundaries inhibit the increase in the energy conversion efficiency of solar cells because they act as recombination centers of photocarriers. Therefore, the relationships between grain boundary properties and electrical activity have been extensively investigated [44–51]. Moreover, a 
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 grain boundary, which is usually straight, is electrically inactive, but other CSL (coincidence site lattice) boundaries or random grain boundaries, which are straight, wavy or curved, are electrically active. Grain boundary structures are also investigated by transmission electron microscopy [52–54] or computer simulation [55–57]. Almost all studies of grain boundaries in Si have been performed after crystallization. Here, the crystal growth behaviors in grain boundary formation during crystallization from Si melt are shown.
Figure 7(a) shows the crystal growth behavior when two crystals converge during the crystallization process [41]. Most of the crystal-melt interface between the two crystals is linear, which suggests that the growth direction vertical to those interfaces is  
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. In the underlying crystal, a sharp triangular corner is observed at the right edge of the interface when there is sufficient distance between the two growing crystals. This difference in interfacial shape is due to the difference in the growth direction owing to the existence of a grain boundary at the location marked by a red arrow in Figure 7(a). The sharp corner gradually flattens as the two crystals become approach each other. Figure 7(b) shows the result of crystallographic orientation analysis after crystallization determined by the electron backscattering diffraction pattern (EBSP) method [41]. The directions vertical to the grain boundary are shown in color using the inverse pole figure triangle. A linear grain boundary was formed corresponding to the shape of crystal-melt interfaces just before grain boundary formation. It is found that the growth directions vertical to the linear growing interfaces were 
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 (shown in blue), and that the growth direction with a sharp-cornered interface in the underlying crystal was 
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 (shown in red). Grain boundary characteristics are also indicated by colored lines in Figure 7(b). The grain boundary characteristic differs depending on location. A (111) 
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 grain boundary, shown by a red line, is formed where 
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 facet planes impinge on each other. On the other hand, a random grain boundary, shown by a black line, is formed at a location where the shape transition of the growing interface occurs just before grain boundary formation. Figure 8(a) shows isochrones of the position of the growing interfaces at 1/3 s intervals for the sample shown in Figure 7, and Figure 8(b) shows the t-x plot of the growing interface at the two parts marked by the red and blue lines on the isochrones [41]. The color of dots in Figure 8(b) corresponds to the line color in Figure 8(a). The initial point of the shape transition of the interface is indicated in Figure 8(b). It is shown that the growth velocity of the growing interfaces, the gradient of the t-x curve, decreases from this point. This means that the amount of undercooling in front of the growing interface decreased and the melt temperature in front of the growing interface increased. We explained this phenomenon by considering the thermal fields in front of the growing interface. When a crystal is growing from the melt, the heat of crystallization is released. The heat of crystallization can be taken away through the melt and/or crystal [58] when the two crystals are sufficiently separated. However, as the distance between two crystals becomes smaller, thermal fields in front of the two growing crystals overlap and the heat of crystallization cannot be taken away; then the temperature between the two crystals increases. This leads to the reduction in the growth velocity at the tip of the corner on the growing interface, and, as a result, the shape of the interface becomes flat. Figure 9(a) shows the growth behavior of the two crystals with zigzag-faceted interfaces [41]. Although the distance between the two crystals is large, well-developed 
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 facet planes appear on the growth surfaces, and, thus, sharp corners are formed. As the distance between the two crystals becomes smaller, the shape transition of the growing interface is observed. The sharp corners on the interfaces gradually disappear, and wavy interfaces are formed. Just at impingement, the shape of the interfaces becomes more linear. This behavior of the growing interface is similar to that observed in Figure 7. Figure 9(b) shows the result of orientation analysis. The grain boundary was wavy owing to the shape transition of the growing interface, and a random grain boundary was formed [41]. The results in Figure 7 to Figure 9 show that the grain boundary shape and grain boundary characteristics are dependent on the behavior of the growing interface before impingement, which, in turn, strongly depends on the shape of the faceted interface. Figure 10 shows the growth behavior of the dendrite at the grain boundary formation. The tip of the dendrite is narrow and sharp when the distance between the two crystals is large. As the distance between the two crystals becomes smaller, the tip of the dendrite becomes wider and flatter. To continue the dendrite growth, sufficient undercooling, that is, more than 10 K, is necessary [12]. When the distance between the two crystals becomes smaller, melt temperature seems to increase owing to the overlapping thermal fields in front of the crystal-melt interfaces, as explained before, and then the dendrite growth cannot continue; thus, the tip of the dendrite is flattened.
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(b)
Figure 7: (a) Growth behavior of two Si crystals when they meet during crystallization. In the underlying crystal, the shapes of the growing interface are different on both sides of the grain boundary indicated by the arrow [41]. (b) Result of EBSP analysis of region observed in (a). The orientation vertical to the grain boundary is shown in color using the inverse pole figure triangle. The grain boundary is also shown in color in accordance with the grain boundary characteristics [41].
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(b)
Figure 8: (a) Isochrones of positions of growing interface at 1/3 s intervals for sample shown in Figure 7 [41]. (b) t-x plot of moving interface for two parts shown by red and blue lines across isochrones in (a). The color of dots corresponds to the color of the lines in (a). The moving velocity of the interface is lower from the initiation point of the interface shape transition [41].
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(b)
Figure 9: (a) Growth behavior of two Si crystals with zigzag-faceted interfaces [41]. It is observed that the sharp corners on the faceted interfaces gradually disappear as the crystals grow. (b) Result of EBSP analysis of the sample shown in (a) [41]. The growth direction vertical to the line indicated in (b) is shown in color.







	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
	




	
		
		
			
		
	


	
	
	



Figure 10: Growth behavior of faceted dendrite at grain boundary formation. The tip of the dendrite becomes flat during growth.


3. Parallel-Twin Formation
In mc-Si ingots, twin boundaries are often observed at a high density [59]. The twin boundary formation energy is very low [60, 61], and some origins of twin boundary formation have been reported [16, 62–64]. Figure 11 shows an mc-Si wafer (left) and a faceted dendrite crystal examined by EBSP analysis (right). Most straight lines observed in the mc-Si wafer and the red lines at the center of the dendrite by EBSP analysis are twin boundaries. It is observed that at least two twin boundaries often exist parallel to each other, with a narrow spacing. Here, the parallel-twin formation, which is related to the faceted dendrite growth, is discussed.





	
		
	
	
		
	







	
	
	
	


	
	
	


	


	


	


Figure 11: Mc-Si wafer (left) and faceted dendrite crystal examined by EBSP analysis (right) [43].


The fundamental study of faceted dendrite growth has had a long history since the first report by Billig [65]. It has been shown that more than two parallel twins exist at the center of a faceted dendrite [65–69]. There have been some discussions concerning when and/or where a twin boundary is formed, that is, whether a nucleus originally contains a twin boundary [70] or whether a twin is formed after nucleation [71]. There was a report that twin boundaries are generated from a normal grain boundary during directional growth [72]. It has also been reported that parallel twins can form at (111) microfacets at a crystal-melt interface [43]. Pohl et al. studied this issue by classical molecular dynamics simulation [13]. In their simulations, parallel twin formation at the normal grain boundary was observed, but that at microfacets on a crystal-melt interface was not observed.

Figure 12 shows the growth behavior of a faceted dendrite grown from a crystal-melt interface. In this experiment, the crystal growth was initiated from a Si single-crystal seed. A faceted dendrite always appears following the zigzag facet formation on a crystal-melt interface during unidirectional growth. Figure 13 shows the result of the EBSP analysis of the faceted dendrite after crystallization. The EBSP analysis was performed at the origin of the dendrite growth. The direction along the dendrite growth was colored using the inverse pole figure triangle. 
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				3
			

		
	
 grain boundaries were indicated by red lines, and other grain boundaries were labeled by black lines if they existed in the crystal. It was found that no grain boundaries without twin boundaries related to the dendrite growth existed in the crystal. This suggests that the grain boundary is not always necessary for twin boundary formation. To explain the experimental result, it should be considered that the twin boundary is formed on microfacets at the crystal-melt interface. Figure 14 schematically shows a model for generating parallel twins at the crystal-melt interface [43]. The formation of a zigzag-faceted interface bounded by 
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				1
				}
			

		
	
 planes was discussed in Section 2.1. The shape of the faceted interface is dependent on crystal growth orientation, and crystal growth is always promoted on 
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				}
			

		
	
 facet planes at the zigzag-faceted interface. When an atom attaches to a facet plane with a twin relationship, a layer that maintains the twin relationship is formed on the facet plane after lateral growth, and then one twin boundary is generated on the layer, as shown in Figure 14(b). The crystal continuously grows in the lateral-growth mode on the 
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				1
				1
				}
			

		
	
 plane (Figure 14(c)), and then another twin boundary forms parallel to the previous twin boundary, as shown in Figure 14(d). In this model, the formation of parallel twin boundaries is ensured when one twin boundary is formed on a facet plane at the zigzag-faceted interface. When the undercooling of the melt is sufficient, a faceted dendrite grows from the parallel twin boundaries.





	
		
	
	
		
	
	
		
	



	
	
	


Figure 12: Growth behavior of faceted dendrite grown from crystal-melt interface.







	
		
			
		
		
			
				
			
			
				
			
			
				
					
				
			
			
				
					
				
			
		
	
	
		
	
	


	
		
		
		
	
	
		
		
		
		
		
	
	
	
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	


Figure 13: Result of EBSP analysis of faceted dendrite after crystallization. The EBSP analysis was performed at the origin of dendrite growth. The direction along the dendrite growth was shown in color using the inverse pole figure triangle. 
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 grain boundaries were indicated by red lines, and other grain boundaries were indicated by black lines when they existed in the crystal.







		
	
		
	
		
	
		
	
			
				
			
				


	
	
			
				
			
				


		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	


Figure 14: Model of parallel-twin formation at crystal-melt interface during crystal growth from Si melt. When a twin boundary is accidentally formed on a 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 facet plane, another twin boundary is formed parallel to the first twin after lateral growth is promoted [43].


4. Faceted Dendrite Growth
Dendritic growth is a widespread phenomenon that appears during crystallization from a liquid or vapor phase in almost all types of materials containing metals, semiconductors, oxides, and organic materials. Dendrites of faceted materials, so-called “faceted dendrites,” which are distinguished from those of nonfaceted materials in metals and alloys, were discovered in the 1950s [65]. It is known that the surface of a dendrite is bounded by 
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 habit planes, and at least two parallel twin boundaries exist at the center of the dendrite [65–69]. Moreover, the preferential growth directions of Si-faceted dendrites are 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 and 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 [69], and the growth rate of faceted dendrites is higher than that of equiaxed grains. Such features can be applied in technologies for growing thin Si ribbon crystals [76, 77] and mc-Si ingots [1–3] for solar cells. The growth model of faceted dendrites preferentially grown in the 
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 direction, hereafter referred to as 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrites, was first proposed in 1960 by Hamilton and Seidensticker [67]. Recently, the growth model has been modified to apply to an actual growth based on experimental evidence by in situ observation of the growth behavior of 
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				1
				1
				2
				⟩
			

		
	
 dendrites [74]. It was also shown that the modified model is adequate to explain the growth behavior of 
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				1
				1
				0
				⟩
			

		
	
 dendrites [73].
Figure 15 shows a 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrite and a 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite growing from a portion of a faceted crystal-melt interface. In both dendrites, parallel twins exist parallel to the 
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				1
				1
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 surface. The shape of the tip of the growing dendrite is markedly different between the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 and 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrites. Although the tip of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite becomes wider during growth, that of the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrite remains narrow during growth. Figure 16 shows the growth process of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite. It was found that triangular corners with an angle of 60° were formed at the tip of the dendrite and that the direction of the corners alternately changed from outward to forward in the direction of growth [74].





	
		
			
		
		
			
		
	
	
		
			
			
				
			
		
	
	
	
	
		
			
			
				
			
		
	
	
	


	
	
		
		
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


Figure 15: Growth shape of Si 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 and 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 faceted dendrites [73].







	
		
	
	
		
	
	
	
		



	
	
	






	


	


	


	


	


	


	


	


	


	


Figure 16: Growth behavior of Si 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 faceted dendrite observed perpendicular to 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 twins. Triangular corners of angle 60° are formed at the growth, tip and the direction of the corner changes with growth [74].


The modified growth model of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite based on experimental evidence is shown in Figure 17 [74]. Figure 17(a) shows the equilibrium form of the Si crystal with two parallel twins. The crystal is bounded by 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 habit planes, and parallel twin planes exist parallel to the 
	
		
			
				⟨
				1
				1
				1
				⟩
			

		
	
 upper surface. In the explanation, the twins are distinguished by labeling them twin1 and twin2. A reentrant corner with an external angle of 141° (type I) appears at the growth surface only at twin1 when the dendrite is growing in one direction. Nucleation more readily occurs at the reentrant corner than at 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 flat surfaces [69, 73, 74, 78–80], and thus the rapid growth occurs there. In this mechanism, it is considered that a triangular corner with an angle of 60° is formed at the growth tip of a dendrite owing to the rapid growth at the reentrant type I corner, as shown in Figure 17(b). This is the major difference from the previous growth mechanism of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite presented by Hamilton and Seidensticker [67]. In their explanation, it was considered that the formation of a triangular corner disturbs the continuous growth of a dendrite because the reentrant type I corner disappears. However, the formation of a triangular corner at the tip of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite is observed in Figure 16 by in situ observation [74]. Crystal growth can continue on the 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 flat surface although the rapid growth is inhibited owing to the disappearance of the type I corner (Figures 17(b)-17(c)). After the propagation of the crystal, two new type I corners are formed on the growth surface at twin2 (Figure 17(c)). Thus, rapid growth occurs there again, and triangular corners with an angle of 60° are formed in the same manner as before (Figure 17(d)). Crystal growth is promoted on the 
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				1
				1
				1
				}
			

		
	
 flat surface, leading to the formation of a new reentrant type I corner at twin1 (Figure 17(e)), and the rapid growth occurs again (Figure 17(f)). A faceted dendrite continues to grow by the repetition of the same processes. In this model, the tip of the 
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				1
				1
				2
				⟩
			

		
	
 dendrite becomes wider during the growth.
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(f)
Figure 17: Schematic images of growth of Si 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite [73, 74]. (a) Equilibrium form of a crystal with two twins, which is bounded by 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 habit planes. It is considered that the crystal grows only in the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 direction for simplicity. A reentrant corner of 141° angle (type I) appears at the growth surface only at twin1. (b) A triangular corner is formed owing to the rapid growth at the type I corner at twin1. (c) Crystal growth can continue on the 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 flat surface although the rapid growth is inhibited because of the disappearance of the type I corner. When the triangular crystal propagates across twin2, two new type I corners are formed at twin2. (d) Rapid growth occurs at the two type I corners again, and a triangular corner is formed. (e) After the propagation of the crystal, a type I corner is formed at twin1. (f) Rapid growth occurs at a type I corner. A faceted dendrite continues to grow along the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 direction by repeating the process from (b) to (f). The tip of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite becomes wider with crystal growth.


Figure 18 shows the growth mechanism of a 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
  dendrite [73]. Two parallel twins are also contained in this dendrite, and thus the initial shape of the crystal should be the same as that shown in Figure 17(a). This means that the elemental process for the growth of the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrite is the same as that of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite. It is found that type I corners exist at both twin1 and twin2 on the growth surface (Figure 18(a)). This is the major difference from the case of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite, in which type I corners alternately appear at each twin. Rapid growth occurs at these type I corners (Figure 18(b)), leading to the formation of triangular corners. Although the rapid growth is inhibited after the formation of triangular corners, the crystal continuously grows on the 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 flat surface (Figures 18(b)-18(c)). When triangular crystals propagate across the other twin, two type I corners appear, and rapid growth occurs there again (Figures 18(c)-18(d)). When triangular crystals propagate across the other twin, two type I corners appear (Figure 18(e)). The tip of the dendrite remains narrow during crystal growth. Thus, the shapes of the 
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				1
				1
				2
				⟩
			

		
	
 and 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrites during growth are explained by the models shown in Figures 17 and 18.
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(e)
Figure 18: Schematic images of growth of Si 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrite [73]. (a) Equilibrium form of crystal with two twins, which is similar to that shown in Figure 17(a). It is considered that the crystal grows only in the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 direction. Reentrant type I corners appear at both twin1 and twin2. This is markedly different from the growth of the 
	
		
			
				⟨
				1
				1
				2
				⟩
			

		
	
 dendrite. (b) Triangular corners are formed owing to the rapid growth at both twins. (c) Crystal growth can continue on the 
	
		
			
				{
				1
				1
				1
				}
			

		
	
 flat surface. When triangular crystals propagate across another twin, two new type I corners are formed at both twins. (d) Rapid growth occurs at the two type I corners again, and a triangular corner is formed. (e) After the propagation of the triangular crystals, type I corners are formed at both twins. A faceted dendrite continues to grow along the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 direction by repeating the process from (b) to (e). The tip of the 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
 dendrite remains narrow during crystal growth.


The equation for the growth velocity of a 
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				1
				2
				⟩
			

		
	
 dendrite and a 
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				1
				1
				0
				⟩
			

		
	
 dendrite is derived on the basis of the growth model shown in Figures 17 and 18 [75]. The growth velocities of both dendrites are, respectively, described as
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 is the height of a triangular corner, 
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 is the twin spacing, 
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 is the growth velocity at a type I corner, and 
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 is the growth velocity on the 
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 plane. It is found that the growth velocity of a dendrite is inversely proportional to twin spacing. Figure 19(a) shows the growth of three dendrites (d1, d2, and d3) from the same crystal-melt interface at the same time [75]. The preferential growth direction of these three dendrites is 
	
		
			
				⟨
				1
				1
				0
				⟩
			

		
	
. The growth velocities are clearly different among the three dendrites. Figure 19(b) shows the parallel twins observed at the center of d1, d2, and d3 by EBSP measurement. The average twin spacings in d1, d2, and d3 are 4.5 μm, 10 μm, and 16.5 μm, respectively. Dendrite growth velocity as a function of twin spacing is plotted in Figure 19(c). As twin spacing decreases, dendrite growth velocity nonlinearly increases. The equation above was used to fit the experimental results, as shown by the red line in Figure 19(c). It is found that the growth velocity of a dendrite eventually approaches a certain value as twin spacing increases to infinity. The dependence of the growth velocity of faceted dendrites on undercooling was also investigated [81]. Dendrite growth velocity increased linearly with increasing undercooling. It was also found that the relationship between dendrite growth velocity and undercooling is most sensitive to twin spacing [81].
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(c)
Figure 19: (a) Growth process of three dendrites (d1, d2, and d3) grown from same crystal-melt interface at same time [75]. (b) Parallel twins observed at center of d1, d2, and d3 by EBSP measurement. The average twin spacings in d1, d2, and d3 are 4.5 μm, 10 μm, and 16.5 μm, respectively [75]. (c) Dendrite growth velocity as function of twin spacing [75].


5. Summary
Some crystal growth behaviors observed in melt growth processes were reviewed in this paper. Other significant issues not treated in this review include the dislocation/sub-grain-boundary formation [82–87] and impurity behavior [88–93] in crystal growth processes. For the complete understanding of crystal growth mechanisms and the control of the macro- and microstructures of mc-Si ingots, further data accumulation is required. It is expected that such ongoing studies will lead to the establishment of a technology for producing high-quality mc-Si ingots in the near future.
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