Removal of SiC from Silicon after Electron Beam Melting Technique on Industrial Scale 
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Abstract 
Carbon and their compounds were removed successfully through electron beam melting (EBM), so that those areas (contaminated with carbon) of ingot were recycled and reused. During EBM process, the numerical simulation results show that there is great temperature gradient existing in the melt. During EBM, the melt near copper crucible shows low temperature and bad fluidity. Carbon in silicon melt flows, precipitated and gathered in this area so that it is separated. The separation mechanism of SiC from silicon was investigated. After EBM, carbon enriches in the form of SiC at the bottom of the ingot but not in the center. This technology is applied on industrial scale EBM equipment. The results show that a majority of SiC was deposited in the bottom of the refining crucible and the carbon contaminations are not found in the most of the area of the solidified ingot in crucible.
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1. Introduction

The modern research focusing on low price and high efficiency of photovoltaic cells, having extensive life time with minimum zero level contamination, has bright future. In the last 20 years, the PV industry around the modern world has enjoyed a very high growth rate 
 ADDIN EN.CITE 
[1]
. In contemporary period the consumption of SoG-Si is increasing day by day with quick improvement of photovoltaic cell industry 
 ADDIN EN.CITE 
[2-7]
 due to the increase in demand for clean and sustainable energy resources, intensified power consumption rate with progressing economy and the shortage of natural energy resources on the earth. Although, many PV materials and technologies have been progressed to serve the humanity with better way, but, still a majority commercial solar cells are based on crystalline silicon materials. MG-Si has been considered as feedstock to fabricate high quality multicrystalline silicon ingots directly by refining impurities 
 ADDIN EN.CITE 
[8-12]
. MG-Si to SoG-Si provides with the fundamental groundwork for further development of photovoltaic industry 
 ADDIN EN.CITE 
[13-23]
.

Now the target is the reuse the top side of casted ingot which is contaminated with carbon and SiC. Due to high temperature, high vacuum and adjustable parameters of EBM technique, carbon compounds can be detached from the silicon ingot. After studying carbon flow behavior we are confident that EBM technique is one of the most effective, fast and inexpensive technique.
In this research, an experiment was carried out to remove the content of carbon in silicon ingot after EBM. In order to clarify the removal mechanism of carbon, the distribution of carbon and the kinetic behavior of carbon from the melt free surface were investigated, the morphology of ingot and scanning electron microscopy and energy dispersive spectroscopy were examined. The flow mechanism of carbon and silicon loss was also discussed.
2. Experimental  Technique
   The raw materials used for EBM were taken from top of the casting ingot. The concentrations in the raw material were shown in Table 1 and 2. Since it was in opened environment, graphite heaters were used for directional solidification, so the carbon dust introduced into the surface of the molten pool. Carbon reacts with melt silicon and formed a SiC, during solidification process SiC compound moved towards the edges and the top of the ingot. So after observing the carbon contents can be reduced significantly, this technique integrated on industrial level.
Five different samples were taken from the top surface of casted ingot of each six gram to analyze the impurities level. Pickling process for these five silicon samples comprising placing the material to be treated in a bath kept at a room temperature. Using HF + HNO3 (ratio of 3: 1) dissolved Si, remaining insoluble content and proportion in Table 1. The ratio of impurities in contaminated silicon of six samples can be observed. After pickling remaining impurities was almost 1.5%.

Table 1 The pickling statistical analysis of 5 silicon samples
	Description
	1
	2
	3
	4
	5

	Before pickling Si+ insoluble (g)
	6
	6
	6
	6
	6

	Insoluble (g)
	0.085
	0.062
	0.105
	0.091
	0.103

	Insoluble%
	1.42
	1.03
	1.75
	1.52
	1.72

	Average%
	1.49


Another elemental analyzer test was also conducted to identify the impurities ratios in the casted silicon ingot from the top surface. For this analysis six samples were selected from the casted ingot and results were shown in Table 2.
Samples were taken from the top of the casted silicon to implement on industrial scale. For each melting process, 30 kg of silicon was placed in a water-cooled copper crucible. After the pressure of the chamber and the electron beam gun was evacuated to less than 5.0 × 10-3 and 5.0 × 10-4 Pa, respectively, two electron beam guns started with a power of 10 kW and the power was increased gradually according to the following pattern 30 kW - 50 kW - 100 kW - 150 kW - 200 kW - and 250 kW. Every change in power was brought with the interval of 5 minutes and at 250 kW irradiated in zigzag on the surface of the silicon until it was melted. It melted completely after 5 minutes and after completely melting it was left to remain there with same power for 30 minutes. 
Table 2 The ratios of impurities

	Impurities
	C%
	N%

	1
	14.25
	8.413

	2
	14.85
	9.42

	3
	13.78
	7.981

	4
	12.23
	6.047

	5
	14.67
	9.365

	6
	7.596
	12.91


After 30 minutes of post-melt heating, the silicon was poured into a bigger crucible partially, almost, ¼ part of smaller crucible melt was removed due to high carbon contaminated (as shown in Fig 1) because of the copper crucible mechanism (it was water cooled copper crucible and due to bad fluidity at the bottom level Si was not melted and SiC carbide also deposits towards bottom) as the first copper crucible had only a limited capacity of 30 kg. Now, the same process of heating, melting and pouring the melted silicon into that bigger crucible was repeated five more times to make the total of 180 kg in the big crucible. This crucible has one electron beam gun with the same power and same working environment. The electron beam power was decreased gradually, each change was held at 200 kW - 150 kW - 120 kW - 0 after 5 minutes of each interval. Firstly, the surface of silicon was solidified within 15 minutes and after it the temperature was decreased from 1420 ℃ to 70 ℃ in 2 hours and was removed from the crucible after cooling. The melting parameters are shown in Table 3.
Table 3 Melting parameters during EBM experiment
	Melting parameters
	Value

	Refining time (min)
	30

	Melting power (kW)
	500

	Chamber pressure (Pa)
	5.0 × 10-3

	Electron gun pressure (pa)
	5.0 × 10-4

	Irradiation pattern
	zigzag
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Fig. 1 Industrial EBM mechanism

3.
Results and Discussion
3.1 Analysis of Residue in Melting Crucible
3.1.1 SEM Analysis of Impurities after EBM
Two samples were taken at the top of each silicon block 6 g, using HF + HNO3 (ratio 3: 1) and silicon was dissolved in the solution. The average proportion of upper insoluble 26.77%, accounting for 14.73% lower impurity is calculated 20.75%. SEM was employed for studying the inclusions. In SEM the EDS analysis was used for identifying the elements present in the samples. The morphologies of impurities were studied and shown in Fig 2. SiC and Si3N4 inclusions are formed due to super saturation of carbon and nitrogen in silicon melt. In Fig. 2 (b) a microstructure analysis of SiC and Si3N4 study by SEM shows that top surface area from multicrystalline silicon ingot contains fiber rods like and in neighbors some spots of SiC also observed. These pores of the rods are embedded in matrix form. The foreign inclusions are exposed from the multicrystalline silicon matrix and can be clearly observed in Fig 2 (c). Particles or spots showed the presence of SiC. Some Si3N4 rods protrude out from SiC particles. This implies that Si3N4 rods can act as a nucleation site for SiC growth. The process revealed that the SiC particles embedded within multicrystalline silicon. The presence of SiC and Si3N4 inclusions can sometimes result in the formation of pores. It was also interesting that Si3N4 rods are hollow and it was reported earlier in the silicon melt nitrogen atmosphere 
 ADDIN EN.CITE 
[24, 25]
. The presence of SiC inclusions generated high density of dislocations in multicrystalline silicon and sometimes can introduce pores into multicrystalline silicon. Morphologies and characteristics were also investigated. These results will have great interest for photovoltaic industrial researchers.
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Fig. 2 Morphologies of the residue: (a) macro morphology; (b) and (c) SEM analysis

3.1.2 EDS Analysis of Impurities after EBM
White spots and some dark gray and light gray filaments and inclusions were also observed as its clear form in Fig. 2 (c) of different sights of SEM analysis. A spot was selected for the EDS analysis of rods inclusions. EDS results showed in Fig. 3 (a) the elemental ratio formed by SiC and Si3N4 the weight contents of carbon, nitrogen, oxygen and silicon were 10.90%, 68.94%, 4.39% and 15.77% while of atomic percentage is 13.61%, 73.84%, 4.12% and 8.13% respectively were observed.
In Fig. 2 (c) another spot is selected is shown for EDS analysis and presented for elemental investigation. EDS results showed in the Fig. 3 (b) the elemental analysis formed by SiC and Si3N4 the contents of carbon, nitrogen, oxygen and Silicon were 4.77%, 55.31%, 2.06% and 37.86% by weight and 6.82%, 67.82%, 2.2% and 23.15% by atomic respectively are observed. Grain boundaries in multicrystalline materials are usually the locations that abound with various impurities, and foreign inclusions are preferentially present in grain boundaries. In order to know whether SiC or Si3N4 inclusions in directionally solidified multicrystalline are also preferentially located in grain boundaries.
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Fig. 3 EDS analysis after industrial EBM: (a) position 1; (b) position 2

3.1.3 XRD Analysis of Impurities after EBM
XRD patterns of insoluble before and after comparison of EBM were investigated. In Fig. 4, from the peak intensity point of view, after the melting of the upper layer impurity diffraction peaks Si3N4 is generally higher than the raw material. This depicts the reflection of the crystalline materials i.e. the degree of crystalline as well as the degree of ordering and polymorphs rules degrees was improved. The more sharp peaks indicated crystallization of crystals as much as possible. In other sense the impurity-rich upper layer after melting crystalline Si3N4 situation better than the raw material and its crystal structure was found superior to raw materials. The SiC diffraction peak intensity did not change significantly. After melting the lower impurity diffraction patterns with the same raw materials the crystallization conditions did not change significantly.
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Fig. 4 XRD analysis of impurities in silicon after industrial EBM
3.2 Analysis of the Ingot after Solidification Crucible
One big slice of silicon ingot was extracted from industry after EBM treatment which is shown in Fig. 5. The silicon ingot was cut along the center line and some interesting phenomenon were observed. In this Fig. 5 the non-uniform macrostructure of the bottom is observed but the central part of this slice, columnar solidification can be observed and upper part also not well uniformed.

[image: image5.png]



Fig. 5 A silicon sample is extracted from a big ingot in industry
In Fig. 6 a small piece of silicon sample is taken from the top of the industrial slice. SEM analysis was employed. Some impurities also observed on the top of the industrial sample after EBM treatment in Fig. 6 (a) and (b), the reason of some impurities is due to keep the temperature control during solidification. In the industry. In the big ingot solidified from bottom to top due to water cooling system under the copper crucible. So due to carbon segregation effect the some SiC impure compound is observed at the top of the sample.

In Fig. 6 (c) and (d), there is no impurities found in this region. It is also observed in Fig. 5 the central part of ingot solidified column wise and most of the impurities like SiC and Si3N4 flow towards bottom and this region is free of contamination and this part is useful for further casting process.
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Fig. 6 SEM analysis of silicon extracted from a big ingot in industry after EBM treatment: (a) and (b) sample 1 on the top; (c) and (d) sample 2 on the center; (e) and (f) sample 3 on the bottom

In Fig. 6 (e) and (f), there are some impurities found in this region. It is also observed in previous Fig. 5 the macrostructure of the bottom is not uniform this disordered showed  most of the impurities SiC and Si3N4 flow towards bottom and this region is not free of contamination and this part is not useful for further casting process. So this part also removed.
In short we can see, in the industrial process of EBM apparatus, melting inside crucible silicon melt, there are also large temperature gradients, the top of the direct effect of the electron beam highest temperature region, the bottom of the water-cooled copper crucible the contact areas the lowest temperature. According to the analysis of the previous section, after the dissolution of the carbon atoms in the melt with a melt flow in the end portion of the low-temperature region, in the form of SiC precipitates, since SiC density greater than the density of silicon, while the silicon melt viscosity than the low-temperature region large, precipitated SiC is retained in the region. As the process of carbon atoms inside the melt is dissolved gradually reduced, the purity increased. After reaching a set of melting time, this part of the solidified melt is poured into the crucible, and directional solidification process, in this process, because carbon has a segregation effect in silicon, the residual carbon atom is further enriched to finally solidified region, most of the region is low carbon content silicon ingot finally obtained, to achieve the purpose of purification.
3.3 Thermodynamically analysis and Discussion

3.3.1 Melt Temperature during EBM Process
Redistribution behavior of carbon in the silicon melt is considered to be closely related to the temperature of the melt, it is necessary to obtain the temperature distribution in the melt during EBM. Because of the local overheating during EBM, the temperature of electron beam scanning area is beyond thermocouple temperature range.in order to prevent the deposition of silicon on lead glass, a steel plate with high rotation speed was used in the viewing window, and the surface temperature of the melt will not be accurately measured by infrared pyrometer through the observation window. Therefore, this part apply the computer simulation method to obtain the temperature distribution of the silicon melt.
During EBM, electrons emitted by the electron beam gun bombard the surface of silicon materials. Then, the kinetic energy of the electrons is transformed into heat energy to melt the silicon materials. A silicon ingot is considered in the mathematical model to obtain the position of the solid-liquid interface during EBM, as shown in Fig. 7. The bottom of the ingot is directly in contact with a water-cooled copper crucible. As a heat source, the electron beam irradiates the top surface of the ingot in a circular trajectory. A heat transfer model is developed according to the following assumptions: (a) The geometry of the model configuration is axisymmetric; (b) Heat transfer occurs only along the axial and radial directions; (c) The thermal and physical properties of the material are independent of time.
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Fig. 7 Schematic illustration of the mathematical model.
The heat flow in the radial direction, r, and axial direction, z, can be described using the following heat conduction equation:
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where T is the temperature, t is the melting time, r is the radius, z is the axial height, ρ is the density, Cp is the specific heat, k is the thermal conductivity, and Q is the volumetric latent heat associated with the phase transformation latent heat.

The boundary conditions are as follows:

The net heat flux on the top surface of the ingot, which consists of two parts, namely, the electron beam energy density, qEB, and the surface heat irradiation flux, qrad, can be described as follows:
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(5.2)
The surface heat irradiation flux can be expressed as follows:
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(5.3)
where ε is the emissivity of the silicon surface, σ is the Stephan-Boltzmann constant, and T∞ is the far-field temperature.

The net heat flux on the bottom surface of the copper crucible can be described as follows:
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(5.4)
where h is the heat transfer coefficient and TW is the temperature of the cooling water.

Let Ω be the radiation surface of the copper crucible which is exposed to vacuum environment and n represents the normal direction of the surface. The net heat flux on the radiation surface of the crucible can be described as follows:
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The interface between silicon and the copper crucible is considered ideal. Material properties used in the mathematical model are shown in Table 4. The temperature distribution of the ingot during the whole melting process can be calculated based on the boundary conditions above.
Table 4 Material properties used in the mathematical model

	Physical property
	Value
	Unit

	Si melt
	
	

	Density
	2520
	kg/m3

	Thermal conductivity
	60.6
	W/(m·K)

	Specific heat
	911
	J/(kg·K)

	Emissivity
	0.3
	

	Si solid
	
	

	Density
	2520
	kg/m3

	Thermal conductivity
	22
	W/(m·K)

	Specific heat
	927
	J/(kg·K)

	Emissivity
	0.7
	

	Latent heat
	158.7×104
	J/kg

	Cu crucible
	
	

	Density
	8960
	kg/m3

	Thermal conductivity
	393
	W/(m·K)

	Specific heat
	398
	J/(kg·K)

	Emissivity
	0.22
	

	Heat transfer coefficient
	1175
	W/(m2·K)


The results of numerical simulation are shown in Fig. 8, it is clear that, at the beginning of melting, electron beam direct role of regional temperature rises first, then heat the surrounding silicon uptake and transport to the bottom. Upon reaching steady state, occurs in close to a water-cooled copper crucible where lower temperatures does not melt zone, which is due to the water-cooled copper crucible is close to the heat having a high thermal conductivity of copper material absorbed away by the cooling water circulation, leading to the temperature of the region is significantly lower than the temperature in other areas. At the same time it can be observed in addition to the higher electron beam direct heating effect of the annular zone temperature, the other regions due to the strong water-cooled copper heat capacity, so that other areas of heat loss faster, lower temperatures in the region, so the internal temperature distribution of the silicon melt is not uniform, there is a large temperature gradient.
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Fig. 8 Four different stages of temperature during EBM from initial stage to maximum temperature

From Fig. 9 the temperature of outside central part of crucible was observed 161 ℃. It was due to the water cooling system while the temperature of inside surface of crucible was observed 1095 ℃ but at this temperature silicon could not be melted and next point was central part of the sample where temperature was 1581 ℃ and the outer surface of the sample temperature was observed 2131 ℃ and at this temperature silicon can be melted. So it is revealed that at the bottom of the Cu crucible silicon cannot be melted due to water cooling mechanism and SiC and Si3N4 can migrate from top to bottom and the viscosity will be high and solubility will be low.
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Fig. 9 Four different points of temperature during EBM from outside crucible, inside surface of crucible, center of the sample and outer surface of the sample
3.3.2 Existing State of Carbon in Silicon Melt
Carbon content in elemental form is less than 1.49% in ingot and from phase diagram as shown in Fig. 10, during EBM the temperature reaches almost 1800 ℃ in this temperature silicon turns into liquid form and SiC cannot remain in solid form. From phase diagram it is found SiC can be decompound into elemental form when temperature is more than 1500 ℃. So it is clear that carbon formed compound with silicon in when the temperature of silicon melt is a little more than the melting point. SiC can be precipitated in the low temperature melt area. Only silicon melt and carbon atoms exist when the temperature of silicon melt is far larger than the melting point, so SiC can be dissolved when it flows from the low temperature melt area to the high temperature melt area.
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Fig. 10 Phase diagram of Si-C
4. Conclusion:
The technology for separation of carbide inclusion from silicon by EBM has been applied in industrial equipment. To imply it industrial level, 30 kg multicrystalline silicon from the top of the casting ingot with high carbon content was melted and refined using EBM with the power of 250 kW. After refining process, the melt was dumped into a crucible for solidification. The residue in the bottom of refining crucible was analyzed. The results show that a majority of SiC is retained at the bottom of the refining crucible and the carbon contaminations cannot be found in most area of the ingot in solidification crucible.
In this research, silicon from the top of the casting ingot with high carbon content was melted and refined using EBM to investigate the migration behavior of carbon impurity in molten silicon. An important phenomenon was found that the carbon compounds content in silicon redistributed rapidly within the time range of approximately five minutes after completely melting. Carbon enriched in the form of SiC in the bottom of the ingot but not in the center. The numerical simulation results show that there is great temperature gradient existing in the melt during EBM, so the melt near copper crucible show low temperature and bad fluidity. Carbon in silicon melt flowed with the melt, precipitated and gathered in this area so that it was separated. From the above results and discussion it is found that EBM technology can be implemented on industrial scale for the redistribution of SiC and Si3N4 and can be removed these contaminations effectively. 
References
[1] 
Qi XF, Yu QH, Zhao WH, Liang XQ, Zhang J, Liu LJ. Improved seeded directional solidification process for producing high-efficiency multi-crystalline silicon ingots for solar cells. Sol Energ Mat Sol C. 2014;130:118-23.

[2] 
Stuckelberger M, Riesen Y, Despeisse M, Schuttauf JW, Haug FJ, Ballif C. Light-induced V-oc increase and decrease in high-efficiency amorphous silicon solar cells. J Appl Phys. 2014;116:094503.

[3] 
Xiao SQ, Xu SY. High-Efficiency Silicon Solar Cells-Materials and Devices Physics. Critical Reviews in Solid State and Materials Sciences. 2014;39:277-317.

[4] 
Wolny F, Krause A, Fischer G. Cast silicon of varying purity for high efficiency PERC solar cells. Proceedings of the 4th International Conference on Crystalline Silicon Photovoltaics (Siliconpv 2014). 2014;55:618-23.

[5] 
Matsui T, Kondo M. Advanced materials processing for high-efficiency thin-film silicon solar cells. Sol Energ Mat Sol C. 2013;119:156-62.

[6] 
Gilani ZA, Warsi MF, Khan MA, Shakir I, Shahid M, Anjum MN. Impacts of neodymium on structural, spectral and dielectric properties of LiNi0.5Fe2O4 nanocrystalline ferrites fabricated via micro-emulsion technique. Physica E: Low-dimensional Systems and Nanostructures. 2015;73:169-74.

[7] 
Rehman J, Iqbal T, Tailor R, Majid A, Ashraf J, Khan I, et al. Dosimetric comparison among different head and neck radiotherapy techniques using PRESAGE® dosimeter. International Journal of Cancer Therapy and Oncology. 2015;3.

[8] 
Coletti G. Sensitivity of state-of-the-art and high efficiency crystalline silicon solar cells to metal impurities. Prog Photovoltaics. 2013;21:1163-70.

[9] 
Kuan TM, Huang CC, Wu LG, Yu CY. High Efficiency Large-Area Multi-Crystalline Silicon Solar Cells Using Reactive Ion Etching Technique. 2013 Ieee 39th Photovoltaic Specialists Conference (Pvsc). 2013;0:2221-3.

[10] 
Blakers A, Zin N, McIntosh KR, Fong K. High Efficiency Silicon Solar Cells. Pv Asia Pacific Conference 2012. 2013;33:1-10.

[11] 
Gilani ZA, Warsi MF, Anjum MN, Shakir I, Naseem S, Riaz S, et al. Structural and electromagnetic behavior evaluation of Nd-doped lithium–cobalt nanocrystals for recording media applications. Journal of Alloys and Compounds. 2015;639:268-73.

[12] 
ur Rehman J, Tailor RC, Isa M, Afzal M, Chow J, Ibbott GS. Evaluations of secondary cancer risk in spine radiotherapy using 3DCRT, IMRT, and VMAT: A phantom study. Medical Dosimetry. 2015;40:70-5.

[13] 
Ebong A, Hankey D, Yang L. Developing the Next Generation Low-Cost Inks for high efficiency Multi Crystalline Silicon Solar Cells. 2013 10th International Conference on High Capacity Optical Networks and Enabling Technologies (Honet-Cns). 2013;0:66-71.

[14] 
Kwon JY, Lee DH, Chitambar M, Maldonado S, Tuteja A, Boukai A. High Efficiency Thin Upgraded Metallurgical-Grade Silicon Solar Cells on Flexible Substrates. Nano Letters. 2012;12:5143-7.

[15] 
Jouini A, Ponthenier D, Lignier H, Enjalbert N, Marie B, Drevet B, et al. Improved multicrystalline silicon ingot crystal quality through seed growth for high efficiency solar cells. Prog Photovoltaics. 2012;20:735-46.

[16] 
Huang JY, Lin CY, Shen CH, Shieh JM, Dai BT. Low cost high-efficiency amorphous silicon solar cells with improved light-soaking stability. Sol Energ Mat Sol C. 2012;98:277-82.

[17] 
Hsiao TH, Shieh JM, Yu PC, Shen CH, Kao MH, Chiou UP, et al. Low cost high-efficiency high-density-plasma Silicon-based thin film solar cells with high light-soaking stability. 2012 38th Ieee Photovoltaic Specialists Conference (Pvsc). 2012;0:1201-4.

[18] 
Khedher N, Hajji M, Bouaicha M, Boujmil MF, Ezzaouia H, Bessais B, et al. Improvement of transport parameters in solar grade monocrystalline silicon by application of a sacrificial porous silicon layer. Solid State Communications. 2002;123:7-10.

[19] 
Li XP, Xiao YJ, Bang JH, Lausch D, Meyer S, Miclea PT, et al. Upgraded Silicon Nanowires by Metal-Assisted Etching of Metallurgical Silicon: A New Route to Nanostructured Solar-Grade Silicon. Adv Mater. 2013;25:3187-91.

[20] 
Sasaki H, Kobashi Y, Nagai T, Maeda M. Application of Electron Beam Melting to the Removal of Phosphorus from Silicon: Toward Production of Solar-Grade Silicon by Metallurgical Processes. Advances in Materials Science and Engineering. 2013;0:857196.

[21] 
Noor Ul Huda Khan Asghar H, Shi S, Jiang D, Tan YI. Evaluation on electrical resistivity of silicon materials after electron beam melting. Bull Mater Sci. 2015;38:1429-33.

[22] 
Asghar HMNUK, Gilani ZA, Awan MS, Ahmad I, Tan Y. Characterization of InGaN by Means of I-V Measurements of Respective Light-Emitting Diode (LED) by DLTS. Arabian Journal for Science and Engineering. 2015;40:263-8.

[23] 
Asghar HMNUK, Tan Y, Shi S, Jiang DC, Qin SQ, Liao J, et al. Removal of oxygen from silicon by electron beam melting. Appl Phys a-Mater. 2014;115:753-7.

[24] 
Chen N, Liu B, Qiu S, Liu G, Du G. Study of SiC and Si3N4 inclusions in industrial multicrystalline silicon ingots grown by directional solidification method. Mat Sci Semicon Proc. 2010;13:231-8.

[25] 
Grun R. Growth of Beta-Si3n4 Single-Crystals. J Cryst Growth. 1979;46:143-6.



_1507136836.unknown

_1507136899.unknown

_1507136922.unknown

_1507136870.unknown

_1507136810.unknown

