
1 Description Title of the Invention: Electromagnetic casting apparatus for
silicon Technical Field [0001] This invention relates to the silicon
electromagnetic casting apparatus which is used to manufacture silicon
ingot for the silicon substrates used mainly in solar cells. Background Art
[0002] In order to solve the global environmental issues, use of solar
cells has increased. Due to the abundant resources and high efficiency of
photoelectric conversion, a majority of the manufactured solar cells uses
silicon crystals. Among them, production of solar cells using
polycrystalline silicon substrates manufactured through electromagnetic
casting is increasing. [0003] In this method of electromagnetic casting of
silicon in a reaction vessel, a copper crucible in which a cooling water is
circulated and an induction coil installed on the outer surface of the
copper crucible are used. Levitation melting of the silicon mass is carried
out in the copper crucible using electromagnetic force, the silicon mass is
solidified by continually moving downwards and thus, silicon ingot is
manufactured. [0004] In the above method, since levitation melting of the
silicon mass is carried out in the water-cooled copper crucible using
electromagnetic force, the molten silicon does not come in contact with the
inner surface of the crucible and hence, contamination of the molten
silicon by impurities from the crucible can be avoided. Also, the crucible
used for melting of the silicon mass hardly come in contact with the molten
silicon; it is not damaged and can be used permanently. [0005] Thus, the
silicon electromagnetic casting mentioned above was regarded as an
industrial manufacturing method which attains high productivity by
manufacturing long silicon ingot continuously, high quality and homogeneity
by virtue of stable and constant casting conditions. Disclosure of the
Invention Problems to be solved by the Invention [0006] However, the
following problem arose in the silicon electromagnetic casting stated
above. Namely, in the process of solidification of the silicon ingot by
continually moving it downwards, a small amount of molten silicon gains
entry into a small gap between the solidified silicon ingot and the
crucible at the contact point of three members, the crucible, the molten
silicon and the solidified silicon ingot, as shown in drawing 1. Cubical
expansion took place during the solidification of this molten silicon which
gained entry into the gap, thus generating a force pushing the inner
surface of the crucible. Cubical expansion  



2 of approximately 9% takes place when silicon changes its state from
liquid to solid. In other words, this phenomenon was a result of the
cubical expansion during solidification which is a unique property of
silicon in contrast to other common metals. [0007] The force pushing the
inner surface of the crucible outwards when the molten silicon gained entry
into the gap between the crucible and the silicon ingot solidifies and
cubical expansion takes place, was not so large as a whole when the ingot
cross-section is small. This force balances with the push-back force
exerted due to the hardness of the crucible thereby preventing any further
outward deflection of the crucible even when the casting process is
continued. [0008] However, as the size of the silicon ingot increases and
thereby the ingot cross-section increases, the pushed area increases and
along with that, the pushing force increases cumulatively on account of the
force-momentum relationship. This increased force exceeds the hardness of
the crucible and brings about a permanent deformation of the crucible with
large outwards deflection. When the crucible expands outwards at a point
which is at the height of the solidification interface of the silicon ingot
and the width of the crucible increases, ingot of an increased width
matching to that of the crucible, is formed. The width of the silicon ingot
gradually increases as the casting process continues and the outward
curvature of the crucible increases further. As a result, when the width of
the central part of the crucible becomes larger than that of its lower
part, the silicon ingot could not be moved downward any more. [0009] For
example, in case of the four-sided crucible having a square-shaped
cross-section which is used in manufacturing four-sided silicon ingot, the
permanent outward deflection of the crucible at the solidification
interface height began to appear when the width of the cross-section of the
silicon ingot was 35 cm. The degree of deflection of the crucible increased
as the casting process is continued, and the increasing deflection was
accompanied with an increase of the side length of the silicon ingot. Thus,
from a certain point onward, the silicon ingot could not be moved downward
any more. [0010] This invention was made based on the above described
problem and directs against providing a silicon electromagnetic casting
apparatus which would prevent the outward deflection of the crucible during
silicon electromagnetic casting. Means to solve the problems [0011] In
order to achieve the above mentioned objective, the present invention
provides a silicon electromagnetic casting apparatus comprising a reaction
vessel, a conductive crucible installed in the internal part of the
reaction vessel and an induction coil installed on the outer circumference
of the said crucible; wherein constant pressure is maintained in the
internal part of said reaction vessel using a prescribed gas and the
silicon inside said crucible is solidified after melting it by induction
heating by applying voltage on said induction coil; and wherein a hard
structure made from electrical insulating material is fitted onto the outer
peripheral surface of said crucible. Based on the above, even  3 though
molten silicon gains entry into the small gap between the silicon ingot
solidified from molten silicon and the crucible, and this entered silicon
exerts force on the inner surface of the crucible as it undergoes
solidification accompanied by cubical expansion, outward deflection of the
crucible is prevented because of the hard structure fitted on the outer
peripheral surface of the crucible. [0012] It is preferable that the above
mentioned hard structure is fitted on the outer peripheral surface of the
said crucible at a position of the height of the solidification interface
between the molten silicon and the solidified silicon ingot. Based on the
above, outward deflection of the crucible at the position of the height of
the solidification interface which is particularly prone to be outwardly
deformed, can be prevented. [0013] Furthermore, the above mentioned hard
structure may also be fitted on the outer peripheral surface of the said
crucible having an inner diameter of 35 cm or more. Based on this, outward
deflection of the crucible having a size being particularly prone to be
outwardly deformed, can be prevented. 



Effects of the Invention [0014] As a result of the present invention, even
though molten silicon gets entry into a small gap between the silicon ingot
solidified from a molten silicon and the crucible, and this entered silicon
exerts a force on the inner surface of the crucible as it undergoes
solidification accompanied by cubical expansion, outward deflection of the
crucible is prevented because of the hard structure fitted on the outer
peripheral surface of the crucible. Therefore, stable and continuous
manufacturing of silicon ingot is possible in the invention. Brief
Description of the Drawings [0015] [Dwg.1] It is a cantilever beam model
used for estimating the force which pushes the crucible outwards, caused by
the cubical expansion accompanying the solidification of the molten silicon
entered into the gap between the crucible and the silicon ingot. [Dwg.2] It
is a schematic diagram of the silicon electromagnetic casting apparatus of
Example 1. [Dwg.3] It is a perspective view of a four-sided prism-shaped
crucible having a hard structure shown in Dwg. 2. [Dwg 4] It is a schematic
diagram of the silicon electromagnetic casting apparatus of Example 2.
[Dwg.5] It is a perspective view of a cylindrical crucible having the hard
structure shown in Dwg. 4. Description of the Symbols  4 [0016]  1 



The apparatus  100  Reaction vessel  200  Crucible  300  



Induction coil  310  Induction coil placed on the upper side  320
Induction coil placed on the lower side  330  Magnetic shield 



400  Graphite support  500  Vertical motion device  600  Temperature
control reactor  



700  Raw material supply unit  810, 820 Hard structure  Best Mode for
Carrying out the Invention [0017] The embodiment of the silicon
electromagnetic apparatus (referred to as apparatus 1 hereafter) of the
present invention is now explained referring to drawings. <Whole structure>
[0018] The apparatus 1 comprises, as shown in drawing 2 or 4, a reaction
vessel 100, a crucible 200 placed inside the reaction vessel 100, induction
coils 300 and 300' installed on the outer circumference of the crucible
200, a graphite support 400 on which a silicon mass S is mounted, a
vertical motion device 500 which moves the graphite support 400 vertically,
a temperature control reactor 600 which regulates the solidification of
molten silicon S and a raw material supply unit 700 installed on top of the
crucible 200. The structures of the above parts can be the same as that
used in a conventional apparatus. [0019] With respect to silicon, it is
called "silicon mass" before heated; "molten silicon" S' in a molten state
after heating; and "silicon ingot" S in a solidified state after cooling. 



< Structure of the reaction vessel > [0020] The reaction vessel 100 is an
air-tight container which is installed such that it covers the crucible
200, the induction coil 300, etc. [0021] The reaction vessel 100 has
feeding inlet 110 formed in the upper part thereof and exhaust outlet 120
formed in the lower part thereof In casting, the pressure in the internal
part of the reaction vessel 100 is decreased to 0.1 Torr by using a vacuum
pump (not shown in the drawing) and a prescribed gas (such as Argon gas) is
supplied from the feeding inlet 110 until the inside pressure is equal to
the atmospheric pressure.  5 preferably have a sealing material 140 made of
rubber and the like in order to make the reaction vessel 100 completely
air-tight. < Structure of the crucible > [0023] The crucible 200 is made up
of copper and its side walls are cooled by circulating a cooling water in
its internal part. Further, 210 denotes a tube used for letting the cooling
water in and out. [0024] This crucible 200 is split into multiple segments
in the circumferential direction in order to insulate electrically in the
circumferential direction. Electrical insulating material such as mica is
preferably inserted between each of the segments of the crucible 200.
[0025] In addition, the cross-section of the crucible 200 shown in drawings
2 and 3 is square while that of the crucible shown in drawings 4 and 5 is
circular. <Constitution of the hard structure> [0026] A hard structure made
up of electrical insulating material is fitted on the outer peripheral
surface of the crucible. For example, on the crucible 200 shown in Dwg. 3,
an four-sided prism-shaped hard structure 810 is fitted. Further, on the
crucible 200 shown in Dwg. 5, a cylindrical hard structure 820 is fitted. 



[0027] The cantilever beam model shown in Dwg. 1 is applicable for
estimating the force which pushes the crucible 200 outwards caused by the
cubical expansion accompanying the solidification of the silicon solution
S" which gained entry into the gap between the crucible 200 and the silicon
ingot S. [0028] In this model, the silicon solution S" entered into the gap
gets trapped in the hemispherical silicon pillar SH of length (L) 4 mm,
thickness (T) 2 mm and width (W) 2 mm; and solidifies. The force f1 caused
by the expansion accompanying such solidification pushes in a direction
perpendicular to the inner surface of the crucible while an equivalent
force f2 pushes the silicon pillar SH in the opposite direction. Assuming
that the force f2 acting on the silicon pillar SH at the central point of
the pillar since the lower end of the silicon pillar SH is a fixed
cantilever beam; approximate calculation can be applied to the deforming
behaviour of the silicon pillar SR as for deforming behaviour of a
cantilever beam having a uniform cross-section with a length of 4 mm and
thickness and width of 2 mm which is subjected to concentrated load at the
longitudinal central point. [0029] If the elastic modulus and the yield
bending value are determined, it is possible to estimate the relationship
between the amount of deflection and the force at the time of deflection of
the cantilever beam which is subjected to concentrated load at the
longitudinal central point. When a beam is subjected to load, the bending
of the beam increases proportionally along with an increase of the load in
the region of elastic deformation. This proportional relationship is
maintained until the bending of the beam reaches to yield bending value.
Once the bending of the beam reaches to the yield bending value, the
deflection of the beam continues in the region of plastic deformation and
the load does not differ much  6 from the load in case of yield bending.
Hence, the maximum load required for the continued deflection of the beam
can be treated almost equal to the load at the point when the bending of
the beam becomes equal to the yield bending value. Accordingly, force f1
pushes the crucible 200 in the opposite direction with the same strength as
the maximum load of yield bending value. [0030] The elastic modulus
(Young's modulus) of the solid silicon near its melting point and the yield
bending value can be estimated by values of other substances. Although
silicon is a semi conductive material at room temperature, it exhibits
metallic properties at temperatures around 500 C or more. In addition to
this, silicon, at high temperatures near its melting point, becomes soft
and easily undergoes plastic deformation. Generally, Young's modulus of
metals is 50 to 150 GPa and that of glass is 65 to 90 GPa in the room
temperature as for reference. Since Young's modulus has very little
temperature dependency, it can be considered to be about 30% at
temperatures near the melting point. Consequently, Young's modulus of
silicon at room temperature is considered to be 100 GPa, while that at
temperatures near the melting point is considered to be 30 GPa. [0031]
Generally, the yield bending value of metals is defined as 0.2% yield
strength at room temperature. In other words, yield bending is 0.2% for
metals. However, since the yield bending value largely depends on
temperature and decreases with the temperature increase, at temperatures
near melting point, it is considered to be 1110th as compared to that at
room temperature. As a result, the yield bending value of silicon at
temperatures near melting point is considered to be 0.02%. [0032] The
concentrated load at the longitudinal central point wherein the cantilever
beam of the silicon pillar SH of length 4 mm, thickness 2 mm, width 2 mm
and Young's modulus 30 GPa, bends to the maximum of 0.02%, is calculated to
be about 4N. At this time, the amount of deflection (maximum deflection) of
the beam at the longitudinal central point of the beam becomes 0.00027 mm.
Thus, according to the calculation in this model, the force which pushes
the crucible 200 outwards caused by the cubical expansion accompanying the
solidification of the silicon solution S" entered into the gap between the
crucible 200 and the silicon ingot, is calculated as approximately 4N for a
length of 2 mm along the horizontal line where the crucible 200 comes in
contact with the molten silicon S' and the silicon ingot S. [0033] The
deformation behaviour of the crucible used to manufacture the silicon ingot
S having a square-shaped cross-section of 350 mm is inferred below on the
basis of the force pushing the crucible 200 outwards calculated as above.
If the inner side of a crucible 200 is 350 mm, a total force of
approximately 700N1 is loaded on one side of the square crucible along the
solidification interface of silicon ingot S, as an equally distributed
load. [0034] On the other hand, in case of the hard structure 810 made up
of electrically insulating material fitted on the outer periphery of the
crucible 200, the bend strength is estimated below, wherein fiber
reinforced plastic is used in order to prevent the bending of a crucible
200 due to the cubical expansion of silicon  7 



solution S". The fiber reinforced plastic comprises glass fiber while a
material having Young's modulus of 10 GPa can be selected as the material.
When a structure of thickness 100 mm and width 30 mm made of glass fiber
reinforced plastic is fitted on the outer periphery of a crucible 200
having an inner side opposite to the hard structure of 350 mm, this hard
structure is approximately calculated to be loaded together with the
crucible 200 a maximum force of 700N as an equally distributed load on one
of the four inner sides thereof. In this case, the relationship between the
bending and the force exerted on the crucible 200 and the hard structure
810 of fiber reinforced plastic can be calculated by using the sizes of the
divided segments of the crucible 200. It is calculated as a total of the
repulsive force wherein a concentrated load is subjected at both the free
ends of a copper beam with uniform sections having a thickness of 33 mm,
width of 23.3 mm and span of 700 mm, and the repulsive force wherein a
uniform load is subjected on a fiber reinforced plastic beam having a
thickness of 100 mm, width of 30 mm and span of 350 mm as a beam having two
free ends. [0035] When a load of 700N is applied to this built-up composite
beam, wherein Young's modulus of fiber reinforced plastic is considered to
be 10 GPa and that of copper is considered to be 110 GPa, the maximum
deformation at the center of the fiber reinforced plastic beam is
calculated to be 0.011 mm, the maximum bending stress to be 0.43 MPa and
the maximum bending rate to be 0.0043%. The said maximum bending stress is
sufficiently lower than 130 MPa of the tensile strength of the fiber
reinforced plastic. Consequently, if a hard structure 810 made up of fiber
reinforced plastic is fitted on the crucible 200, permanent deformation of
the crucible 200, which is subjected to the force caused by the cubical
expansion accompanying the solidification of the entered silicon solution,
can be prevented and the silicon ingot S can be continuously moved
downward. [0036] In using a cylindrical crucible 200 for manufacturing a
cylindrical silicon ingot S, the strength against deformation of crucible
200 wherein a hard structure 820 of fiber reinforced plastic is fitted on
its outer periphery, is estimated below. In the calculation of the strength
of pressure vessel specified in the Japanese Industrial Standards (JIS
B9265), it has been specified when inner pressure is applied in a thin
cylinder, a safety ratio of 4 should be used for the tensile strength which
acts in the circumferential direction of the vessel. The inner diameter of
a crucible 200 used for casting silicon is 600 mm and its outer diameter is
660 mm. The thickness of hard structure 820 of fiber reinforced plastic
fitted on the outer periphery of the crucible 200 is 2 mm and its width is
50 mm. In this case, the force which pushes the inner surface of the
crucible 200 at the time of solidification of the molten silicon S" which
entered into the gap between the crucible 200 and the solidified silicon
ingot S is 2N per 1 mm. Hence, the force that acts on the entire inner
circumference 1884 mm of the crucible 200 is assumed to be 3768N. Thus, the
total force which pushes the crucible 200 outwards is approximately
calculated to be the force which, by using the hardness of the crucible
200, pushes the cylindrical hard structure 820 made up of fiber reinforced
plastic, which is fitted on the outer peripheral surface of the crucible
200, uniformly from the inside, without considering repulsive force of the
hardness of the crucible 200.  [0037] As a result, a total force of 3768N
is approximately calculated to be loaded evenly over the inner surface of
103620 mm2 of the cylindrical hard structure 820, which is made up of fiber
reinforced plastic and has an inner diameter of 660 mm, width of 50 mm and
thickness of 2 mm. Hence, the tensile strength in the circumferential
direction is calculated at 6.6MPa in the cylindrical hard structure 820 of
inner diameter 660 mm and thickness 2 mm, which is made up of fiber
reinforced plastic and has an inner pressure of 0.037 MPa. Since a margin
of safety ratio of 4 is specified in the Japanese Industrial Standards (JIS
B9265), if the tensile strength of the fiber reinforced plastic is 26.4 MPa
or more, there is no breakage possibility of the cylindrical hard structure
820. Since the tensile strength of the fiber reinforced plastic is 130 MPa
as stated above, it is sufficiently more than the required strength even if
a safety ratio is considered. Thus, it prevents any damage to the
cylindrical hard structure 820 which is made up of fiber reinforced plastic
and fitted on the crucible 200 which is subjected to the force caused by
the cubical expansion accompanying the solidification of the entered
silicon solution S" as well as prevents any deformation of the crucible
200. <Structure of other parts> [0038] The above induction coils 300 and
300' are used for melting the silicon mass in the crucible 200 by induction
heating when voltage is applied thereon. [0039] Especially the induction
coil 300 shown in Dwg. 2 has two coils of different induction frequencies
310 and 320 one of which is placed above the other. A magnetic shield 330
is installed between the two coils 310 and 320 having different induction
frequencies in order to prevent mutual magnetic action between the coils.
The terminal voltage applied on each of the induction coils 310 and 320 is
preferably 900V or less and more preferably 600V or less. [0040] The
temperature control reactor 600 is used for gradually cooling to the
solidification of the molten silicon S'. Generally, it maintains a
specified temperature gradient from the upper part to the lower part and
cools the molten silicon S' gradually to the specified temperature finally.
[0041] The graphite support 400 is a pedestal made up of graphite. In
casting, after the pedestal is positioned at a height equal to that of the
lower induction coils with the help of the vertical motion device 500, the
inserted silicon mass is mounted thereon. Then, it moves downwards along
the center line of the reaction vessel 100 making a descent of the molten
silicon S' downwards resulting in the solidification thereof. [0042] The
vertical motion device 500 moves the graphite support 400 vertically along
the center line of the reaction vessel 100. A drive unit installed
separately (not shown in the drawing) moves it vertically and appropriately
according to manufacturing conditions. 



9 specified weight is supplied first and then the graphite mass is supplied
on the upper surface of the silicon mass. This graphite mass aids silicon
heating and when electric current is applied to the induction coils, the
graphite mass heats up and the temperature thereof increases, then the
silicon mass in the lower part heats up and its temperature increases due
to the radiant heat of the graphite. When the temperature of the silicon
mass exceeds a specific temperature, the electrical resistance value of the
silicon mass decreases resulting in the increase of the induction current
in the silicon mass and start of self-heating. Immediately following the
silicon mass starts self-heating, the graphite mass on the top is withdrawn
from the crucible 200 in the upward direction. Example 1 [0044] The
following is an example of the silicon electromagnetic casting apparatus as
shown in drawings 2 and 3. In the example, a prismatic silicon ingot S is
manufactured using an apparatus having a hard structure 810 made up of
electrical insulating material fitted onto the outer peripheral surface of
a crucible 200 as follows. [0045] In the example, the cross section in the
casting direction of the silicon ingot S was square-shaped and its width
was 35cm. Accordingly, the horizontal cross section of the crucible 200 was
also square-shaped with an inner diameter of 35cm and an outer diameter of
41.6cm. The number of divisions for vertical electrical insulation of the
crucible 200 was 60. The length of each segment of the crucible 200 which
was divided into 60 was 70cm. Cooling water was circulated in its internal
part and mica was inserted between each of the segments as an electrical
insulation material. The total flow volume of the cooling water used inside
the crucible 200 was 500L per minute. [0046] In the apparatus, two
induction coils 310 and 320 were placed one above the other. The upper
placed induction coil 310 had two turns around the square with an inner
diameter of 42.6cm and a height of 15cm. It was connected to the induction
power supply with the maximum output of 350kW and the induction frequency
was set to 10 kHz. The lower placed induction coil 320 had the same form as
the upper induction coil 310 while it was connected to the induction power
supply with the maximum output of 150kW and the induction frequency was set
to 35 kHz. These two induction coils 310 and 320 placed side by side were
positioned at the center of the height of crucible 200, a 3mm thick copper
magnetic shield 330 was placed in between the induction coils 310 and 320
and the outer circumference of this magnetic shield 330 was cooled using a
corrugated tube. [0047] The state wherein a hard structure 810 made up of
fiber reinforced plastic is fitted on the outer peripheral surface of the
crucible 200 is shown in Dwg. 3. The hard structure 810 having an inner
side (length of the beam) of 41.6 cm along the outer side of the crucible
200, a beam thickness of 10 cm and a beam  10 width of 3 cm was fitted just
below the lower positioned induction coil 320 in such a manner that it
touches the crucible 200. [0048] The operating procedure in this example
was as follows. Firstly, the graphite support 400 having a square-shaped
cross section in the downward direction and a width of 35cm was mounted on
the vertical motion device 500 and inserted in the crucible 200 in such a
manner that its top surface was the same level as the lower edge of the
induction coil 320. Then, a silicon mass of 50kg is inserted on the top
surface of the graphite support 400. A graphite mass having a square-shaped
cross section in the downward direction, a width of 30cm and a height of
7cm was inserted from the top of the crucible 200 at the position of 2cm
above the top surface of the inserted silicon mass The internal pressure of
the reaction vessel 100 is decreased to 0.1 Torr using a vacuum pump and
then Argon gas was supplied in the vessel until the pressure was equal to
the atmospheric pressure. Then, to the upper placed induction coil 310
having an induction frequency of 10 kHz, voltage was applied with
sequentially increasing up to 200 kW of inductive output followed by the
increasing voltage application up to 100 kW of inductive output to the
lower placed induction coil 320 having an induction frequency of 35 kHz.
Thus, when electric currents were applied through the induction coils 310
and 320, the temperature of the graphite mass placed on top of the silicon
mass increased by induction heating and it turned red. Due to the radiant
heat of the red turned graphite mass, the temperature of the inserted
silicon mass increased. When the temperature of the silicon mass became
approximately 500 C, the electrical resistance value of the silicon
decreased, the induction current in the silicon mass increased and
self-heating started. Immediately following the self-heating start of the
silicon mass, the graphite mass was withdrawn from the crucible 200 in the
upward direction. Further, melting of silicon was accelerated by increasing
the inductive outputs of the upper placed induction coil 310 up to 350 kW,
and of the lower placed induction coil 320 up to 150 kW. The temperature of
the silicon mass which had started self-heating increased further and the
silicon mass soon melted completely. The molten silicon S did not come in
contact with the crucible 200 since electromagnetic force acted on the
inner wall of the crucible 200 which faced the molten silicon S'. [0049]
When the initially inserted silicon melted completely and maintained
stably, the temperature control reactor 600 of the silicon ingot, which was
placed right below the crucible 200, increased its temperature and a
thermal gradient of approximately 35 C/cm in the downward direction was
maintained. Casting was started by continuously supplying silicon material
having a granulated diameter range of 1 to 20mm to the crucible 200 from
the raw material supply device 700 placed above the crucible 200 together
with moving downwards the vertical motion device 500 which holds the molten
silicon S'. When the vertical motion device 500 started moving downwards
and the molten silicon S' came to 



11 a level lower than the lower edge of the lower placed induction coil
320, the electromagnetic force loaded on the molten silicon 5 decreased and
in turn, the molten silicon S' was cooled and solidified. [0050] From the
above, continuous casting was achieved by simultaneous continuous supply of
the raw material and continuous solidification of the ingot. In this
example, the casting speed was 2.0mm per minute, the induction power output
during constant casting was approximately 260 kW for the upper placed
induction coil 310 and approximately 80 kW for the lower placed induction
coil 320. Casting was stopped when the total length of the ingot became
200cm. [0051] After cooling the ingot that was cast with the above
procedure to room temperature and removing from the vessel, the outward
deflection of the inner edge of the crucible 200 was measured. As a result,
it was confirmed that there was no deflection of the crucible 200. Example
2 [0052] The following is an example of a silicon electromagnetic casting
apparatus as shown in drawings 4 and 5. In the example, a cylindrical
silicon ingot S was manufactured using an apparatus having a hard structure
820 made up of electrical insulating material fitted onto the outer
peripheral surface of the crucible 200. [0053] In the example, the cross
section in the casting direction of the silicon ingot was circular in shape
and its diameter was 600 mm. Accordingly, the inner diameter of the
crucible 200 was 600 mm and its outer diameter 660 mm. The number of
divisions for vertical electrical insulation of the crucible 200 was 60.
The crucible 200 was divided into 60 segments and cooling water was
circulated inside each segment. Mica was inserted in between each of the
segments as an electrical insulation material. The total flow volume of the
cooling water used inside the crucible 200 was 500L per minute. [0054]
Furthermore, a maximum output of 600 kW and frequency of approximately 6
kHz were used for the induction power supply. The induction coil 300' had
three turns with an inner diameter of 670 mm and the height of 300 mm. The
plasma jet device (not shown in the drawing) which heats the silicon
solution from the upper side comprised a water-cooled plasma torch having a
diameter of 98 mm and length of 1.5 m, direct current source of maximum
output of 300 kW, a high-frequency oscillator for plasma gas ignition and a
flow controller which controls the flow of argon gas. The diameter of the
plasma jet orifice of the plasma torch was 18 mm. [0055] Furthermore, the
system in which the hard structure 820 made up of fiber reinforced plastic
is fitted on the outer peripheral surface of the crucible 200 is shown in
Dwg. 5. The hard structure 820 having a thickness of 2 mm and width  12 of
50 mm was fitted along the outer edge of the crucible 200 just below the 



induction coil 300' in such a manner that it wound around and touched to
the crucible. [0056] The operating procedure for this example was as
follows. Firstly, the graphite support 400 whose cross section in the
downward direction had a diameter of 600 mm was mounted on the vertical
motion device 500 and inserted in the crucible 200 in such a manner that
the top surface of the pedestal is the same level as the lower edge of the
induction coil 300'. Then, a silicon mass of 120 kg was placed on the
graphite support 400. Then, the internal pressure of the reaction vessel
100 was decreased to 0.1 Torr by using a vacuum pump and argon gas was
supplied until the internal pressure was equal to the atmospheric pressure.
Then, the plasma torch was moved downwards such that its tip was close to
the silicon mass on the support and 200 L per minute of argon was made to
flow through it. The direct current plasma was ignited between the cathode
of the plasma torch and the silicon mass. After confirming the ignition of
plasma, electric power was applied on the silicon mass by supplying
induction power. [0057] Increase of the silicon mass temperature was
accelerated when the applied electric power was gradually increased after
argon plasma ignition and application of induction power supply was
started. Then the silicon mass began to melt. After the beginning of
silicon melting, silicon raw material was further supplied from the raw
material supply device 700 continuously until the quantity of the molten
silicon S reached to 250 kg. Due to the radiation from the plasma jet acted
upon the silicon solution which had undergone induction melting in the
crucible 200, the liquid state of silicon solution was stable and the
silicon solution did not come in contact with the crucible 200 since
electromagnetic force acted on the inner wall of the crucible 200 which
faced the silicon solution. [0058] After the initial melting process
reached to a stable state, the temperature control reactor 600 of the
silicon ingot, which was placed right below the crucible 200, increased the
temperature and a thermal gradient of approximately 50 C/cm in the downward
direction of the silicon ingot S was maintained. Furthermore casting was
started by continuously supplying crushed silicon material into the
crucible 200 from the raw material supply device 700 placed above the
crucible and moving downwards the vertical motion device 500 which holds
the molten silicon S' . When the vertical motion device 500 started moving
downwards, continuous casting was attained by continuous supply of the raw
material together with continuous solidification of the silicon ingot. In
this example, the casting speed was 3.0 mm per minute, the induction power
output during steady casting was approximately 400 kW and the output
required for plasma generation was approximately 200 kW with a voltage of
approximately 130 V and electric current of approximately 1500A. Casting
was stopped when the total length of the ingot became 3 m.  13 [0059] After
cooling the ingot that was cast with the mentioned procedure to room
temperature and removed from the vessel, the outward deflection of the
inner edge of the crucible 200 was measured. As a result, it was confirmed
that there was no deflection of the crucible 200. Industrial Applicability
[0060] The present invention can be applied to silicon electromagnetic
casting wherein high quality silicon ingot to be used in silicon substrates
for solar cells is manufactured by melting a silicon mass by induction
heating.  14 Claims 



[Claim 1]A silicon electromagnetic casting apparatus comprising a reaction
vessel, a conductive crucible installed in the internal part of the
reaction vessel and an induction coil installed on the outer circumference
of the said crucible; wherein constant pressure is maintained in the
internal part of said reaction vessel using a prescribed gas and the
silicon inside said crucible is solidified after melting it by induction
heating by applying voltage on said induction coil; and further wherein a
hard structure made from electrical insulating material is fitted onto the
outer peripheral surface of said crucible. [Claim 2]The silicon
electromagnetic casting apparatus according to claim 1, wherein said hard
structure is fitted onto the outer peripheral surface of said crucible at a
position of the height of the solidification interface between the molten
silicon and the solidified silicon ingot. [Claim 3]The silicon
electromagnetic casting apparatus according to claim 1 or 2 wherein said
hard structure is fitted on the outer peripheral surface of said crucible
having an inner diameter of 35 cm or more. 


