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(57) ABSTRACT

The silicon purification method uses a silicon purification
device including at least a crucible for loading a silicon metal
and a plasma torch, and purifies the silicon metal by injecting
a plasma gas from the plasma torch toward a melt surface of
the silicon metal loaded in the crucible in a state where an
angle formed by the melt surface and the plasma gas is set in
the range of 20° to 80°.
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SILICON PURIFICATION METHOD AND
SILICON PURIFICATION DEVICE

TECHNICAL FIELD

[0001] The present invention relates to asilicon purification
method and a silicon purification device for purifying a sili-
con metal by spraying a plasma gas on the silicon metal (base
material made of silicon metal).

[0002] The present application claims priority based on
Japanese Patent Application No. 2009-217117 filed in Japan
on Sep. 18, 2009, Japanese Patent Application No. 2009-
217118 filed in Japan on Sep. 18, 2009, and Japanese Patent
Application No. 2009-217119 filed in Japan on Sep. 18, 2009,
the contents of which are incorporated herein by reference.

BACKGROUND ART

[0003] At the time of purifying silicon used for a solar cell,
oxidative purification is performed to remove boron (B) or
contained impurities through heating by plasma arc or plasma
gas (see, for example, Patent Document 1 and Non-patent
Document 1). In general, silicon purification devices used in
the silicon purification are categorized into two types, that is,
a transferred type and a non-transferred type, depending on
arrangement of the electrodes for generating the plasma arc.
[0004] The transferred type device includes a cathode elec-
trode in a plasma torch. Only a low direct current is applied to
a nozzle port of the plasma torch. An electrically conductive
member provided at a bottom portion of a crucible is used as
an anode electrode, and the plasma arc is generated by apply-
ing the direct current through both of the electrodes. The
plasma arc is injected from the nozzle port toward the silicon
metal loaded in the crucible, thereby heating the silicon metal
(see, for example, Patent Document 1).

[0005] On the other hand, the non-transferred-type device
includes the cathode electrode and the anode electrode in the
plasma torch. The plasma arc is generated by applying a direct
current through both electrodes in the plasma torch. The
generated plasma arc is injected from the nozzle port, which
also serves as the anode electrode, of the plasma torch toward
the silicon metal loaded in the crucible, thereby heating the
silicon metal (see, for example, Patent Documents 1 and 2).
[0006] In comparison between the transferred type and the
non-transferred type, the plasma arc directly hits the silicon
metal subjected to the heating in the transferred type, and
hence, the transferred type exhibits excellent heating effi-
ciency as compared with the non-transferred type.

[0007] In the non-transferred type, the silicon metal sub-
jected to the heating is hit only by the plasma gas. In this case,
the pinch effect, which can be seen in the transferred type,
does not work and the plasma gas is not focused, so that the
plasma gas after hitting the surface of the silicon melt tends to
expand. It is considered that this leads to an increase in the
contacting area between the plasma gas and the silicon melt
surface, and increases the speed of removing the boron in the
oxidative purification for removal of the boron and the like as
compared with the transferred type, whereby excellent effi-
ciency in silicon purification can be obtained.

RELATED ART DOCUMENTS

Patent Documents

[0008] Patent Document 1: Japanese Unexamined Patent
Application, First Publication No. 10-203813

[0009] Patent Document 2: Japanese Unexamined Patent
Application, First Publication No. 2004-125246
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Non-Patent Document

[0010] Non-patent Document 1: Journal of the Japan Insti-
tute of Metals, Vol. 67, No. 10 (2003), pp. 583-589

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

[0011] Currently, with the increasing demand for silicon
used for solar cells and the like, there is a demand to improve
the efficiency in the silicon purification in which the plasma
gas is sprayed onto the silicon melt surface to remove boron
and the like.

[0012] The present invention has been made in view of the
circumstances described above, and aims to solve a problem
of providing a silicon purification method exhibiting excel-
lent efficiency in removing boron and the like to improve the
efficiency in purifying the silicon metal, and a silicon purifi-
cation device capable of increasing the contact area of the
plasma gas with the silicon melt surface to improve the effi-
ciency in purifying the silicon metal.

Means for Solving the Problems

[0013] A method for purifying silicon according to the
present invention uses a silicon purification device having at
least a crucible for loading a silicon metal, and a plasma torch,
and purifies the silicon metal by injecting a plasma gas from
the plasma torch toward a melt surface of the silicon metal
loaded in the crucible in a state where an angle formed by the
melt surface and the plasma gas is set to be in the range of 20°
to 80°.

[0014] In the method for purifying silicon according to the
present invention, the silicon purification device includes plu-
ral plasma torches, and plasma gases are sprayed from the
plasma torches so as to form plural recesses on the melt
surface.

[0015] The method for purifying silicon according to the
present invention causes a circulation flow ofthe melt surface.

[0016] The method for purifying silicon according to the
present invention sprays the plasma gas in a forward direction
of the circulation flow.

[0017] The method for purifying silicon according to the
present invention sprays the plasma gases from the respective
plasma torches in a tangential direction of a virtual circle A
having the recesses on a circumference of the virtual circle A
in a manner such that the plasma gases are aligned in one
direction of the circumference of the virtual circle A.

[0018] The method for purifying silicon according to the
present invention sprays the plasma gases so as to satisfy the
following equation (1), where 1is a radius of the virtual circle
A, Lisaradius ofavirtual circle B having a center same as the
virtual circle A and inscribed in an outer circumference of the
melt surface, and 1is a diameter of the recesses in a direction
perpendicular to a tangent line of the virtual circle A.

[Equation 1]
3iSI=L-3i (1
[0019] A silicon purification device according to the

present invention includes a crucible for loading a silicon
metal, an angle-controlling unit for controlling the advancing
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direction of a plasma gas, and the plasma torch that injects the
plasma gas toward the melt surface of the silicon metal loaded
in the crucible.

[0020] The silicon purification device according to the
present invention includes plural plasma torches. In the sili-
con purification device, the plasma torches are arranged such
that, by injecting plasma gases from the respective plasma
torches, plural recesses are formed on the melt surface, and a
circulation flow is caused along the recesses.

[0021] In the silicon purification device according to the
present invention, directions of nozzle ports of the plasma
torches are aligned in a forward direction of the circulation
flow.

[0022] The silicon purification device according to the
present invention includes plural plasma torches, and nozzle
ports of the plasma torches are arranged such that a virtual
circle A having, on a circumference thereof, plural recesses
formed onthe melt surface by injecting plasma gases from the
plasma torches is concentric with a virtual circle F having, on
a circumference thereof, points obtained by projecting the
nozzle ports of the plasma torches on the melt surface.
[0023] In the silicon purification device according to the
present invention, directions of the nozzle ports of the plasma
torches are aligned in any one of a clockwise direction and a
counterclockwise direction of the concentric circles.

[0024] In the silicon purification device according to the
present invention, an angle formed by the melt surface of the
silicon metal loaded in the crucible and a direction of the
nozzle port of each of the plasma torches is set in the range of
20° to 80°.

[0025] In the silicon purification device according to the
present invention, a supplying port for a plasma working gas,
and a supplying port for an oxidation gas different from the
supplying port for the plasma working gas are provided at
positions near the nozzle port of the plasma torch.

[0026] A method for purifying silicon according to the
present invention uses a silicon purification device including
at least a crucible for loading a silicon metal, and a plasma
torch. The method purifies the silicon metal by injecting a
plasma gas from the plasma torch toward a melt surface of the
silicon metal loaded in the crucible, and controls a melt tem-
perature of the silicon metal to be in the range of 1700° C. to
1900° C. at the time when steam is added to the plasma gas to
purity the silicon metal.

[0027] Inthe method for purifying silicon according to the
present invention, the crucible is made of a material contain-
ing graphite as a main component.

[0028] In the method for purifying silicon according to the
present invention, a ratio of a flow rate of the steam added to
the plasma gas relative to the total flow rate of the plasma gas
is set in the range of 15 volume % to 40 volume %.

[0029] A silicon purification device according to the
present invention employs the method for purifying silicon,
and further includes a supplying port for a plasma working
gas, and a supplying port for steam different from the supply-
ing port for the plasma working gas at positions near a nozzle
port of the plasma torch.

[0030] A method for purifying silicon according to the
present invention uses a silicon purification device including
at least a crucible for loading a silicon metal, and a plasma
torch. The method purifies the silicon metal by injecting a
plasma gas from a nozzle port of the plasma torch toward a
melt surface of the silicon metal loaded in the crucible, and
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keeps constant a distance from a center of a top end of the
nozzle port to the melt surface in a direction of the plasma gas
injected from the nozzle port.

[0031] The method for purifying silicon according to the
present invention keeps the distance constant such that a
radical rich area of the plasma gas is positioned at the melt
surface to purify the silicon metal.

[0032] Inthe method for purifying silicon according to the
present invention, the following equation (2) is satisfied,
where L is the distance, and V is a working-gas flow rate of the
plasma gas.

[Equation 2]

L=axV 2)

(in said equation, the coefficient a represents a real number in
the range of 0.75 to 2.0, a unit of L is millimeters, and a unit
of'V is liters/minute.)

[0033] A silicon purification device according to the
present invention employing the method for purifying silicon
further includes a driving unit for controlling the distance.
[0034] In the silicon purification device according to the
present invention, a supplying port for a plasma working gas,
and a supplying port for an oxidation gas different from the
supplying port for the plasma working gas are provided at
positions near a nozzle port.

Effects of the Invention

[0035] According to the method for purifying silicon of the
present invention, by setting the angle formed by the melt
surface of the silicon metal in a molten state and the advanc-
ing direction (incident direction) of the plasma gas in the
range of 20° to 80°, the contacting area between the plasma
gas and the melt surface increases. This makes it possible to
efficiently oxidize and remove the impurities in the silicon
metal, whereby it is possible to improve the efficiency in
puritying silicon. More specifically, in the case where the
formed angle is 90°, the plasma gas is sprayed vertically onto
the melt surface, and the resulting recess formed on the melt
surface has a circular shape. On the other hand, in the case
where the formed angle is in the range of 20° to 80°, the
plasma gas is sprayed obliquely on the melt surface, and the
resulting recess formed on the melt surface has a substantially
elliptical shape. The surface area of the substantially elliptical
recess is larger than that of the circular recess. In other words,
the contacting area between the plasma gas and the melt
surface in the substantially elliptical recess is larger than the
contacting area between the plasma gas and the melt surface
in the circular recess. In general, it is considered that the
impurities contained in the silicon metal are oxidized, vapor-
ized, and removed efficiently on the surface of the recess.
Thus, the silicon purification method according to the present
invention and having the substantially elliptical recess
formed on the silicon melt surface achieves the excellent
purification efficiency as compared with the conventional
silicon purification method.

[0036] In the silicon purification method according to the
present invention, the silicon purification device includes plu-
ral plasma torches, and plural plasma gases are sprayed from
the plural plasma torches. In this case, plural substantially
elliptical recesses can be formed on the melt surface. This
increases the contacting surface between the plasma gases
and the melt surface, whereby it is possible to further improve
the efficiency in purifying the silicon.
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[0037] Further, inthe silicon purification method according
to the present invention, the plasma gas is sprayed so as to
generate the circulation flow of the melt surface. This causes
the molten silicon metal to mix in the melt surface, and causes
the entire molten silicon melt to be likely to mix (convect),
whereby it is possible to further improve the efficiency in
puritying the silicon.

[0038] Further, inthe silicon purification method according
to the present invention, in the case where the plasma gas is
aligned and sprayed in the forward direction of the circulation
flow (clockwise or counterclockwise direction), mixture of
the molten silicon metal in the melt surface occurs more
easily, and mixture (convection) of the entire silicon melt is
more likely to occur, whereby it is possible to further improve
the efficiency in purifying the silicon.

[0039] Further, inthe silicon purification method according
to the present invention, the plasma gases are sprayed from
the respective plasma torches in a tangential direction of the
virtual circle A having the recesses on the circumference of
the virtual circle A in a manner such that the plasma gases are
aligned in one direction of the circumference of the virtual
circle A. In this case, it is possible to generate the circulation
flow having the center in the vicinity of the center of the
virtual circle A in an easier manner, and to cause the molten
silicon metal in the melt surface to mix in an easier manner.
This makes it possible to cause the entire silicon melt to mix
(convect) in an easier manner, whereby it is possible to further
improve the efficiency in purifying the silicon.

[0040] Further, inthe silicon purification method according
to the present invention, the plural plasma gases are sprayed
s0 as to satisfy the following equation (1), where 1 is a radius
of'the virtual circle A, L is a radius of a virtual circle B having
the center same as the virtual circle A and inscribed in the
outer circumference of the melt surface, and 1 is a diameter of
each recess in a direction perpendicular to the tangent line of
the virtual circle A. This makes it possible to prevent the
recesses from being interfered with and disturbed by the
external disturbance, and to generate the circulation flow inan
easier manner. As a result, the mixture of the silicon melt
surface occurs in an easier manner, and the mixture (conven-
tion) of the entire silicon melt is more likely to occur, whereby
it is possible to further improve the efficiency in purifying the
silicon.

[0041] The term “external disturbance” as used in the
specification represents the next [phenomenon A] or [phe-
nomenon B].

[0042] [phenomenon A]: on the melt surface, a flow of the
silicon melt surface generated at one recess as well as a
plasma gas flow reflecting from this silicon melt surface reach
the other recess to disturb the other recess.

[0043] [phenomenon B]: on the melt surface, a flow of the
silicon melt surface generated at the recess as well as a plasma
gas flow reflecting from this silicon melt surface are returned
back from the inner wall of the crucible generally existing at
the outer circumference (outer edge) of the melt surface to
disturb the recess.

[0044] The silicon purification device according to the
present invention includes at least the crucible for loading the
silicon metal and, the plasma torch, and injects the plasma gas
from the plasma torch toward the melt surface of the silicon
metal loaded in the crucible. Further, the silicon purification
device includes the plasma torch having the angle-controlling
unit for controlling the advancing direction of the plasma gas.
With this configuration, it is possible to set the angle formed
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by the melt surface of the silicon melt loaded in the crucible
and the advancing direction (incident direction) of the plasma
gas to a predetermined angle (for example, in the range of 20°
to 80°), and spray the plasma gas to the silicon melt surface,
whereby it is possible to efficiently purify the silicon.
[0045] Further, the silicon purification device according to
the present invention includes plural plasma torches. These
plasma torches are arranged such that, by spraying the plasma
gases from the respective plasma torches, the plural recesses
are formed on the melt surface, and the circulation flow is
generated along the plural recesses. In this case, it is possible
to generate the circulation flow to mix the melt surface in an
easier manner, whereby it is possible to further efficiently
purity the silicon. In this case, by aligning the directions of the
nozzles of the plasma torches in the forward direction of the
circulation flow (direction along the circulation flow), the
circulation flow gains strength, and it is possible to mix the
melt surface in a much easier manner, whereby it is possible
to further efficiently purify the silicon.

[0046] Further, the silicon purification device according to
the present invention includes plural plasma torches, and the
nozzle ports of the plasma torches are arranged such that a
virtual circle A having, on a circumference thereof, plural
recesses formed on the melt surface by injecting plasma gases
from the plasma torches is concentric with a virtual circle F
having, on a circumference thereof, points obtained by pro-
jecting the nozzle ports of the plasma torches on the melt
surface. In this case, it is possible to easily spray the plasma
gases in the tangential direction of the virtual circle A, and the
circulation flow can be easily generated along the virtual
circle A. This makes it possible to mix the melt surface in a
much easier manner, whereby it is possible to further effi-
ciently purify the silicon.

[0047] The expression “points obtained by projecting the
nozzle ports on the melt surface” as used in this specification
means positions located on the melt surface and correspond-
ing to the positions of the nozzle ports when viewed in the
vertical direction to the melt surface.

[0048] Further, by aligning the directions of the nozzle
ports of the plasma torches in any one direction of the clock-
wise direction or the counterclockwise direction of the con-
centric circles, the circulation flow in the clockwise direction
or counterclockwise direction along the virtual circle A gains
strength, and the melt surface can be mixed in a much easier
manner, whereby it is possible to further efficiently purify the
silicon.

[0049] Further, in the silicon purification device according
to the present invention, the angle formed by the melt surface
of the silicon melt loaded in the crucible, and the direction of
the nozzle port of the plasma torch is set in the range of 20° to
80°. With this configuration, it is possible to spray the plasma
gas from the nozzle port such that the angle formed by the
plasma gas and the melt surface is set in the range of 20° to
80°, and the contacting area between the plasma gas and the
melt surface is increased, whereby it is possible to improve
the efficiency in purifying the silicon.

[0050] Further, in the silicon purification device according
to the present invention, the supplying port for the plasma
working gas, and the supplying port for the oxidation gas
different from the supplying port for the plasma working gas
are provided for each plasma torch at positions near the
nozzle port of the plasma torch. With this configuration, the
oxidation gas can be supplied stably even if the angle of each
of'the plasma torches is changed, and each of the plasma gases
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sufficiently contains the radical from the oxidation gas,
whereby it is possible to further efficiently purify the silicon.
[0051] In the silicon purification method according to the
present invention, the silicon is purified by controlling the
temperature of the crucible and the melt of the silicon metal
loaded in the crucible to be in the range of 1700° C. to 1900°
C. With this configuration, it is possible to enhance the effi-
ciency in oxidizing and vaporizing the impurities in the sili-
con thanks to the plasma gas having the steam added therein,
so that the efficiency in purifying the silicon can be improved.
At this time, it is preferable to use the crucible made of a
material containing graphite as a main component, because
impurities are not eluted into the silicon melt from the cru-
cible even at the above-described melt temperature.

[0052] Further, inthe silicon purification method according
to the present invention, by setting the flow rate of the steam
added to the plasma gas in the range of 15 volume % to 40
volume % of the total flow rate of the plasma gas, it is possible
to sufficiently oxidize the boron or other impurities contained
in the silicon metal.

[0053] Further, in the silicon purification device according
to the present invention, the supplying port for the plasma
working gas, and the supplying port for the steam different
from the supplying port for the plasma working gas are pro-
vided at positions near the top end of the nozzle port (spraying
port) of the plasma torch. In this case, the steam is efficiently
added in the plasma gas, so that the plasma gas can contain the
large amount of radical such as OH radical. By using the
plasma gas having the large amount of radical, the efficiency
in purifying the silicon is further improved.

[0054] In the silicon purification method according to the
present invention, the silicon metal is purified by spraying the
plasma gas onto the melt surface while keeping constant the
distance between the center of the top end of the nozzle port
of'the plasma torch and the melt surface of the silicon metal in
the molten state. With this configuration, even if the melt
surface lowers due to the vaporization of the silicon metal
during the purification, the amount of plasma gas sprayed
onto the melt surface during the purification does not change,
whereby the silicon can be purified efficiently.

[0055] Further, inthe silicon purification method according
to the present invention, the silicon metal is purified by spray-
ing the plasma gas onto the melt surface so as to position the
radical-rich area of the plasma gas at the melt surface of the
silicon in the molten state. With this configuration, the oxi-
dative reaction and the removal of the impurities in the melt
surface is further enhanced, whereby the efficiency in purify-
ing the silicon is further improved. At this time, as the distance
between the center of the top end of the nozzle port and the
melt surface is kept constant, it is possible to constantly spray
the radical-rich area to the melt surface at all times during the
purification, whereby it is possible to maintain the efficiency
in purifying the silicon at a significantly high level.

[0056] Further, inthe silicon purification method according
to the present invention, the silicon metal is purified by setting
the relative position between the plasma torch and the melt
surface so as to satisfy the equation (2), and maintaining the
set position, whereby it is possible to sufficiently position the
radical-rich area at the melt surface.

[0057] The silicon purification device according to the
present invention includes the driving unit for moving down-
ward the position of the plasma torch or moving upward the
position of the crucible according to the lowering of the melt
surface due to the vaporization of the silicon metal during the
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purification. Thus, it is possible to keep constant the amount
of plasma gas sprayed onto the melt surface during the puri-
fication, the incident angle of the plasma gas relative to the
melt surface, and the distance between the center of the top
end of the nozzle port (spraying port) of the plasma torch and
the melt surface, so that the silicon can be purified efficiently.
[0058] Further, the silicon purification device according to
the present invention includes the supplying port for the
plasma working gas, and the supplying port for the oxidation
gas different from the supplying port for the plasma working
gas at positions near the top end of the nozzle port (spraying
port) of the plasma torch. In this case, the oxidation gas can be
efficiently added to the plasma flame, and thus, the radical-
rich area (containing the large amount of radical) is likely to
be formed in the generated plasma gas. By using the plasma
gas containing the above-described radical, the efficiency in
puritying the silicon further improves.

BRIEF DESCRIPTION OF THE DRAWINGS

[0059] FIG. 1 is a schematic sectional view illustrating a
configuration example of a plasma torch in a silicon purifica-
tion device according to the present invention, and a plasma
gas injected from the plasma torch.

[0060] FIG. 2 is schematic sectional view illustrating a
relationship of relative positions between a melt surface of a
silicon metal and the plasma torch as well as the plasma gas in
the silicon purification device according to the present inven-
tion.

[0061] FIG. 3A is a schematic view exemplifying a posi-
tional relationship between plasma torches and a virtual circle
A at the time when the plural plasma torches spray plasma
gases in a tangential direction of the virtual circle A.

[0062] FIG. 3B is a schematic view exemplifying a posi-
tional relationship between plasma torches and a virtual circle
A at the time when the plural plasma torches spray plasma
gases in the tangential direction of the virtual circle A.
[0063] FIG. 3C is a schematic view exemplifying a posi-
tional relationship between plasma torches and a virtual circle
A at the time when the plural plasma torches spray plasma
gases in the tangential direction of the virtual circle A.
[0064] FIG. 4 is a schematic view illustrating elliptical
recesses formed on the surface of the silicon metal melt
loaded in a crucible.

[0065] FIG. 5 is a schematic sectional view for explaining a
configuration example of the silicon purification device
according to the present invention and operations thereof.
[0066] FIG. 6 is a graph illustrating a relationship between
an angle formed by the melt surface of the silicon metal and
the plasma gas, and a boron concentration in the silicon after
the purification.

[0067] FIG. 7 is a graph illustrating a relationship between
a radius of the virtual circle A, and the boron concentration in
the silicon after the purification.

[0068] FIG. 8 is a schematic sectional view illustrating a
configuration example of the plasma torch of the silicon puri-
fication device according to the present invention, and the
plasma gas injected from this plasma torch.

[0069] FIG. 9 is schematic sectional view illustrating a
relationship of relative positions between a nozzle port of the
plasma torch and the melt surface of the silicon metal in the
silicon purification device according to the present invention.
[0070] FIG. 10is a schematic sectional view for explaining
a configuration example of the silicon purification device
according to the present invention, and operations thereof.
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[0071] FIG. 11 is a graph showing a relationship between
the concentration (volume %) of the steam added in the
plasma gas and the boron concentration in the silicon.
[0072] FIG. 12 is a graph showing a relationship between
temperatures of the silicon melt during the silicon purification
and the boron concentration in the silicon.

[0073] FIG.13 is a schematic sectional view for explaining
a configuration example of the plasma torch of the silicon
purification device according to the present invention, and the
plasma gas injected from this plasma torch.

[0074] FIG. 14 is schematic sectional view illustrating a
relationship of relative positions between the nozzle port of
the plasma torch and the melt surface of the silicon metal in
the silicon purification device according to the present inven-
tion.

[0075] FIG. 15 is a schematic sectional view for explaining
a configuration example of the silicon purification device
according to the present invention, and operations thereof.
[0076] FIG. 16 is a graph showing a relationship between
purification time (elapsed time from the start of purification)
and the concentration of boron in the silicon.

[0077] FIG.17 is a graph showing a relationship between a
variable a and the concentration of boron in silicon after the
purification.

EMBODIMENTS OF THE INVENTION

[0078] Hereinbelow, on the basis of preferred embodi-
ments, the present invention will be described with reference
to the drawings. However, the present invention is not limited
to this. Various modifications are possible without departing
from the scope of the present invention.

First Embodiment

[0079] A first embodiment of the present invention will be
described.
[0080] FIG. 1 is a schematic sectional view illustrating a

configuration example of a plasma torch 10 in a silicon puri-
fication device 1 applicable to a silicon purification method
according to the present invention and explaining a plasma
gas J injected from the plasma torch 10.

[0081] The plasma torch 10 includes an anode electrode 11,
a cathode electrode 12, a plasma-working-gas supplying port
11a, and an oxidation-gas supplying port 115.

[0082] Inaspacesurrounded by the anode electrode 11, the
plasma-working-gas supplying port (supplying path) 11a for
supplying a plasma working gas (inert gas) G1 to a nozzle
port 11¢ of the plasma torch 10 is formed. As the plasma
working gas G1, an argon (Ar) gas is employed in this
embodiment. Further, although not illustrated in the drawing,
a cooling unit for preventing the anode electrode 11 from
overheating may be provided in the vicinity of the anode
electrode 11 (near the anode electrode 11) or inside of the
anode electrode 11.

[0083] Further, as the plasma working gas G1, it may be
possible to employ an inert gas such as an argon (Ar) gas, or
a mixture gas in which a hydrogen (H,) gas is mixed with the
argon gas, or the like. By mixing the hydrogen gas with the
argon gas, it is possible to improve the efficiency in removing
the impurities in the silicon metal through the oxidation of the
impurities.

[0084] The cathode electrode 12 is provided in the space
surrounded by the anode electrode 11. The cathode electrode
12 is insulated from the anode electrode 11, is electrically
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connected with the negative pole of the direct-current power
supply 13, and radiates thermo electrons for generating a
plasma arc P with the anode electrode 11.

[0085] By supplying the argon gas serving as the plasma
working gas G1 from the plasma-working-gas supplying port
11a to the nozzle port 11¢ while generating the plasma arc P,
the plasma flame 5 containing the plasma gas is injected from
the nozzle port 11c.

[0086] The anode electrode 11 includes the plasma-work-
ing-gas supplying port 11a, and the oxidation-gas supplying
port 115 provided at a position different from the plasma-
working-gas supplying port 11a and supplying an oxidation
gas G2 to the vicinity of the nozzle port 11¢ of the plasma
torch 10 (near the nozzle port 11¢). The oxidation gas G2
includes, for example, steam, carbon monoxide gas, and oxy-
gen gas. Steam is employed in this embodiment. By adding
the steam to the plasma gas by a predetermined volume %, the
plasma gas J containing the large amount of OH radical
together with the plasma flame 5 are injected from the nozzle
port 11c.

[0087] The expression “adding the steam (oxidation gas
(G2) by a predetermined volume %" as used herein means a
ratio of the steam with respect to the sum total (plasma gas) of
the volume of the argon gas (plasma working gas G1) and the
volume ofthe steam. For example, in the case where the steam
with the flow rate of 20 L/min is added to the plasma working
gas with the flow rate of 80 L/min, the total flow rate of the
plasma gas is 100 L/min. In this case, the steam is added by 20
volume %.

[0088] As the method for supplying the steam, it is prefer-
able to add the steam from the vicinity of the nozzle port 11¢
of'the anode electrode 11, in other words, from the oxidation-
gas supplying port 115 provided near the nozzle port 11c as
illustrated in F1G. 1. By adding the steam through the method
described above, it is possible to efficiently form a radical-
rich area R, which will be described later, in the plasma gas.

[0089] As another method, it may be possible to employ a
method in which a nozzle of a steam (oxidation gas G2)
supplying device, which is provided separately from the
plasma torch 10, is disposed so as to be targeted at the plasma
gas to add the steam in the plasma gas.

[0090] The concentration distribution of the OH radical
(radical of oxidation gas) in the plasma gas J is illustrated in
FIG. 1 as stepwise gradation for the purpose of convenience.
However, it is considered that, in reality, the concentration
distribution gradually changes. More specifically, the con-
centration distribution of the OH radical can be expressed as
a normal distribution having a peak at a center of the area R
illustrated in FIG. 1, when viewed in the direction from the
top end ofthe plasma flame 5 toward the top end of the plasma
gas J. Thus, the area denoted by R in FIG. 1 is an area having
the largest amount of radical in the radical-rich plasma gas J.
The area R is referred to as a radical-rich area R in this
specification.

[0091] Itshould be noted that the concentration distribution
of'the radical in the plasma gas J can be examined through an
optical measurement method employing, for example, a high-
speed gate camera having an image intensifier and CCD
elements.

[0092] FIG. 2 is schematic sectional view illustrating a
relationship of relative positions between the plasma gas J
injected from the plasma torch 10 in the silicon purification
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device 1 applicable to the silicon purification method accord-
ing to the present invention and a melt surface 185 of the
silicon metal 18.

[0093] The crucible 15 is disposed directly below the
plasma torch 10, and contains the silicon metal 18. The silicon
metal 18 may be heated with the plasma gas J into a melt state,
or may be molten with another method (for example, high
frequency induction heating employing an induction coil). As
the crucible 15, it is preferable to employ a crucible made of
graphite.

[0094] As the base material of the silicon metal 18, it is
preferable to employ a silicon base material used for photo-
electric conversion elements of solar cell. In general, the
silicon base material contains boron of about 10 ppm as an
impurity, and it is desirable to purify the silicon metal such
that the boron concentration is not more than 0.3 ppm.
[0095] In FIG. 2, the nozzle port of the plasma torch 10 is
targeted at the crucible 15 so as to spray the plasma gas J onto
the melt surface 184. In this embodiment, 6 represents an
angle formed by the plasma gas J and the melt surface 185
(elevation angle at which the entering direction of the plasma
gas J is looked up from the melt surface 185). In other words,
the plasma gas J is sprayed so as to enter the melt surface 185
at an angle 0 relative to the melt surface 185.

[0096] A recess 18a is formed on the melt surface 185 on
which the plasma gas J is sprayed. In the case where the
above-described angle is 90°, the shape of the recess 18a is a
circle. In the case where the above-described angle is in the
rage of 20° to 80°, the recess 18a has a substantially elliptical
shape.

[0097] It should be note that, in the specification, the sub-
stantially elliptical shape represents a plane shape of the
recess 18a formed on the melt surface 185 by the spraying of
the plasma gas J at a height of the melt surface 185. The
substantially elliptical shape includes a perfect ellipse
approximated to the substantially elliptical shape.

[0098] In comparison between the circular recess 18a and
the substantially elliptical recess 18a, the surface area of the
substantial elliptical recess 18a is larger than that of the
circular recess 18a. This can be understood from a line seg-
ment S1 and a line segment S2 illustrated in FIG. 1. More
specifically, in the case where the angle 0 is set to 90° and the
line segment S1 of the plasma gas J is positioned at the melt
surface 186, the size of the plasma gas J at the line segment S1
is almost equal to a diameter of the circular recess 18a.
Further, in the case where the angle 0 is set to about 60° and
the line segment S2 of the plasma gas J is positioned at the
melt surface 185, the size of the plasma gas J at the line
segment S2 is almost equal to a major axis of the substantially
elliptical recess 18a (length of the major axis of an ellipse
approximate to the substantially elliptic shape). In this speci-
fication, in comparison between the line segment S1 and the
line segment S2, the line segment S2 is obviously longer than
the line segment S1, and thus, the surface area of the substan-
tially elliptical recess 18a is larger than that of the circular
recess 18a.

[0099] As described above, in the present invention, by
setting the angle 0 in the range of 20° to 80°, it is possible to
form the substantially elliptical recess 18a through the spray-
ing of the plasma gas J on the melt surface 1854, so that the
contacting area between the plasma gas J and the melt surface
185 can be increased. At the surface of the melt surface 185
contacting with the plasma gas J, oxidation reaction of impu-
rities in the silicon metal 18 occurs. Thus, as compared with
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the case of the angle 0 being set to 90°, the plasma gas J can
be efficiently brought into contact with the melt surface 185 in
the case of the angle 6 being set in the range of 20° to 80°,
whereby it is possible to improve the efficiency in purifying
the silicon.

[0100] As the angle 6 in the silicon purification method
according to the present invention, it is preferable to set the
angle 0 in the range of 30° to 70° in the range of 20° to 80°,
and further preferable to set the angle 6 in the range of 40° to
60°. By setting the angle 0 in the above-described range, it is
possible to further improve the efficiency in purifying the
silicon.

[0101] At the time when the plasma gas J is sprayed on the
melt surface 185, it is desirable to adjust the distance between
the plasma torch 10 and the melt surface 185 as appropriate so
as to position the radical-rich area R in the plasma gas J at the
melt surface 185. By forming the recess 184 using the radical-
rich area R, the radical (OH radical and the like) contained in
the plasma gas J can be further efficiently brought into contact
with the melt surface 185, whereby it is possible to further
improve the efficiency in purifying the silicon through the
oxidation reaction of the impurities in the silicon metal 18.
[0102] As a mechanism of removing boron or other impu-
rities in the silicon metal 18, it is considered that, on the
surface of the recess 184 formed on the melt surface 185 with
the plasma gas J having the oxidation gas G2 added therein,
boron and the like are oxidized with at least the oxidation gas
(G2 and radical from the oxidation gas G2 (for example, OH
radical), and then, the oxidized boron is vaporized and
removed.

[0103] Asthe oxidation gas G2, steam is preferable because
the efficiency in removing the impurities in the silicon metal
18 is high, handleability is relatively easy, and safety is high.
[0104] In the silicon purification method according to the
present invention, it is preferable to use the silicon purifica-
tion device 1 having plural plasma torches 10. By spraying
plural plasma gases J from the plural plasma torches 10 to the
melt surface 185, it is possible to form plural substantially
elliptical recesses 18a on the melt surface 185, whereby it is
possible to further improve the efficiency in purifying the
silicon as compared with spraying the plasma gas from the
single plasma torch 10.

[0105] The angles 6 of the plural plasma torches 10 may be
set differently from each other, or may be set equally to each
other, as long as the angles 0 fall within the range of 20° to
80°.

[0106] Theflow rates of the plasma gases J (flow rates of the
plasma working gases G1) injected from the plural plasma
torches 10, and the amount of steam added to the plasma gases
J (amount of the oxidation gas G2) may be set differently, or
may be set equally.

[0107] Further, inthe silicon purification method according
to the present invention, it is preferable to generate a circula-
tion flow atleast in the melt surface 1856 by spraying the plural
plasma gases J. With this circulation flow, it is possible to
generate a flow that mixes the silicon melt 18 in the melt
surface 185, whereby it is possible to further enhance the
mixing effect caused by the convection due to heating of the
silicon in the melt surface 185 by the plasma gases J. This
makes the mixture of the entire silicon melt 18 likely to occur,
whereby it is possible to further improve the efficiency in
puritying the silicon.

[0108] The circulation flow represents a circular flow or
spiral flow. The circulation flow may be a circular or spiral
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flow having a specific center and a specific size, or may be a
circulation flow or spiral flow having a center located at an
unspecified position and having a size that continuously var-
ies. An example of the circular flow or spiral flow includes a
circular flow or spiral flow having a center of the circulation
flow located in the vicinity of the center of the melt surface
and having a radius of half of a distance from the center of the
circulation flow to the outer circumference (outer edge) of the
melt surface.

[0109] The circulation flow may be generated by spraying
the plasma gas J from the single plasma torch 10. However, by
spraying the plasma gases J from the plural plasma torches
10, it is possible to generate the circulation flow in a more
efficient manner. At this time, it is desirable to appropriately
adjust the relative position of the plasma gases J from the
plural plasma torches 10 and the spraying directions of the
plural plasma torches 10. The adjustment method will be
described below.

[0110] In the silicon purification method according to the
present invention, it is preferable to spray the plasma gases J
in the forward direction of the circulation flow (direction
along the flow direction of the circulation flow). By aligning
and spraying the plural plasma gases J in the forward direc-
tion, the circulation flow gains strength, whereby it is possible
to enhance the efficiency in mixing the melt surface, and the
efficiency in purifying the silicon.

[0111] In the silicon purification method according to the
present invention, it is preferable to, by spraying the plural
plasma gases, virtually set a virtual circle A having a circum-
ference on which plural substantially elliptical recesses 18a
formed on the melt surface 1856 are located, and align and
spray the plural plasma gases J in a tangential direction of the
virtual circle A and toward one direction along the circum-
ference of the virtual circle A (for example, in the forward
direction of the circulation flow).

[0112] In the case where the plural plasma gases are
sprayed as described above, it becomes easy to generate the
flow that mixes the silicon melt 18 in the melt surface 185,
whereby it is possible to further enhance the mixing effect
obtained by the convection caused by the heating of the sili-
con at the melt surface 185 with the plasma gases J. Further,
at the melt surface 185, it becomes easy to generate the
circulation flow having the center located in the vicinity of the
center of the virtual circle A. This makes the mixture of the
entire silicon melt 18 more likely to occur, whereby it is
possible to further improve the efficiency in purifying the
silicon.

[0113] Here, it is preferable that the substantially elliptical
recesses 18a located on the circumference of the virtual circle
A be each disposed such that an intersection point of the
minor axis and the major axis of the substantial ellipse is
located on this circumference of the virtual circle A. How-
ever, it is only necessary that the center portion of the sub-
stantial ellipse is located on the circumference.

[0114] Further, it is preferable that all the plural substan-
tially elliptical recesses 18a formed on the melt surface be
located on the circumference of the virtual circle A. However,
it may be possible to employ a configuration in which a part
of'the recesses 18a not be located on the circumference of the
virtual circle A.

[0115] FIG. 3A through FIG. 3C illustrate examples of the
virtual circle A.
[0116] InFIG.3A, nozzle ports of two plasma torch 10 are

arranged such that a virtual circle F (not illustrated) having a
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circumference on which the nozzle ports of the two plasma
torches 10 are projected on the melt surface 185 (correspond-
ing to a paper surface in the drawing) and the virtual circle A
(reference numeral 7 in the drawing) having a circumference
on which plural recesses (not illustrated) formed on the melt
surface 185 by the injection of the plasma gases J from the
plasma torches 10 are set in a concentric manner. The plasma
gases J are aligned and sprayed in a tangential direction of the
virtual circle A and in the clockwise direction with respect to
the circumference of the virtual circle A.

[0117] By arranging the plasma torches and spraying the
plasma gases J as described above, it is possible to generate
the circulation flow in the clockwise direction and along the
plural recesses on the virtual circle A.

[0118] InFIG. 3B, nozzle ports of three plasma torches 10
are arrange such that the virtual circle F (not illustrated)
having a circumference on which the nozzle ports of the three
plasma torches 10 are projected on the melt surface 185
(corresponding to a paper surface in the drawing) and the
virtual circle A (reference numeral 7 in the drawing) having a
circumference on which plural recesses (not illustrated)
formed on the melt surface 185 by the injection of the plasma
gases J from the plasma torches 10 are set in a concentric
manner. The plasma gases J are aligned and sprayed in a
tangential direction ofthe virtual circle A and in the clockwise
direction with respect to the circumference of the virtual
circle A.

[0119] By arranging the plasma torches and spraying the
plasma gases J as described above, it is possible to generate
the circulation flow in the clockwise direction and along the
plural recesses on the virtual circle A.

[0120] In FIG. 3C, nozzle ports of four plasma torches 10
are arrange such that the virtual circle F (not illustrated)
having a circumference on which the nozzle ports of the four
plasma torches 10 are projected on the melt surface 185
(corresponding to a paper surface in the drawing) and the
virtual circle A (reference numeral 7 in the drawing) having a
circumference on which plural recesses (not illustrated)
formed on the melt surface 185 by the injection of the plasma
gases J from the plasma torches 10 are set in a concentric
manner. The plasma gases J are aligned and sprayed in a
tangential direction ofthe virtual circle A and in the clockwise
direction with respect to the circumference of the virtual
circle A.

[0121] By arranging the plasma torches and spraying the
plasma gases J as described above, it is possible to generate
the circulation flow in the clockwise direction and along the
plural recesses on the virtual circle A.

[0122] Here, the contacting points between the plasma
gases J and the melt surface 184 are located on the virtual
circle A, and at the respective contacting points, the substan-
tially elliptical recesses 18a are formed (the recesses 18a are
not illustrated in FIG. 3A to FIG. 3C). Further, the distances
between the contacting points on the virtual circle A are
equal. More specifically, on the virtual circle A in each of FIG.
3Ato FIG. 3C, the chords joining the contacting points on the
circumference have the same length.

[0123] In the silicon purification method according to the
present invention, as illustrated in FIG. 4, it is preferable that
the plural plasma gases J be sprayed so as to satisty the
following equation (3), where 1is a radius of the virtual circle
A, L is a radius of a virtual circle B (inner circumference of
the crucible 15 in the drawing) having the same center C as the
virtual circle A and inscribed in an outer circumference (outer
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edge) of the melt surface 18b, and i is a diameter (minor
diameter of the substantial ellipse) in a direction perpendicu-
lar to the tangent line of the virtual circle A of the substantially
elliptical recesses 18a.

[Equation 3]
3iSISL-3i 3)
[0124] Here, the equation (3) means that the intersection

point of the minor axis and the major axis of the substantial
ellipse on the circumference of the virtual circle A is spaced
from the center of the crucible 15 by three times (31) or more
the minor diameter i, which is a length of the minor axis of the
substantial ellipse, and is spaced from the inner wall of the
crucible 15 by 3i or more.

[0125] It should be noted that, for example, in the case
where the crucible 15 has a quadrangle shape and the outer
circumference of the melt surface 185 has a quadrangle
shape, the virtual circle B is a circle inscribed in the quad-
rangle. Further, it is only necessary that the virtual circle B is
inscribed in the outer circumference of the melt surface atone
or more points, and the virtual circle B is not necessarily
inscribed in the outer circumference at plural points.

[0126] Inthe case where the equation (3) is satisfied and the
minor axis (minor diameter 1) extends toward the center C as
illustrated in FIG. 4, the extension line passes through the
center C. Further, in FIG. 4, a direction of the major axis
(major diameter) h of each of the substantially elliptical
recesses 18a corresponds to a direction of spraying the
plasma gas J as viewed from the vertical direction of the melt
surface 185. In other words, the direction indicated by the
reference character h corresponds to a direction of the plasma
gas J in the case where the plasma gas J is projected on the
melt surface 185.

[0127] By spraying the plural plasma gases J so as to satisfy
the equation (3) to form the plural substantially elliptical
recesses 18a on the melt surface 185, it is possible to prevent
the plural substantially elliptical recesses 18a from being
disturbed due to the interference of external disturbance,
whereby it becomes further easy to generate the circulation
flow having the center located in the vicinity of the virtual
circle A. This makes it possible to cause the mixture of the
silicon melt surface. Further, this makes the mixture of the
entire silicon melt 18 even more likely to occur, whereby it is
possible to even further improve the efficiency in puritying
the silicon.

[0128] The term external disturbance as used herein refers
to the following [phenomenon A] or [phenomenon B].
[0129] [phenomenon A]: on the melt surface 184, a flow of
the silicon melt surface 186 generated at one substantially
elliptical recess 18a and a plasma gas flow reflecting from the
melt surface 185 reach the other substantially elliptical recess
184 to disturb the other recess 18a.

[0130] [phenomenon B]: on the melt surface 184, a flow of
the silicon melt surface 185 generated at the substantially
elliptical recess 18a and a plasma gas flow reflecting from the
melt surface 185 are returned back from the wall of the
crucible 15 generally existing at the outer circumference
(outer edge) of the melt surface 185 to disturb the substan-
tially elliptical recess 18a.

[0131] An example of the [phenomenon A] includes a case
where the plural substantially elliptical recesses 18a are each
located in the vicinity of the center C, and cause the distur-
bance to each other.
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[0132] Further, even if the equation (3) is satisfied, the
disturbance of the [phenomenon A] possibly occurs in the
case where the recesses 18a of the virtual circle A are located
near each other. To prevent the disturbance, it is preferable
that the intersection points of the major axis and the minor
axis ofthe substantially elliptical recesses 18a be spaced from
each other with sufficient distances on the circumference of
the virtual circle A so as not to cause disturbances to each
other, and it is more preferable that the distances of the inter-
section points be equal (in other words, lengths of all the
chords joining the intersection points located on the circum-
ference are equal).

[0133] FIG. 5 is a schematic sectional view for explaining a
configuration example of the silicon purification device 1
applicable to the silicon purification method according to the
present invention, and operations thereof. The plasma torch
10 is disposed vertically above the crucible 15 having the
induction coil 17 wound therearound, and is connected to a
driving unit for moving upward and downward the plasma
torch 10 in a vertical direction. The driving unit is placed on
a base 21. Further, the plasma torch 10 is provided with an
angle-controlling unit for adjusting an angle of the plasma
torch 10 to control the advancing direction of the plasma gas
J between the frontward and the backward of the paper.
[0134] The driving unit in FIG. 5 includes a ball screw 22,
a belt 23, and a motor 24. The driving force of the motor 24
rotates the ball screw 22 through the belt 23 to move upward
and downward a shaft connected to the ball screw in the
vertical direction. The plasma torch 10 is connected with the
shaft, and hence, by controlling the rotation of the motor 24,
it is possible to bring the plasma torch 10 close to or away
from the silicon metal 18 loaded in the crucible 15. In other
words, by controlling the driving unit, it is possible to adjust
a distance D from a center of a top end of the nozzle port 11¢
of the plasma torch 10 to the melt surface 185 of the silicon
metal 18 to be a predetermined distance.

[0135] The angle-controlling unitin FIG. 5 includes a torch
holder 26, an arm 27, a belt 28, and a motor 29. The driving
force of'the motor 29 rotates the arm 27 through the belt 28 to
adjust the angle of the plasma torch 10 held by the torch
holder 26 in the frontward and the backward with respect to
the paper. In other words, by controlling the angle-controlling
unit, it is possible to control the angle of the plasma torch 10
relative to the melt surface 185, whereby it is possible to
adjust the angle 0 to be a predetermined angle.

[0136] It is preferable that the silicon purification device 1
according to the present invention and having the driving unit
as described above operate and control so as to keep the
distance D constant during the purification of the silicon.
Methods of this operation together with a procedure of puri-
fying the silicon using the silicon purification device 1 will be
described.

[0137] First, the silicon metal (base material made of the
silicon metal) 18 is loaded in the crucible 15. Then, the silicon
metal 18 is molten through a high frequency induction heat-
ing with the induction coil 17. The melting is determined to be
complete when the silicon metal 18 reaches 1420° C. or more
and no block-like silicon can be seen.

[0138] Itis preferable to perform the oxidative purification
atasilicon melt temperature in the range of 1500° C. to 1900°
C. This is because, in the case where the temperature is less
than 1500° C., the silicon melt is likely to be covered with
silica (Si0,) due to influence of the steam sprayed for the
oxidative purification, which leads to a reduction in the speed
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of removing boron. On the other hand, the excessively high
silicon melt temperature leads to a decrease in the speed of
removing boron, and hence, it is desirable to set the tempera-
ture to 1900° C. or lower.

[0139] Next, by controlling the angle-controlling unit, an
angle of the plasma torch 10 with respect to the melt surface
1854 is adjusted such that the angle 6 becomes a predetermined
angle. Then, by controlling the driving unit, the plasma torch
10 is brought close to the melt surface 185; the plasma torch
10 is positioned at a predetermined position; the plasma
working gas G1 (Ar gas) is supplied; the oxidation gas G2
(steam) is added; and the plasma gas J is sprayed from the
nozzle port 11¢ of the plasma torch 10 to the melt surface 185.
[0140] At this time, by positioning the plasma torch 10 at a
predetermined position so as to locate the radical-rich area R
of the plasma gas J at the melt surface 185, the purification
efficiency can be further improved. As the method for this, it
is preferable that the plasma torch 10 be disposed so as to
satisfy the following equation (4) between the distance D
from the center of the top end of the nozzle port 11¢ of the
plasma torch 10 to the melt surface 185, and the flow rate V of
the plasma working gas G1.

[Equation 4]
D=axV 4
[0141] In the equation (4), a coefficient a represents a real

number in the range of 0.75 to 2.0, a unit of D is millimeter,
and aunit of V is liter/minute. The range of the coefficient a is
a numerical range found as a result of study by the present
inventor of the present invention.

[0142] In the case where the coefficient a is less than the
lower limit value of the above-described range, the plasma
gas J and the radical-rich area R reach an excessively deeper
position than the melt surface 185, possibly causing the melt
of the silicon 18 to spatter around. This makes it difficult to
sufficiently perform the oxidative purification.

[0143] On the other hand, in the case where the coefficient
a exceeds the upper limit of the above-described range, the
plasma gas J and the radical-rich area R do not sufficiently
reach the melt surface 185, which makes it difficult to effi-
ciently perform the oxidative purification.

[0144] Further, the distance D represents a distance from
the center of the top end of the nozzle port 11c¢ to the melt
surface 185 when viewed in the direction of the plasma gas J
sprayed from the nozzle port 11¢ of the plasma torch 10. The
distance D does not necessarily indicate a shortest distance
from the center of the top end of the nozzle port 11¢ to the melt
surface 1854. In other words, in the case where the plasma gas
J is injected at an angle with respect to the melt surface 185,
the distance D is naturally longer than the shortest distance.
[0145] By disposing the plasma torch 10 as described above
and spraying the plasma gas J to the melt surface 185, the
substantially elliptical recess 18a is formed on the melt sur-
face 1854. In the recess 184, oxidation reaction mainly occurs,
and boron and other impurities are oxidized, and vaporized to
be removed.

[0146] With the occurrence of vaporization as described
above, in some cases, the melt surface 185 gradually lowers
during the oxidative purification, and the distance D gradu-
ally becomes longer. This causes the radical-rich area R of the
plasma gas J to be located above the melt surface 185, possi-
bly reducing the efficiency in the oxidative purification. In
order to suppress the reduction in the efficiency, it is prefer-
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able to control the driving unit of the silicon purification
device 1 so as to make the distance D constant.

[0147] As the method for controlling the distance D, one
example is given in which: vaporization speed and the low-
ering speed of the melt surface 185 are examined in advance
through a preliminary experiment; the lowering speed of the
plasma torch 10 is set in advance on the basis of the result of
the preliminary experiment; and the driving unit is controlling
on the basis of the setting at the time of actual oxidative
purification. Another method includes: preparing a distance
sensor provided at the nozzle port 11¢ of the plasma torch 10;
monitoring the distance D from the nozzle port 11¢ to the melt
surface 184; controlling the driving unit according to the
change in the distance L; and lowering the position of the
plasma torch 10.

[0148] At the time of controlling the plasma torch 10, the
lowering movement of the plasma torch 10 may be performed
continuously so as to correspond to the vaporization speed, or
may be performed intermittently (in a stepwise manner)
within the range in which the radical-rich area R covers the
melt surface 185.

[0149] It should be noted that the description has been
made of the case where the plasma torch 10 is moved. How-
ever, a similar effect can be obtained by moving the crucible
15 upward to keep the distance L constant. In this case,
another driving unit for moving the crucible 15 is necessary.
[0150] Thesilicon purification device 1 illustrated in FIG. 5
is an example in which a single plasma torch 10 is provided.
However, it is preferable that two or more plasma torches be
provided. The reasons for providing the plural plasma
torches, the structure of arranging the plural plasma torches,
and the method for arranging the plural plasma torches are as
described above.

[0151] Further, it is desirable that the flow rate of the oxi-
dation gas G2 (steam) to be added fall in the range of 15
volume % to 40 volume % of the total flow rate of the plasma
gas (sum total of the flow rate of the plasma working gas G1
and the flow rate of the added oxidation gas G2). This is
because, in the case where the flow rate of the oxidation gas
G2 is less than 15 volume %, the speed of removing the boron
reduces, and in the case where the flow rate of the oxidation
gas G2 exceeds 40 volume %, covering with silica is likely to
occur, which leads to the reduction in the speed of removing
boron.

[0152] Further, it is desirable to set a torch output after the
addition of the oxidation gas G2 (steam) to be in the range of
3 kW/kg to 30 kW/kg per kg mass of silicon metal to be
purified.

[0153] Next, the present invention will be described in
more detail through Examples. However, the present inven-
tion is not limited to these examples.

[0154] InExamples 1 to 13 and Comparative Examples 1 to
2, the base materials of silicon metal were purified by using
the silicon purification device 1 illustrated in FIG. 5.

Example 1

[0155] First, 20 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating. The obtained silicon melt surface had a circular
shape with a radius of 300 mm.

[0156] Next, a plasma gas was sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of the
non-transferred type plasma working gas generated by a
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single plasma torch having an output of 100 kW was setto 100
L/min; the flow rate of the steam to be added was set to 42.9
L/min; and an angle formed by the silicon melt surface and
the plasma gas was set at 50°. At this time, the plasma gas was
sprayed in the tangential direction of a virtual circle having a
radius of 150 mm and having a center same as the center of the
melt surface; the position of the plasma torch was adjusted so
as to form a substantially elliptical recess having a minor
length of about 35 mm on the silicon melt surface; and the
distance from a spraying port of the plasma torch to the melt
surface was adjusted such that the radical rich area of the
plasma gas sufficiently hits the melt surface.

[0157] It should be noted that the position of the plasma
torch was adjusted such that the intersection point of the
minor axis and the major axis of the substantially elliptical
recess formed on the melt surface was located on the circum-
ference of the virtual circle.

[0158] As the plasma working gas, an Ar gas was
employed, and the flow rate of the steam added from the
oxidation gas supplying port of the plasma torch was set to 30
volume % of the total flow rate (142.9 L/min) of the plasma
gas.

[0159] As the molten silicon gradually vaporizes and the
melt surface lowers during the purification by spraying the
plasma gas, the silicon metal was purified by monitoring the
lowering of the melt surface, and lowering the position of the
plasma torch according to the lowering of the melt surface so
as to appropriately adjust the distance from the plasma torch
to the melt surface.

[0160] After the start of the purification with the plasma
gas, sampling was performed for each 60 minutes, and the
purification ends after the sampling of 180 minutes.

[0161] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. The
results thereof are shown in Table 1.

TABLE 1

Elapsed time from start
of purification (min)

0 60 120 180

Boron concentration in silicon (ppm) 10 3.0 0.9 0.3

Examples 2 to 8, Comparative Examples 1 to 2

[0162] First, 20 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating. The obtained silicon melt surface had a circular
shaped with a radius of 300 mm.

[0163] Next, plasma gases were sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of each
of the non-transferred type plasma working gases generated
by three plasma torches each having an output of 100 kW was
set to 100 L/min; the flow rate of each of the steams to be
added was set to 42.9 I./min; and angles formed by the silicon
melt surface and the respect plasma gases were set at angles
shown in Tables 2 and 3. At this time, the nozzle ports of the
plasma torches were arranged at equal intervals on a circle
concentric with a virtual circle having a radius of 150 mm and
having the same center as the melt surface (similar manner to
FIG. 3) in a manner such that the plasma gases were sprayed
in the tangential direction of the virtual circle, and three
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substantially elliptical recesses having a minor length of
about 35 mm were formed on a circumference of the virtual
circle on the silicon melt surface (similar manner to FIG. 4).
Further, the distance from the spraying port of each of the
plasma torches to the melt surface was adjusted such that the
radical rich area of each of the plasma gases sufficiently hits
the melt surface. At this time, each of the plasma gases from
the three plasma torches were aligned and sprayed in the
forward direction (clockwise direction) with respect to the
tangential line of the virtual circle on the silicon melt surface.
[0164] Itshould be noted that, in the substantially elliptical
recesses formed on the melt surface, the positions of the
plasma torches were adjusted such that the intersection points
of'the minor axis and the major axis of the recesses are located
on the circumference of the virtual circle.
[0165] As the plasma working gas, an Ar gas was
employed, and the flow rate of the steam added from the
oxidation gas supplying port of each of the plasma torches
was 30 volume % of the total flow rate (142.9 [/min) of the
plasma gas.
[0166] As the molten silicon gradually vaporizes and the
melt surface lowers during the purification by spraying the
plasma gas, the silicon metal was purified by monitoring the
lowering of the melt surface, and lowering the position of
each of the plasma torches according to the lowering of the
melt surface so as to maintain the distance from each of the
plasma torches to the melt surface.
[0167] As described above, the base materials of the silicon
metal were separately purified under conditions in which the
formed angles were changed in 10° increments in the range of
10° to 90°. These formed angles are shown in Table 2 and
Table 3.
[0168] Sampling was performed 60 minutes later after the
start of the purification, and the purification ended.
[0169] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. The
results thereof are shown in Tables 2 and 3, and FIG. 6.
[0170] As described above, as the plasma gases from the
three plasma torches were aligned and sprayed in the forward
direction (clockwise direction) with respect to the tangential
line of the virtual circle on the silicon melt surface, a rotation
force in the forward direction was applied to the silicon melt,
whereby the silicon melt circularly flowed in this forward
direction during the purification.
[0171] Further, in Comparative Example 1 in which the
formed angle was set to 10°, the silicon spattered from the
silicon melt due to the spraying of the plasma gas, and after
the purification, only about 10 kg of silicon remained (yield of
50%). Onthe other hand, in Examples 2 to 8 and Comparative
Example 2 in which the formed angle was set in the range of
20° to 90°, only little spattering occurred, and about 16 kg to
18 kg of silicon remained after the purification (yield of 80%
to 90%).

TABLE 2

Comparative Exam-  Exam-

Example 1 ple 2 ple3 Example4 Example5

Formed 10 20 30 40 50
angle (°)

Boron 1.0 0.15 0.09 0.05 0.03
concentration

in silicon

(ppm)
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TABLE 3
Comparative
Example 6  Example7  Example 8  Example 2

Formed 60 70 80 90
angle (°)
Boron 0.05 0.08 0.15 1.02
concentration
in silicon
(ppm)
[0172] From the results described above, Examples 2 to 8

according to the present invention confirm that the boron
concentration in silicon is 0.3 ppm or lower by setting the
formed angle in the range of 20° to 80°, and setting the
purification time to 60 minutes.

[0173] Further, it is also confirmed that the formed angle is
preferable to be set in the range 0f 30° to 70°, more preferable
to be set in the range of 40° to 60°, and much more preferable
to be set in the range of 45° to 55° from the viewpoint of
enhancing the efficiency in purifying the silicon.

[0174] When the results of Example 1 are compared with
the results of Example 5, the boron concentrations after the
silicon purification with the same formed angle (50°) were 0.3
ppm (Example 1; purification time of 180 minutes), and 0.03
ppm (Example 5; purification time of 60 minutes), respec-
tively. Here, the number of plasma torches of Example 1 is
one-third of that of Example 5 but the purification time of
Example 1 is three times longer than that of Example 5. Thus,
if only the differences in the number of plasma torches and the
purification time are considered, the results of the silicon
purification with these Examples should be the same. How-
ever, in reality, the results differ ten times. This significant
difference is considered to be because, in Example 5, in
addition to the increase in the number of plasma torches, the
respective recesses on the silicon melt surface are prevented
from interfering with each other by arranging the nozzle ports
of'the plasma torches at predetermined positions. Further, the
silicon melt can be mixed (convected), whereby the efficiency
in purifying the silicon can be further improved.

Examples 9 to 13

[0175] First, 20 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating. The obtained silicon melt surface had a circular
shape with a radius of 300 mm.

[0176] Next, plasma gases were sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of each
of the non-transferred type plasma working gases generated
by three plasma torches each having an output of 100 kW was
set to 100 L/min; the flow rate of each of the steams to be
added was set to 42.9 I./min; and angles formed by the silicon
melt surface and the respect plasma gases were set at an angle
of 60°. At this time, the nozzle ports of the plasma torches
were arranged at equal intervals on a circle concentric with a
virtual circle having a radius shown in Table 4 and having the
same center as the melt surface (similar manner to FIG. 3B) in
a manner such that the plasma gases were sprayed in the
tangential direction of the virtual circle, and three substan-
tially elliptical recesses having a minor length ofabout 35 mm
were formed on a circumference of the virtual circle on the
silicon melt surface (similar manner to FIG. 4). Further, the
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distance from the spraying port of each of the plasma torches
to the melt surface was adjusted such that the radical rich area
of each of the plasma gases sufficiently hits the melt surface.
At this time, each of the plasma gases from the three plasma
torches were aligned and sprayed in the forward direction
(clockwise direction) with respect to the tangential line of the
virtual circle on the silicon melt surface.

[0177] It should be noted that the positions of the plasma
torches were adjusted such that the intersection point of the
minor axis and the major axis of each of the substantial
elliptical recesses formed on the melt surface is located on the
circumference of the virtual circle.

[0178] As the plasma working gas, an Ar gas was
employed, and the flow rate of the steam added from the
oxidation gas supplying port of each of the plasma torches
was 30 volume % of the total flow rate (142.9 [/min) of the
plasma gas.

[0179] As the molten silicon gradually vaporizes and the
melt surface lowers during the purification by spraying the
plasma gas, the silicon metal was purified by monitoring the
lowering of the melt surface, and lowering the position of
each of the plasma torches according to the lowering of the
melt surface so as to maintain the distance from the plasma
torch to the melt surface.

[0180] The base materials of the silicon metal were purified
separately by varying the radius of the virtual circle. The
radius of each of the virtual circles employed in the purifica-
tion is shown in Table 4.

[0181] Sampling was performed 60 minutes later after the
start of the purification, and the purification ended.

[0182] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. The
results thereof are shown in Table 4, and FIG. 6.

[0183] As described above, as the plasma gases from the
three plasma torches were aligned and sprayed in the forward
direction (clockwise direction) with respect to the tangential
line of the virtual circle on the silicon melt surface, a rotation
force in the forward direction was applied to the silicon melt,
whereby the silicon melt circularly flowed in this forward
direction during the purification. However, in the case where
the interference, which will be described later, occurs, the
rotation force was not sufficiently applied to the silicon melt,
and hence, the silicon melt did not sufficiently circularly flow
during the purification.

[0184] At the time of the purification under various condi-
tions, the substantially elliptical recesses formed on the sili-
con melt surface interfered with each other in some cases. In
Table 4, the results of the interference are also indicated such
that a character “x,” represents that such interference
occurred, and a character “O” represents that such interfer-
ence did not occur.

[0185] Further, at the time of the purification under various
conditions, the substantially elliptical recess formed on the
silicon melt surface was interfered with by a wall surface of
the crucible (edge of the melt surface) in some cases. In Table
4, the results of the interference are also indicated such that a
character “x,” represents that such interference occurred, and
a character “O” represents that such interference did not
occur.
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TABLE 4
Exam- Example Example Example Example
ple 9 10 11 12 13
Radius of 70 105 150 195 230
virtual circle
(mm)
Boron 0.56 0.11 0.07 0.09 0.32
concentration
in silicon
(ppm)
Interference X o o o X
at recess
[0186] From the results described above, Examples 9 to 13

according to the present invention confirm that, preferably,
the interference does not occur at the recess and the efficiency
in puritying the silicon further improves in the case where the
purification time is 60 minutes and the radius of the virtual
circleis more than or equal to three times the minor length (35
mmx3=105 mm) and is less than or equal to a value obtained
by subtracting three times the minor length from the radius of
the circular silicon melt surface (300 mm-105 mm=195 mm).
[0187] From the results described above, it is obvious that
the silicon purification method according to the present
invention improves the efficiency in purifying the silicon as
compared with the conventional method.

Second Embodiment

[0188] Next, asecond embodiment according to the present
invention will be described.

[0189] FIG. 8 is a schematic sectional view illustrating a
configuration example of the plasma torch 10 of the silicon
purification device 1 applicable to the silicon purification
method according to the present invention, and the plasma gas
J injected from the plasma torch 10.

[0190] The plasma torch 10 includes the anode electrode
11, the cathode electrode 12, the plasma-working-gas supply-
ing port 11a, and the steam supplying port 115.

[0191] Inaspacesurrounded by the anode electrode 11, the
plasma-working-gas supplying port (supplying path) 11a for
supplying the plasma working gas (inert gas) G1 to the nozzle
port 11¢ of the plasma torch 10 is formed. As the plasma
working gas G1, the argon (Ar) gas is used in this embodi-
ment. Further, although not illustrated in the drawing, the
cooling unit for preventing the anode electrode 11 from over-
heating may be provided in the vicinity of the anode electrode
11 (position near the anode electrode 11) or within the anode
electrode 11.

[0192] Further, as the plasma working gas G1, it may be
possible to employ an inert gas such as an argon (Ar) gas, or
a mixture gas in which a hydrogen (H,) gas is mixed with the
argon gas, or the like. By mixing the hydrogen gas with the
argon gas, it is possible to improve the efficiency in removal
through the oxidation of the impurities in the silicon metal.
[0193] The cathode electrode 12 is provided in the space
surrounded by the anode electrode 11. The cathode electrode
12 is insulated from the anode electrode 11, is electrically
connected with the negative pole of the direct-current power
supply 13, and radiates thermo electrons for generating a
plasma arc P with the anode electrode 11.

[0194] By supplying the argon gas serving as the plasma
working gas G1 from the plasma-working-gas supplying port
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11a to the nozzle port 11¢ while generating the plasma arc P,
the plasma flame 5 containing the plasma gas is injected from
the nozzle port 11c.

[0195] The anode electrode 11 includes the plasma-work-
ing-gas supplying port 11a, and the steam supplying port 115
provided at a position different from the plasma-working-gas
supplying port 11a and supplying a steam G2 to the vicinity of
the nozzle port 11¢ of the plasma torch 10 (near the nozzle
port 11¢). By adding the steam to the plasma gas by a prede-
termined volume %, the plasma gas J containing the large
amount ofradical such as OH radical together with the plasma
flame 5 are injected from the nozzle port 11c.

[0196] The expression “adding the steam G2 by a predeter-
mined volume %" as used herein means a ratio of the steam
(G2 with respect to the sum total (plasma gas) of the volume of
the plasma working gas G1 and the volume of the steam G2.
For example, in the case where the steam G2 with the flow rate
0120 L/min is added to the plasma working gas G1 with the
flow rate of 80 L/min, the total flow rate of the plasma gas is
100 L/min. In this case, the steam G2 is added by 20 volume
%.

[0197] By adding the steam G2 to the plasma gas J at a ratio
in the range of 15 volume % to 40 volume % of the total flow
rate of the plasma gas J (sum total of the flow rate of the
plasma working gas G1 and the flow rate of the added steam
(G2), it is possible to make the plasma gas J contain the large
amount of radical such as OH radical, and oxidize the impu-
rities at the surface of the recess 184 to sufficiently remove the
impurities.

[0198] It is preferable that the ratio of the steam G2 to be
added in the silicon purification method according to the
present invention be set in the range of 15 volume % to 40
volume % of the total flow rate of the plasma gas J, more
preferably set in the range of 20 volume % to 40 volume %,
and the most preferably set in the range of 25 volume % to 35
volume %.

[0199] By setting the ratio to the lower limit value or more
in the above-described range, it is possible to make the plasma
gas J contain the sufficient amount of radical. Further, by
setting the ratio to the upper limit value or less in the above-
described range, it is possible to suppress the contamination
of the silicon melt caused by the fact that silicon vaporizing
from the silicon melt surface becomes powder of SiO,, the
powder of SiO, adheres to a furnace body (inside of the device
including the vicinity of the plasma torch and the crucible),
and the adhered powder of SiO, falls into the silicon melt.
[0200] In the case where the ratio of addition of the steam
(32 is set in the range of 15 volume % to 40 volume % of the
total flow rate of the plasma gas J and the melt temperature of
the silicon is less than 1700° C., a coating made of silicon
oxide (Si0,) is likely to be formed on the silicon melt surface,
which causes a tendency of reducing the efficiency in purify-
ing the silicon. Further, in the case where the melt tempera-
ture exceeds 1900° C., silicon vaporizing from the silicon
melt surface becomes SiO,, the SiO, adheres to the furnace
body (inside of the device including the vicinity of the plasma
torch and the vicinity of the crucible), and the adhered SiO,
falls into the silicon melt, possibly contaminating the silicon
metal.

[0201] As the method for supplying the steam G2, it is
preferable to add the steam from the vicinity of the nozzle port
11c of the anode electrode 11, in other words, from the steam
supplying port 115 provided near the nozzle port 11c¢ as
illustrated in F1G. 8. By adding the steam through the method
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described above, it is possible to efficiently form aradical rich
area R, which will be described later, in the plasma gas.
[0202] As another method, it may be possible to employ a
method in which a nozzle of a steam supplying device, which
is provided separately from the plasma torch 10, is disposed
s0 as to be targeted at the plasma gas to add the steam in the
plasma gas.

[0203] The concentration distribution of the OH radical
(radical derived from the steam) in the plasma gas J is illus-
trated in FIG. 8 as stepwise gradation for the purpose of
convenience. However, it is considered that, in reality, the
concentration distribution gradually changes. More specifi-
cally, the concentration distribution of the OH radical can be
expressed as a normal distribution having a peak at a center of
the area R illustrated in FIG. 8, when viewed in the direction
from the top end of the plasma flame 5 toward the top end of
the plasma gas J. Thus, the area denoted by R in FIG. 8 is an
area having the largest amount of radical in the radical-rich
plasma gas J. This area R is referred to as the radical rich area
R in this specification.

[0204] Itshould be noted that the concentration distribution
of'the radical in the plasma gas J can be examined through an
optical measurement method employing, for example, a high-
speed gate camera having an image intensifier and CCD
elements.

[0205] FIG. 9 is schematic sectional view illustrating a
relationship of relative positions between the nozzle port 11¢
of'the plasma torch 10 and the melt surface 185 of the silicon
metal 18 in the silicon purification device 1 applicable to the
silicon purification method according to the present inven-
tion.

[0206] The nozzle port 11c is targeted at the crucible 15 so
as to spray the plasma gas J injected from the nozzle port 11¢
and containing the radical onto the melt surface 185 of the
silicon melt 18 in the melt state. On the melt surface 185 on
which the plasma gas J is sprayed, the recess 184 is formed.
[0207] At the time when the plasma gas J is sprayed on the
melt surface 185, it is desirable to adjust the distance between
the plasma torch 10 and the melt surface 185 as appropriate so
as to position the radical rich area R of the plasma gas J at the
melt surface 1856. By forming the recess 18a with the radical
rich area R, the radical (OH radical and the like) contained in
the plasma gas J can be further efficiently brought into contact
with the melt surface 185, whereby it is possible to further
improve the efficiency in purifying the silicon through the
oxidation reaction of the impurities in the silicon metal 18.
[0208] As a mechanism of removing boron which is an
impurity in the silicon metal 18, it is considered that, on the
surface of the recess 184 formed on the melt surface 185 with
the plasma gas J having the steam G2 added therein, boron is
oxidized with at least the oxidation gas G2 and radical from
the oxidation gas G2 (for example, OH radical), and then, the
oxidized boron is vaporized and removed.

[0209] Further, by employing, as the plasma working gas
(1, a mixture gas having hydrogen gas mixed with the Ar gas,
it is also possible to enhance the oxidization and removal of
the impurities on the surface of the recess 18a. In the case of
employing this mixture gas, the purification efficiency can be
further improved by adding the steam G2.

[0210] The crucible 15 is disposed directly below the
plasma torch 10, and contains the silicon metal 18. The silicon
metal 18 may be heated with the plasma gas J into a melt state,
or may be molten with another method (for example, high
frequency induction heating employing an induction coil).
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[0211] As the base material of the silicon metal 18, it is
preferable to employ a silicon base material used for photo-
electric conversion elements of solar cell. In general, the
silicon base material contains boron of about 10 ppm as an
impurity, and it is desirable to purify the silicon metal such
that the boron concentration is not more than 0.3 ppm.
[0212] It is preferable that the material of the crucible 15
contain graphite as a main component. There is no specific
limitation on components in the material other than graphite,
as long as the component in the material does not melt even if
the material is heated to 1700° C. or more.

[0213] The amount of graphite in the material of the cru-
cible 15 is preferably more than or equal to 60 mass %, more
preferably more than or equal to 80%, much more preferably
more than or equal to 95%, and may be 100%.

[0214] In the silicon purification method according to the
present invention, by employing the crucible 15 made of a
material containing graphite as a main component, it is pos-
sible to control the melt temperature of the silicon melt to be
1700° C. or more to easily purify the silicon melt. As
described above, by maintaining the silicon melt temperature
higher than the conventional technique to purify the silicon, it
is possible to further enhance the oxidization and removal of
the impurity on the surface of the recess 18a as compared with
the conventional technique. Further, by maintaining the sili-
con melt temperature higher than that of the conventional
technique to purity the silicon metal, the amount of steam G2
added to the plasma gas J can be increased as compared with
the conventional technique, whereby it is possible to further
enhance the oxidation and removal of the impurities on the
surface of the recess 18a.

[0215] It should be noted that the melt temperature of the
silicon metal refers to a temperature of the surface of the melt
(melt surface 185) as well as a temperature of the melt in the
vicinity of the surface of the melt (area close to the surface of
the melt).

[0216] From the viewpoint of improving the efficiency in
puritying the silicon, the temperature of the silicon metal melt
is preferably in the range of the 1750° C. to 1900° C. in the
range of 1700° C. to 1900° C., more preferably in the range of
1750° C. to 1850° C., much more preferably in the range of
1750° C. to 1800° C.

[0217] By setting the temperature to the lower limit value or
more in the above-described range, it is possible to suffi-
ciently suppress the formation of the coating of SiO, on the
silicon melt surface. Further, by setting the temperature to the
upper limit value or less in the above-described range, it is
possible to reduce the amount of silicon vaporizing from the
silicon melt, whereby it is possible to reduce the silicon
changing into the powder of SiO, and suppress the adhesion
of the powder to the furnace body of the device.

[0218] On the other hand, in the case of employing the
crucible made of a material mainly formed by quartz as is the
case with the conventional technique, it is difficult to adjust
the melt temperature at 1700° C. or more at the time of
puritying the silicon metal, since the melting point of the
quartz is about 1650° C. This is because quartz is eluted from
the crucible, SiO, is mixed with the silicon metal, and the
coating of Si0, is formed on the silicon melt, deteriorating the
efficiency of the purification.

[0219] Further, in the case where, at the silicon melt tem-
perature employed in the conventional technique (less than
1650° C.), the concentration of steam added to the plasma gas
Jis made larger than (for example, by 30 volume %) that in the
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conventional technique as described above, the coating of
Si0O, is formed on the silicon melt surface, or the powder of
Si0, adheres to the furnace body and falls into the silicon melt
to be molten again, so that the efficiency in purifying the
silicon and/or the degree of purification of the silicon tends to
deteriorate.

[0220] FIG. 10 is a schematic sectional view illustrating a
configuration example of the silicon purification device 1
applicable to the silicon purification method according to the
present invention, and operations of the silicon purification
device 1. The plasma torch 10 is disposed vertically above the
crucible 15 having the induction coil 17 wound therearound,
and is connected to the driving unit for moving upward and
downward the plasma torch 10 in a vertical direction. The
driving unit is placed on a base 21.

[0221] The driving unit in FIG. 10 includes the ball screw
22, the belt 23, and the motor 24. A driving force from the
motor 24 rotates the ball screw 22 through the belt 23, and the
shaft connected to the ball screw is moved upward and down-
ward in the vertical direction. As the plasma torch 10 is
connected to the shaft, by controlling the rotation of the motor
24, it is possible to bring the plasma torch 10 close to and
away from the silicon metal 18 loaded in the crucible 15. In
other words, by controlling the driving unit, it is possible to
adjust the distance D from the center of the top end of the
nozzle port 11c¢ of the plasma torch 10 to the melt surface 185
of the silicon metal 18 to a predetermined distance.

[0222] Tt is preferable that the silicon purification device 1
according to the present invention and having the driving unit
as described above operate and control so as to keep the
distance D constant during the purification of the silicon.
Methods of this operation together with a procedure of puri-
fying the silicon using the silicon purification device 1 will be
described.

[0223] First, the silicon metal (base material made of the
silicon metal) 18 is loaded in the crucible 15. Then, the silicon
metal 18 is molten through a high frequency induction heat-
ing with the induction coil 17. The melting is determined to be
complete when the silicon metal 18 reaches 1420° C. or more
and no block-like silicon can be seen.

[0224] The temperature of the melt of the silicon at the time
of purifying the silicon is set in the range of 1700° C. to 1900°
C

[0225] Next, by controlling the driving unit, the plasma
torch 10 is brought close to the melt surface 185 in the melt
state; the plasma torch 10 is positioned at a predetermined
position; the plasma working gas G1 (Ar gas) is supplied; the
steam G2 is added; and the plasma gas J is sprayed from the
nozzle port 11¢ of the plasma torch 10 to the melt surface 185.

[0226] At this time, the steam G2 is added from the steam
supplying port 115 at a ratio in the range of 15 volume % to 40
volume % with respect to the total flow rate of the plasma gas
J

[0227] At this time, by positioning the plasma torch 10 at a
predetermined position so as to locate the radical rich area R
of the plasma gas J at the melt surface 185, the purification
efficiency can be further improved. As the method for this, it
is preferable that the plasma torch 10 be disposed so as to
satisfy the following equation (5) between the distance D
from the center of the top end of the nozzle port 11¢ of the
plasma torch 10 to the melt surface 185, and the flow rate V of
the plasma working gas G1.
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[Equation 5]
D=axV (5)
[0228] In the equation (5), a coefficient a represents a real

number in the range of 0.75 to 2.0, a unit of D is millimeter,
and aunit of V is liter/minute. The range of the coefficient a is
a numerical range found as a result of study by the present
inventor of the present invention.

[0229] In the case where the coefficient a is less than the
lower limit value of the above-described range, the plasma
gas J and the radical rich area R reach an excessively deeper
position than the melt surface 185, possibly causing the melt
of the silicon 18 to spatter around. This makes it difficult to
sufficiently perform the oxidative purification.

[0230] On the other hand, in the case where the coefficient
a exceeds the upper limit of the above-described range, the
plasma gas J and the radical rich area R do not sufficiently
reach the melt surface 185, which makes it difficult to effi-
ciently perform the oxidative purification.

[0231] Further, the distance D represents a distance from
the center of the top end of the nozzle port 11c¢ to the melt
surface 185 when viewed in the direction of the plasma gas J
sprayed from the nozzle port 11¢ of the plasma torch 10. The
distance D does not necessarily indicate a shortest distance
from the center ofthe top end of the nozzle port 11¢ to the melt
surface 1854. In other words, in the case where the plasma gas
J is injected at an angle with respect to the melt surface 185,
the distance D is naturally longer than the shortest distance.
[0232] By disposing the plasma torch 10 and spraying the
plasma gas J to the melt surface 185 as described above, the
recess 18a is formed on the melt surface 185. In the recess
184, oxidation reaction mainly occurs, and boron and other
impurities are oxidized, and vaporized to be removed.
[0233] With the occurrence of vaporization as described
above, in some cases, the melt surface 185 gradually lowers
during the oxidative purification, and the distance D gradu-
ally becomes longer. This causes the radical rich area R of the
plasma gas J to be located above the melt surface 185, possi-
bly reducing the efficiency in the oxidative purification. In
order to suppress the reduction in the efficiency, it is prefer-
able to control the driving unit of the silicon purification
device 1 so as to make the distance D constant.

[0234] As the method for controlling the distance D, one
example is given in which: vaporization speed and the low-
ering speed of the melt surface 185 are examined in advance
through a preliminary experiment; the lowering speed of the
plasma torch 10 is set in advance on the basis of the result of
the preliminary experiment; and the driving unit controls on
the basis of the setting at the time of actual oxidative purifi-
cation. Another method includes: preparing a distance sensor
provided at the nozzle port 11¢ of the plasma torch 10; moni-
toring the distance D from the nozzle port 11¢ to the melt
surface 184; controlling the driving unit according to the
change in the distance L; and lowering the position of the
plasma torch 10.

[0235] At the time of controlling the plasma torch 10, the
lowering movement of the plasma torch 10 may be performed
continuously so as to correspond to the vaporization speed, or
may be performed intermittently (in a stepwise manner)
within the range in which the radical rich area R covers the
melt surface 185.

[0236] It should be noted that the description has been
made of the case where the plasma torch 10 is moved. How-
ever, a similar effect can be obtained by moving the crucible
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15 upward to keep the distance L constant. In this case,
another driving unit for moving the crucible 15 is necessary.
[0237] Further, it is desirable to set a torch output after the
addition of the steam G2 to be in the range of 3 kW/kg to 30
kW/kg per kg mass of silicon metal to be purified.

[0238] The silicon purification device 1 illustrated in FIG.
10 is a case in which a single plasma torch 10 is provided.
However, it may be possible to provide two or more plasma
torches. By purifying the silicon metal using the plural
plasma torches, it is possible to further increase the purifica-
tion speed as compared with the case in which only one
plasma torch is used.

[0239] Next, the present invention will be described in
more detail using Examples. However, the present invention
is not limited to these Examples.

[0240] InExamples 14 to 17, and Comparative Example 3,
the base materials of the silicon metal were purified using the
silicon purification device 1 illustrated in FIG. 10.

Example 14

[0241] First, 5 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible (having the amount of graphite of 99%), and
was made molten through induction heating.

[0242] Next, a plasma gas was sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of the
non-transferred type plasma working gas generated by a
plasma torch having an output of 100 kW was set to 100
L/min; the flow rate of the steam to be added was set to 33.3
L/min; and the radical rich area of the plasma gas was posi-
tioned at a height of the melt surface. An Ar gas was employed
as the plasma working gas. The flow rate of the steam added
from the oxidation gas supplying port of the plasma torch was
set to be 25 volume % of the total flow rate of the plasma gas
(133.33 L/min).

[0243] As the molten silicon gradually vaporizes and the
melt surface lowers during the purification by spraying the
plasma gas, the silicon metal was purified by monitoring the
lowering of the melt surface, and lowering the position of the
plasma torch according to the lowering of the melt surface so
as to appropriately adjust the distance from the plasma torch
to the melt surface.

[0244] After the start of the purification with the plasma
gas, sampling was performed for each 20 minutes, and the
purification ends after the sampling of 60 minutes.

15
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[0245] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 5
shows the results. Note that, in Table 5, the degree of removal
of'the boron was evaluated according to the following criteria.

[0246] [Evaluation criteria of the degree of boron removal]
x: the boron concentration in the silicon was 2.0 ppm or more.
A: the boron concentration in the silicon is more than 0.3 ppm
and less than 2.0 ppm. O: the boron concentration in the
silicon is more than 0.1 ppm and less than 0.3 ppm. O O: the
boron concentration in the silicon is 0.1 ppm or lower.

TABLE 5

Elapsed time from start

of purification (min)

0 20 40 60
Boron concentration in silicon (ppm) 10.0 1.80 0.27 0.05
Degree of boron removal X A o oo

[0247] From the results described above, it is confirmed
that, with Example 14 according to the present invention, the
boron concentration in the silicon is less than or equal to 0.3
ppm by setting the purification time to 40 minutes or more.

Examples 15 to 19, Comparative Examples 3 to 4

[0248] The silicon was purified under the same conditions
of Example 14 except that the amount of steam added to the
plasma gas in Example 14 was changed to 10, 15, 20, 25, 30,
40, and 45 volume %.

[0249] Sampling was performed 60 minutes later after the
start of the purification with the plasma gas, and the purifica-
tion ended.

[0250] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 6
and FIG. 11 show the results. Note that, in Table 6, the degree
of'removal of the boron was evaluated according to the above-
described criteria.

TABLE 6
Comparative Example FExample Example Example Example Comparative
Example 3 15 16 17 18 19 Example 4
The amount 10 15 20 25 30 40 45
of added
steam
(volume %)
Boron 0.67 0.20 0.13 0.05 0.05 0.11 0.37
concentration
in silicon
(ppm)
Degree of A o o oo oo o A

boron
removal
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[0251] From the results described above, Examples 15 to
19 according to the present invention confirm that the boron
concentration in the silicon is less than or equal to 0.3 ppm by
setting the amount of added steam in the range of 15 volume
% to 40 volume % of the total flow rate of the plasma gas
under the conditions of the purification time of 60 minutes for
each steam amount.

[0252] On the other hand, Comparative Example 3 con-
firms that the purification efficiency deteriorates if the amount
of'added steam is small. Further, with Comparative Example
4, the amount of added steam is large and the powder con-
taining SiO, is generated. Thus, in some cases, the powder
adheres to the furnace body (in the vicinity of the crucible,
and the plasma torch), and enters the silicon melt as contami-
nants.

Example 20

[0253] Silicon purification was performed under the same
conditions as Example 14 except that an Ar gas with a flow
rate of 100 L/min and a hydrogen gas with a flow rate of 100
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[0257] From the results described above, Example 20
according to the present invention confirms that the boron
concentration in the silicon is less than or equal to 0.3 ppm by
setting the purification time to 40 minutes or more.

Examples 21 to 25, Comparative Examples 5 to 6

[0258]
conditions as Example 14 except that the melt temperature in

Silicon purification was performed under the same

Example 1 is changed into the temperatures in the range of
1650° C. to 1950° C. as shown in Table 8.

[0259] Sampling was performed 60 minutes later after the
start of the purification, and the purification ended.

[0260] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 8
and FIG. 12 show the results. Note that, in Table 8, the degree
of'removal of the boron was evaluated according to the above-
described criteria.

TABLE 8
Comparative Example FExample Example Example Example Comparative
Example 5 21 22 23 24 25 Example 6
Silicon melt 1650 1700 1750 1800 1850 1900 1950
temperature
e
Boron 1.22 0.12 0.05 0.05 0.08 0.15 0.50
concentration
in silicon
(ppm)
Degree of A o oo oo oo o A
boron
removal
L/min were supplied to form a mixture gas with a flow rate of [0261] From the results described above, Examples 21 to

200 L/min as the plasma working gas of the plasma gas in
Example 14.

[0254] It should be noted that the flow rate of the steam
added from the oxidation gas supplying port of the plasma
torch is set to be 66.6 L/min, which is 25 volume % of the total
flow rate of the plasma gas (sum total of the flow rates of the
Ar gas, the hydrogen gas, and the steam).

[0255] Sampling was performed for each 20 minutes after
the start of the purification with the plasma gas, and the
purification ends after the sampling of 60 minutes.

[0256] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 7
shows the results. Note that, in Table 7, the degree of removal
of the boron was evaluated according to the above-described
criteria.

TABLE 7
Elapsed time from start
of purification (min)
0 20 40 60
Boron concentration in silicon (ppm) 10.0 0.31 0.03 0.03
Degree of boron removal X A oo oo

25 according to the present invention confirm that the boron
concentration in the silicon is less than or equal to 0.3 ppm by
setting the silicon melt temperature in the range of 1700° C. to
1900° C. under the conditions of the purification time of 60
minutes for each silicon melt temperature.

[0262] On the other hand, it is confirmed that, in the case
where the silicon melt temperature is set to 1650° C., the
silicon melt temperature is lower. Thus, the coating contain-
ing SiO, is likely to be formed on the silicon melt surface,
deteriorating the purification efficiency. Further, in the case
where the silicon melt temperature is set to 1950° C., the
silicon melt temperature is undesirably high. Thus, in some
cases, the powder containing SiO), is generated, adheres to the
furnace body (in the vicinity of the crucible, and the plasma
torch), and enters the silicon melt as the contaminants.

Comparative Example 7

[0263] Silicon purification was performed under the same
condition as Example 14 except that the crucible made of
graphite used in Example 14 is changed into the crucible
made of quartz.

[0264] Sampling was performed for each 20 minutes after
the start of the purification with the plasma gas, and the
purification ends after the sampling of 60 minutes.
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[0265] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 9
shows the results.

TABLE 9

Elapsed time from start
of purification (min)

0 20 40 60
Boron concentration in silicon 10.0 7.9 6.6 5.3
(ppm)
Degree of boron removal X X X X
[0266] It is confirmed that, with Comparative Example 7,

the brightness of the silicon melt surface is high as compared
with that in Example 14 according to the present invention.
[0267] From the results described above, Comparative
Example 5 confirms that, as the silicon melt temperature in
Comparative Example 5 is higher than the melting tempera-
ture of quartz (about 1650° C.), SiO, is eluted from the quartz
crucible, and the coating containing SiO, is likely to be
formed on the silicon melt surface, deteriorating the purifica-
tion efficiency.

[0268] From the results described above, it is obvious that
the silicon purification method according to the present
invention improves the efficiency in purifying the silicon as
compared with the conventional method.

Third Embodiment

[0269] Next, a third embodiment according to the present
invention will be described.

[0270] FIG.13 is a schematic sectional view for explaining
a configuration example of the plasma torch 10 of the silicon
purification device 1 applicable to the silicon purification
method according to the present invention, and the plasma gas
J injected from the plasma torch 10.

[0271] The plasma torch 10 includes the anode electrode
11, the cathode electrode 12, the plasma-working-gas supply-
ing port 11a, and the oxidation-gas supplying port 115.
[0272] Inaspacesurrounded by the anode electrode 11, the
plasma-working-gas supplying port (supplying path) 11a for
supplying the plasma working gas (inert gas) G1 to the nozzle
port 11¢ of the plasma torch 10 is formed. As the plasma
working gas G1, the argon (Ar) gas is used in this embodi-
ment. Further, although not illustrated in the drawing, the
cooling unit for preventing the anode electrode 11 from over-
heating may be provided in the vicinity of the anode electrode
11 (position near the anode electrode 11) or within the anode
electrode 11.

[0273] Further, as the plasma working gas G1, it may be
possible to employ an inert gas such as an argon (Ar) gas, or
a mixture gas in which a hydrogen (H,) gas is mixed with the
argon gas, or the like. By mixing the hydrogen gas with the
argon gas, it is possible to improve the efficiency in removing
due to the oxidation of the impurities in the silicon metal.
[0274] The cathode electrode 12 is provided in the space
surrounded by the anode electrode 11. The cathode electrode
12 is insulated from the anode electrode 11, is electrically
connected with the negative pole of the direct-current power
supply 13, and radiates thermo electrons for generating a
plasma arc P with the anode electrode 11.

[0275] By supplying the argon gas serving as the plasma
working gas G1 from the plasma-working-gas supplying port
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11a to the nozzle port 11¢ while generating the plasma arc P,
the plasma flame 5 containing the plasma gas is injected from
the nozzle port 11c.

[0276] The anode electrode 11 includes the plasma-work-
ing-gas supplying port 11a, and the oxidation-gas supplying
port 115 provided at a position different from the plasma-
working-gas supplying port 11a and supplying an oxidation
gas G2 to the vicinity of the nozzle port 11¢ of the plasma
torch 10 (to the area near the nozzle port 11¢). The oxidation
gas G2 includes, for example, steam, carbon monoxide gas,
and oxygen gas. Steam is employed in this specification. By
adding the steam to the plasma gas by a predetermined vol-
ume %, the plasma gas J containing the large amount of OH
radical together with the plasma flame 5 are injected from the
nozzle port 11c.

[0277] The expression “adding the steam (oxidation gas
(G2) by a predetermined volume %" as used herein means a
ratio of the steam with respect to the sum total (plasma gas) of
the volume of the argon gas (plasma working gas G1) and the
volume ofthe steam. For example, in the case where the steam
with the flow rate of 20 L/min is added to the plasma working
gas with the flow rate of 80 L/min, the total flow rate of the
plasma gas is 100 L/min. In this case, the steam is added by 20
volume %.

[0278] The concentration distribution of the OH radical
(radical of oxidation gas) in the plasma gas J is illustrated in
FIG. 13 as stepwise gradation for the purpose of convenience.
However, it is considered that, in reality, the concentration
distribution gradually changes. More specifically, the con-
centration distribution of the OH radical can be expressed as
a normal distribution having a peak at a center of the area R
illustrated in FIG. 13, when viewed in the direction from the
top end ofthe plasma flame 5 toward the top end of the plasma
gas J. Thus, the area denoted by R in FIG. 13 is an area having
the largest amount of radical in the radical-rich plasma gas J.
This area R is referred to as the radical rich area R in this
specification and Claims.

[0279] Itshould be noted that the concentration distribution
of'the radical in the plasma gas J can be examined through an
optical measurement method employing, for example, a high-
speed gate camera having an image intensifier and CCD
elements.

[0280] As the method for supplying the steam, it is prefer-
able to add the steam from the vicinity of the nozzle port 11¢
of'the anode electrode 11, in other words, from the oxidation-
gas supplying port 115 provided near the nozzle port 11c as
illustrated in FIG. 13. By adding the steam through the
method described above, it is possible to efficiently form the
radical rich area R in the plasma gas.

[0281] As another method, it may be possible to employ a
method in which a nozzle of a steam (oxidation gas G2)
supplying device, which is provided separately from the
plasma torch 10, is disposed so as to be targeted at the plasma
gas to add the steam in the plasma gas.

[0282] FIG. 14 is schematic sectional view illustrating a
relationship of relative positions of the nozzle port 11¢ of the
plasma torch 10 and the melt surface 185 of the silicon metal
18 in the silicon purification device 1 applicable to the silicon
purification method according to the present invention.
[0283] The nozzle port 11c is targeted at the crucible 15,
and the distance L from the center of the top end of the nozzle
port 11¢ of the plasma torch 10 to the melt surface 185 is
adjusted such that the radical rich area R of the plasma gas J
injected from the nozzle port 11c is positioned at the melt
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surface 185 of the silicon metal 18 in the melt state. In this
embodiment, the distance L represents a distance when
viewed in the direction of the plasma gas J sprayed from the
nozzle port 11c, and the distance L does not necessarily
indicate the shortest distance from the center of the top end of
the nozzle port 11c¢ to the melt surface 185. In other words, in
the case where the plasma gas J is injected at an angle with
respect to the melt surface 185, the distance L is naturally
longer than the shortest distance. On the other hand, in the
case where the plasma gas I is injected perpendicularly to the
melt surface 185, the distance L is naturally the shortest
distance.

[0284] Onthe melt surface 185 on which the plasma gas J is
sprayed, the recess 18a is formed.

[0285] By adjusting the distance L. such that the radical rich
area R is positioned at the melt surface 185, the efficiency in
oxidization and removal of boron or other impurities in the
melt surface 185 is further enhanced.

[0286] As a mechanism of removing the boron, it is con-
sidered that, on the surface of the recess 18a formed on the
melt surface 185 with the plasma gas J having the oxidation
gas G2 added therein, the boron is oxidized with at least the
oxidation gas (G2 and radical from the oxidation gas G2 (for
example, OH radical), and then, the oxidized boron is vapor-
ized and removed.

[0287] As the oxidation gas G2, it is preferable to employ
steam that can remove the impurities such as boron in the
silicon metal 18 in a highly efficient manner, can handle in a
relatively easy manner, and is highly safety.

[0288] The crucible 15 is disposed directly below the
plasma torch 10, and contains the silicon metal 18. The silicon
metal 18 may be heated with the plasma gas J into a melt state,
or may be molten with another method (for example, high
frequency induction heating employing an induction coil).
The crucible 15 is made preferably of graphite.

[0289] As the base material of the silicon metal 18, it is
preferable to employ a silicon base material used for photo-
electric conversion elements of solar cell. In general, the
silicon base material contains boron of about 10 ppm as an
impurity, and it is desirable to purify the silicon metal such
that the boron concentration is not more than 0.3 ppm.
[0290] FIG. 15 is a schematic sectional view for explaining
a configuration example of the silicon purification device 1
applicable to the silicon purification method according to the
present invention, and operations thereof. The plasma torch
10 is disposed vertically above the crucible 15 having the
induction coil 17 wound therearound, and is connected to the
driving unit for moving upward and downward the plasma
torch 10 in the vertical direction. The driving unit is placed on
the base 21.

[0291] The driving unit in FIG. 15 includes the ball screw
22, the belt 23, and the motor 24. A driving force from the
motor 24 rotates the ball screw 22 through the belt 23, and the
shaft connected to the ball screw is moved upward and down-
ward in the vertical direction. As the plasma torch 10 is
connected to the shaft, by controlling the rotation of the motor
24, it is possible to bring the plasma torch 10 close to and
away from the silicon metal 18 loaded in the crucible 15. In
other words, by controlling the driving unit, it is possible to
maintain the distance L. from the center of the top end of the
nozzle port 11c¢ of the plasma torch 10 to the melt surface 185
of the silicon metal 18 to be a predetermined distance.
[0292] The silicon purification device 1 according to the
present invention and having the driving unit 1 as described
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above operates and controls so as to keep the distance L
constant during the purification ofthe silicon. Methods of this
operation together with a procedure of purifying the silicon
using the silicon purification device 1 will be described.
[0293] First, the silicon metal (base material made of the
silicon metal) 18 is loaded in the crucible 15. Then, the silicon
metal 18 is molten through a high frequency induction heat-
ing with the induction coil 17. The melting is determined to be
complete when the silicon metal 18 reaches 1420° C. or more
and no block-like silicon can be seen.

[0294] The temperature of the melt of the silicon at the time
of purifying the silicon is set preferably in the range of 1500°
C. 10 1900° C. This is because, in the case where the tempera-
ture is less than 1500° C., the silicon melt is likely to be
covered with silica (Si0,) due to influence of the steam
sprayed for the oxidative purification, which leads to a
decrease in the speed of removing boron. On the other hand,
the excessively high silicon melt temperature leads to a
decrease in the speed of removing boron, and hence, it is
desirable to set the temperature to 1900° C. or lower.

[0295] Next, by controlling the driving unit, the plasma
torch 10 is brought close to the melt surface 185 of the silicon
18 in the melt state; the plasma torch 10 is positioned at a
predetermined position; the plasma working gas G1 (Ar gas)
is supplied; the oxidation gas G2 (steam) is added; and the
plasma gas J is sprayed from the nozzle port 11¢ of the plasma
torch 10 to the melt surface 185.

[0296] At this time, by positioning the plasma torch 10 at a
predetermined position so as to locate the radical rich area R
of the plasma gas J at the melt surface 185, the purification
efficiency can be further improved. As the method for this, the
plasma torch 10 is disposed so as to satisfy the following
equation (6) between the distance L from the center of the top
end of the nozzle port 11¢ of the plasma torch 10 to the melt
surface 1856, and the flow rate V of the plasma working gas
G1.

[Equation 6]
L=axV (6)
[0297] In the equation (6), a coefficient a represents a real

number in the range of 0.75 to 2.0, a unit of L is millimeter,
and aunit of V is liter/minute. The range of the coefficient a is
a numerical range found as a result of study by the present
inventor of the present invention.

[0298] In the case where the coefficient a is less than the
lower limit value of the above-described range, the plasma
gas J and the radical rich area R reach an excessively deeper
position than the melt surface 185, possibly causing the melt
of the silicon 18 to spatter around. This makes it difficult to
sufficiently perform the oxidative purification.

[0299] On the other hand, in the case where the coefficient
a exceeds the upper limit value of the above-described range,
the plasma gas J and the radical rich area R do not sufficiently
reach the melt surface 185, which makes it difficult to effi-
ciently perform the oxidative purification.

[0300] By disposing the plasma torch 10 and spraying the
plasma gas J to the melt surface 185 as described above, the
recess 18a is formed on the melt surface 185. In the recess
184, oxidation reaction mainly occurs, and boron and other
impurities are oxidized, and vaporized to be removed.
[0301] With the occurrence of vaporization as described
above, the melt surface 184 gradually lowers during the oxi-
dative purification, and the distance L gradually becomes
longer. This causes the radical rich area R of the plasma gas J



US 2012/0181164 Al

to be located above the melt surface 185, reducing the effi-
ciency in the oxidative purification. In order to suppress the
reduction in the efficiency, it is preferable to control the
driving unit of the silicon purification device 1 so as to make
the distance L constant.

[0302] As the method for controlling the distance L, one
example is given in which: the vaporization speed and the
lowering speed of the melt surface 186 are examined in
advance through a preliminary experiment; the lowering
speed of the plasma torch 10 is set in advance on the basis of
the result of the preliminary experiment; and the driving unit
controls on the basis of the setting at the time of actual
oxidative purification. Another method includes: preparing a
distance sensor provided at the nozzle port 11¢ of the plasma
torch 10; monitoring the distance L. from the nozzle port 11¢
to the melt surface 184; controlling the driving unit according
to the change in the distance L; and lowering the position of
the plasma torch 10.

[0303] At the time of controlling the plasma torch 10, the
lowering movement of the plasma torch 10 may be performed
continuously so as to correspond to the vaporization speed, or
may be performed intermittently (in a stepwise manner)
within the range in which the radical rich area R covers the
melt surface 185.

[0304] It should be noted that the description has been
made of the case where the plasma torch 10 is moved. How-
ever, a similar effect can be obtained by moving the crucible
15 upward to keep the distance L constant. In this case,
another driving unit for moving the crucible 15 is necessary.

[0305] The silicon purification device 1 illustrated in FIG.
15 is provided with a single plasma torch 10. However, the
silicon purification device 1 may be provided with two or
more plasma torches. By purifying the silicon metal with the
plural plasma torches, the purification speed can be increased
as compared with the purification with the single plasma
torch.

[0306] Further, it is desirable that the flow rate of the oxi-
dation gas G2 (steam) to be added fall in the range of 15
volume % to 40 volume % of the total flow rate of the plasma
gas (sum total of the flow rate of the plasma working gas G1
and the flow rate of the added oxidation gas G2). This is
because, in the case where the flow rate of the oxidation gas
(2 is less than 15 volume %, the speed of removing the boron
reduces, and in the case where the flow rate of the oxidation
gas G2 exceeds 40 volume %, covering with silica is likely to
occur, which leads to the reduction in the speed of removing
boron.

[0307] Further, it is desirable to set a torch output after the
addition of the oxidation gas G2 (steam) to be in the range of
3 kW/kg to 30 kW/kg per kg mass of silicon metal to be
purified.

[0308] As described above, even if the melt surface 184
lowers due to the vaporization, the plasma gas J can be
sprayed onto the melt surface 185 in a constant manner during
the oxidative purification by keeping the distance L constant,
which improves the efficiency in purifying the silicon. Fur-
ther, by positioning the radical rich area R of the plasma gas
J at the melt surface 185, the oxidative purification of the
impurities can be further enhanced, whereby the efficiency in
puritying the silicon can be further improved.

[0309] Next, the present invention will be described using
examples in more detail using Examples. However, the
present invention is not limited to these examples.
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[0310] In Examples 26 to 27, the base materials of the
silicon metal were purified by using the silicon purification
device 1 illustrated in FIG. 15.

Example 26

[0311] First, 15 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating.

[0312] Next, the plasma gas was sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of the
non-transferred type plasma working gas generated by the
plasma torch having an output of 100 kW was set to 100
L/min; the flow rate of the steam to be added was set to 33.3
L/min; and the radical rich area of the plasma gas was posi-
tioned at the height of the melt surface. At this time, the
distance between the spraying port ofthe plasma torch and the
melt surface was 200 mm. As the plasma gas, an Ar gas was
employed. The flow rate of the steam added from the oxida-
tion gas supplying port of the plasma torch was set to 25
volume % of the total flow rate (133.3 L/min) of the plasma
gas.

[0313] As the molten silicon gradually vaporizes and the
melt surface lowers during the spraying of the plasma gas, the
silicon metal was purified by monitoring the lowering of the
melt surface, and lowering the position of the plasma torch
according to the lowering of the melt surface so as to maintain
the distance between the center of the top end of the nozzle
port of the plasma torch to the melt surface to 200 mm.
[0314] After the start of the purification with the plasma
gas, sampling was performed for each 30 minutes, and the
purification ends after the sampling of 120 minutes.

[0315] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 10
and FIG. 16 show the results.

[0316] Itshould be noted that, in FIG. 16, the character “@”
represents measured values in Example 26, and the character
“[J” represents measured values in Comparative Example,
which will be described later.

TABLE 10

Elapsed time from start
of purification (min)

0 30 60 90 120

Boron concentration in silicon (ppm) 10 2.80 051 019 0.05

[0317] From the results described above, Example 26
according to the present invention confirms that the boron
concentration in silicon is 0.3 ppm or lower by setting the
purification time to 90 minutes or more.

Example 27

[0318] First, 15 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating.

[0319] Next, the plasma gas was sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rates V of
the non-transferred type plasma working gas generated by the
plasma torch having an output of 100 kW were set to 50
L/min, 100 L/min, and 200 L/min; the flow rates of the steam
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to be added were set to 16.7 L/min, 33.3 L/min, and 66.6
L/min; and the radical rich area of the plasma gas was posi-
tioned at the height of the melt surface. At this time, the
distance L. (mm) between the spraying port of the plasma
torch and the melt surface was set so as to satisfy the above-
described equation (6) (L=axV), which is expressed by the
product of the coefficient a and the flow rate V of the plasma
working gas (L/min). As the plasma gas, an Ar gas was
employed. The flow rate of the steam added from the oxida-
tion gas supplying port of the plasma torch was set to 25
volume % of'the total flow rate of the plasma gas (sum total of
the flow rate of the plasma working gas and the flow rate of the
steam).

[0320] As the molten silicon gradually vaporizes and the
melt surface lowers during the spraying of the plasma gas, the
silicon metal was purified by monitoring the lowering of the
melt surface, and lowering the position of the plasma torch
according to the lowering of the melt surface so as to maintain
the distance between the center of the top end of the nozzle
port of the plasma torch to the melt surface to the distance L
satisfying the above-described equation.

[0321] As described above, the base materials of the silicon
metal were separately purified under the conditions where the
coefficient a was changed in the range 0of 0.5 t0 2.5 for each of
the flow rates V described above. Table 11 shows the coeffi-
cients a at this time.

[0322] Sampling was performed 120 minutes later after the
start of the purification, and the purification ended.

[0323] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. The
results thereof are shown in Table 11, and FIG. 17.

[0324] Itshould be noted that, in FIG. 17, the character “A”
represents measured values obtained by setting the flow rate
V of the plasma working gas to 50 L/min, the character “[]”
represents measured values obtained by setting the flow rate
V of the plasma working gas to 100 L/min, and the character
“(O” represents measured values obtained by setting the flow
rate V of the plasma working gas to 200 L/min.

TABLE 11

[Boron concentration in silicon (ppm)]

Coefficient a

0.5 0.75 1.0 1.25 1.5 2.0 2.5

Flow rate 0.08 002 002 002 003 0.05 0.50
V=350

(L/min)

Flow rate 027 004 003 005 0.06 0.10 1.65
V=100

(L/min)

Flow rate 130 012 008 010 012 0.19 4.87
V=200

(L/min)

[0325] From the results described above, Example 27
according to the present invention confirms that the boron
concentration in silicon is less than or equal to 0.3 ppm by
setting the coefficient a in the rage of 0.75 to 2.0 in the case
where the purification time is set to 120 minutes for each of
the flow rates V of the plasma working gas.

Comparative Example 8
[0326] First, 15 kg of the base material of the silicon metal
having boron with a concentration of 10 ppm was placed in a
graphite crucible, and was made molten through induction
heating.
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[0327] Next, the plasma gas was sprayed such that: a tem-
perature of the melt was kept at 1750° C.; the flow rate of the
non-transferred type plasma working gas generated by the
plasma torch having an output of 100 kW was set to 100
L/min; the flow rate of the steam to be added was set to 33.3
L/min; and the radical rich area of the plasma gas was posi-
tioned at the height of the melt surface. At this time, the
distance between the center of the top end of the nozzle port
of'the plasma torch and the melt surface was set to 200 mm at
the time of starting the purification. As the plasma gas, an Ar
gas was employed. The flow rate of the steam added from the
oxidation gas supplying port of the plasma torch was set to 25
volume % of the total flow rate of the plasma gas (133.33
L/min).

[0328] Although the molten silicon gradually vaporizes
and the melt surface lowers during the spraying of the plasma
gas, the silicon metal was purified by fixing the position of the
plasma torch to the position thereof at the time of starting the
purification.

[0329] After the start of the purification with the plasma
gas, sampling was performed for each 30 minutes, and the
purification ends after the sampling of 120 minutes. The
distance between the spraying port ofthe plasma torch and the
melt surface was 240 mm at the end of the purification.
[0330] The boron concentration in the silicon obtained
through the sampling was measured with ICP-MS. Table 12
and FIG. 16 show the results.

[0331] Itshould be noted that, in FIG. 16, the character “@”
represents measured values in Example 26, and the character
“[J” represents measured values in Comparative Example.

TABLE 12

Elapsed time from start
of purification (min)

0 30 60 90 120

Boron concentration in silicon (ppm) 10 2.66 0.60 0.50 045

[0332] From the results described above, it is obvious that
the silicon purification method according to the present
invention improves the efficiency in purifying the silicon as
compared with the convention method.

REFERENCE SIGNS LIST

[0333] 1 silicon purification device

[0334] 5 plasma flame

[0335] 7 virtual circle A

[0336] 10 plasma torch

[0337] 11 anode electrode

[0338] 11a plasma-working-gas supplying port

[0339] 115 oxidation-gas supplying port, steam supply-
ing port

[0340] 11c nozzle port

[0341] 12 cathode electrode

[0342] 13 direct-current power supply

[0343] 15 crucible

[0344] 17 induction coil

[0345] 18 silicon metal

[0346] 18a recess

[0347] 185 melt surface

[0348] 21 base of plasma torch driving unit

[0349] 22 ball screw

[0350] 23 belt
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[0351] 24 motor

[0352] 26 torch holder

[0353] 27 arm

[0354] 28 belt

[0355] 29 motor

[0356] © clevation angle

[0357] h major axis

[0358] i minor axis

[0359] L radius of melt surface in crucible

[0360] 1radius of virtual circle

[0361] C center of the virtual circle

[0362] P plasma arc

[0363] J plasma gas, plasma gas containing the large

amount of radical

[0364] R radical rich area

[0365] (1 plasma working gas

[0366] (2 oxidation gas, steam

What is claimed is:

1. A method for purifying silicon, using a silicon purifica-
tion device having at least a crucible for loading a silicon
metal and a plasma torch, the method including purifying the
silicon metal by injecting a plasma gas from the plasma torch
toward a melt surface of the silicon metal loaded in the cru-
cible in a state where an angle formed by the melt surface and
the plasma gas is set to be in the range of 20° to 80°.

2. The method for purifying silicon according to claim 1,
wherein

the silicon purification device includes a plurality of

plasma torches, and

plasma gases are sprayed from the plasma torches so as to

form a plurality of recesses on the melt surface.

3. The method for purifying silicon according to claim 1,
further including

causing a circulation flow of the melt surface.

4. The method for purifying silicon according to claim 3,
further including

spraying the plasma gas in a forward direction of the cir-

culation flow.

5. The method for purifying silicon according to claim 2,
further including

spraying the plasma gases from the respective plasma

torches in a tangential direction of a virtual circle A
having the recesses on a circumference of the virtual
circle A in a manner such that the plasma gases are
aligned in one direction of the circumference of the
virtual circle A.

6. The method for puritying silicon according to claim 5,
further including spraying the plasma gases so as to satisfy the
following equation (1), where 1is a radius of the virtual circle
A, Lisaradius ofavirtual circle B having a center same as the
virtual circle A and inscribed in an outer circumference of the
melt surface, and iis a diameter of the recesses in a direction
perpendicular to a tangent line of the virtual circle A.

[Equation 7]

3=I=L-3i o)

7. A silicon purification device comprising:

a crucible for loading a silicon metal; and

a plasma torch having an angle-controlling unit that con-
trols a direction of a plasma gas, said plasma torch
injecting the plasma gas to a melt surface of the silicon
metal loaded in the crucible.

8. The silicon purification device according to claim 7,

further comprising
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a plurality of plasma torches, wherein

the plasma torches are arranged such that, by injecting
plasma gases from the respective plasma torches, a plu-
rality of recesses is formed on the melt surface, and a
circulation flow is caused along the recesses.

9. The silicon purification device according to claim 8,
wherein directions of nozzle ports of the plasma torches are
aligned in a forward direction of the circulation flow.

10. The silicon purification device according to claim 7,
further comprising a plurality of plasma torches, wherein

nozzle ports of the plasma torches are arranged such that a
virtual circle A having, on a circumference thereof, a
plurality of recesses formed on the melt surface by
injecting plasma gases from the plasma torches is con-
centric with a virtual circle F having, on a circumference
thereof, points obtained by projecting the nozzle ports of
the plasma torches on the melt surface.

11. The silicon purification device according to claim 10,
wherein directions of the nozzle ports of the plasma torches
are aligned in any one of a clockwise direction and a coun-
terclockwise direction of the concentric circles.

12. The silicon purification device according to claim 7,
wherein an angle formed by the melt surface of the silicon
metal loaded in the crucible and a direction of the nozzle port
of'each of the plasma torches is set in the range of 20° to 80°.

13. The silicon purification device according to claim 7,
further comprising:

a supplying port for a plasma working gas, and a supplying
port for an oxidation gas different from said supplying
port for the plasma working gas at positions near the
nozzle port of the plasma torch.

14. A method for purifying silicon, using a silicon purifi-
cation device comprising at least a crucible for loading a
silicon metal, and a plasma torch, the method including

purifying the silicon metal by injecting a plasma gas from
the plasma torch toward a melt surface of the silicon
metal loaded in the crucible, and

controlling a melt temperature of the silicon metal to be in
the range 0f 1700° C. to 1900° C. when steam is added to
the plasma gas to purify the silicon metal.

15. The method for purifying silicon according to claim 14,
wherein the crucible is made of a material containing graphite
as a main component.

16. The method for purifying silicon according to claim 14,
wherein a ratio of a flow rate of the steam added to the plasma
gas relative to the total flow rate of the plasma gas is in the
range of 15 volume % to 40 volume %.

17. A silicon purification device employing the method for
puritying silicon according to claim 14, further comprising

a supplying port for a plasma working gas, and a supplying
port for steam different from the supplying port for the
plasma working gas at positions near a nozzle port of the
plasma torch.

18. A method for purifying silicon using a silicon purifica-
tion device comprising at least a crucible for loading a silicon
metal, and a plasma torch, the method including

purifying the silicon metal by injecting a plasma gas from
anozzle port ofthe plasma torch toward a melt surface of
the silicon metal loaded in the crucible, and

keeping constant a distance from a center of a top end of the
nozzle port to the melt surface in a direction of the
plasma gas injected from the nozzle port.

19. The method for purifying silicon according to claim 18,

wherein
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the silicon metal is purified by keeping the distance con-
stant such that a radical rich area of the plasma gas is
positioned at the melt surface.

20. The method for purifying silicon according to claim 18,

wherein

the following equation (2) is satisfied, where L is the dis-

tance, and V is a working-gas flow rate of the plasma gas.
[Equation 8]

L=axV 2)

(in said equation, the coefficient a represents a real number in
the range 0of 0.75 t0 2.0, a unit of L is millimeter, and a unit of
V is liter/minute)
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21. A silicon purification device employing the method for
puritying silicon according to claim 18, further comprising
a driving unit that controls the distance.

22. The silicon purification device according to claim 21,
further comprising

a supplying port for a plasma working gas, and a supplying
port for an oxidation gas different from the supplying
port for the plasma working gas at positions near the
nozzle port.



