
WO 2009/033255 PCT/CA2008/000492  1 PROCESS FOR THE
PRODUCTION OF MEDIUM AND HIGH PURITY SILICON  FROM
METALLURGICAL GRADE SILICON 5 FIELD OF THE INVENTION
This invention relates generally to the production of
silicon metal, more particularly it  concerns a
process of purification by crystallization that
produces medium and/or  high purity silicon metal for
use in photovoltaic applications. 10 BACKGROUND OF THE
INVENTION There are many and varied applications of
silicon (Si), each application with its own
particular specifications. 15 Most of the world
production of metallurgical grade silicon goes to the
steel and  automotive industries, where it is used as
a crucial alloy component. Metallurgical  grade
silicon is a silicon of low purity. Typically,
metallurgical grade silicon that is  about 98% pure
silicon is produced via the reaction between carbon
(coal, charcoal, 20 pet coke) and silica (SiO2) at a
temperature around 1700 C in a process known as
carbothermal reduction. A small portion of the
metallurgical grade Si is diverted to the
semiconductor industry  for use in the production of
Si wafers, etc. However, the semiconductor industry
25 requires silicon of ultra-high purity, e.g.
electronic grade silicon (EG-Si) having approximately
a 99.9999999% purity (9N). Metallurgical grade silicon
must be  purified to produce this electronic grade.
However, the purification process is  elaborate
resulting in the higher cost of electronic grade
silicon. 30 The photovoltaic (PV) industry requires
silicon of a relatively high degree of purity for  the
production of photovoltaic cells, i.e. solar cells.
The purity requirements of silicon  for best
performance in solar cell applications are: SUBSTITUTE
SHEET (RULE 26) WO 2009/033255 PCT/CA2008/000492  2
boron (B) < 3 ppmw, phosphorus (P) < 10 ppmw, 



total metallic impurities < 300 ppmw and preferably <
150 ppmw. 5 Although the degree of silicon purity
required by the photovoltaic industry is less than
that of the semiconductor industry, an intermediate
grade of silicon, i.e. solar grade  (SoG-Si) silicon,
with the necessary low boron and low phosphorus
content is not  readily commercially available. One
current alternative is to use expensive ultra-high
purity electronic grade silicon; this yields solar
cells with efficiencies close to the lo theoretical
limit but at a prohibitive price. Another alternative
is to use less expensive  "scrap" or off-specification
supply of electronic grade silicon from the
semiconductor  industry. However, improvements in
silicon chip productivity have resulted in a  decrease
in the "scrap" supply of electronic grade silicon
available to the PV industry.  Moreover, parallel
growth of the semiconductor and photovoltaic
industries has also  15 contributed to the general
short supply of electronic grade silicon. Several
methods of purifying low-grade silicon, i.e. raw
silicon or metallurgical grade  silicon, are known in
the art. 20 In US 2005/0074388 it is mentioned that:
"For electronic and photovoltaic applications that
require high degrees of purity, the  method of
producing finished products such as photoelectric
cells or solar panels  comprises a step to produce
pure silicon from a basic material that is a silicon
25 essentially with a low content of boron and
phosphorus. For a long time, declassified products
derived from the production of electronic silicon
have formed the main source of photovoltaic quality
silicon, but this source is  insufficient to supply
the increasing market demand so that other silicon
sources are 30 necessary such as metallurgical silicon
produced by carbothermal reduction of silica  in a
submerged electric arc furnace, for which the quality
may be improved using  various secondary metallurgy
refining treatments, for example, refining with
chlorine WO 2009/033255 PCT/CA2008/000492  3 described
in patent EP 0.720.967 (Pechiney Electrometallurgie).
Thus, a silicon is  produced satisfying specifications
for example such as the following (% by weight):  Iron
< 0.30%; Calcium < 0.10%; 5 Aluminium < 0.30%;  Boron
20 to 50 ppm;  



Phosphorus 20 to 100 ppm. The phosphorus content is
very dependent on the reduction agents used. With  L o
charcoal, it is easy to obtain silicon with a
phosphorus content of about 50 ppm; this  type of
silicon is used particularly for making silicones.
With fossil reduction agents, a  silicon with a
phosphorus content of less than 25 ppm can be
produced, for which  the main application is
manufacturing of aluminium-silicon alloys. However,
the purity  level of these two grades is still very
different from the purity level required for  15
electronic and photovoltaic applications. Segregated
solidification has been known fora long time, and can
lower the contents  of many impurity elements in
silicon. However, this technique is not efficient in
achieving the required boron and phosphorus purity
levels, starting from the two  20 grades mentioned
above. Thus, under the pressure of the increasing
market demand, a large research effort  was undertaken
to make a silicon with a low boron and phosphorus
content starting  from metallurgical silicon,
particularly using purification of silicon molten
under 25 plasma. These plasma treatment techniques
were designed on a laboratory scale  and it is
difficult to transpose them to industrial scale as a
result of technical  difficulties encountered in
making larger tools." Also known in the art is US
4,094,731, which discloses a process for producing  30
crystalline silicon having an iron concentration less
than about one-twentieth of the  iron concentration of
the mother liquor. Iron-contaminated silicon is
introduced into a  mould and the mould walls are
maintained at a temperature sufficient to cause WO
2009/033255 PCT/CA2008/000492  4 silicon crystalline
growth. The mother liquor is agitated with a carbon
rod stirrer or by  bubbling a gas to wash the exposed
surfaces of the growing silicon crystals and to
prevent the freezing of the top surface of the mother
liquor. A hollow crystalline  silicon ingot is formed
and both the inner zone centrally of the crystalline
ingot and 5 the outer zone adjacent to the mould wall
are removed leaving an inner zone having  an iron
concentration less than one-twentieth of the iron
concentration of the original  mother liquor. However,
neither boron nor phosphorous is removed by this
process.  Over the past years a lot of effort has been
put into the development of a process for lo making
solar grade silicon at a competitive cost and on a
large-scale. However,  



there is still a need for a process for the production
of solar grade silicon on a large- scale basis.
SUMMARY OF THE INVENTION  15 An object of the present
invention is to provide a process for purifying
silicon metal  that satisfies the above-mentioned
need. It is also an object of the present invention to
provide a process for the production of  20 solar
grade silicon directly from metallurgical grade
silicon. The specification  requirements for silicon
are determined by the photovoltaic application and in
turn by  the photovoltaic cells; the specification
requirements for a silicon necessary to obtain  the
best performances are boron < 3 ppmw, phosphorus < 10
ppmw, total metallic  impurities < 300 ppmw and
preferably <150 ppmw. 25 Accordingly, the present
invention provides a process for purifying low-purity
metallurgical grade silicon, containing at least one
of the following contaminants Al,  As, Ba, Bi, Ca, Cd,
Fe, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb,
Sb, Sc, Sn,  Sr, Ti, V, Zn, Zr, 0, C and B, and
obtaining a higher-purity solid polycrystalline  30
silicon. The process includes the steps of: (a)
containing a melt of low-purity metallurgical grade
silicon in a mould, the  mould having an insulated
bottom wall, insulated side walls, and an open  top;
WO 2009/033255 PCT/CA2008/000492  5 (b) solidifying
the melt by unidirectional solidification from the
open top  towards the insulated bottom wall of the
mould while electromagnetically  stirring the melt;
(c) controlling a rate of the unidirectional
solidification; 5 (d) stopping the unidirectional
solidification when the melt has partially  solidified
to produce an ingot having an exterior shell
comprising the  higher-purity solid polycrystalline
silicon and a center comprising an  impurity-enriched
liquid silicon; and (e) creating an opening in the
exterior shell of the ingot to outflow the  10
impurity-enriched liquid silicon and leave the
exterior shell comprising said  



higher-purity solid polycrystalline silicon thereby
obtaining the higher- purity solid polycrystalline
silicon. Preferably, the insulated bottom wall and the
insulated side walls are heated to  15 minimize a
formation of a skin of silicon on the insulated bottom
wall and the  insulated side walls of the mould. The
rate of unidirectional solidification may be
controlled by an insulation of the  insulated bottom
wall and the insulated side walls. The rate of
unidirectional  20 solidification may also be
controlled by controlling a rate of heat extraction
from the melt at the open top of the mould.
Preferably, the controlling a rate of heat extraction
may include placing a cooling medium (for example,
water or air) in contact with a  free surface of the
melt at the open top of the mould. 25 The rate of
unidirectional solidification may be adjusted in
combination with the  stirring power of the
electromagnetic stirrer so as to wash the
solidification interface  and prevent impurity rich
liquid to be trapped by dendrite formation and obtain
a  polycrystalline unidirectional solidification.
Preferably, the rate of unidirectional  solidification
is between 1x10-4 m/s and 5x10"6 m/s. 30 Stopping of
the unidirectional solidification is preferably done
when 40 to 80% of the  melt has solidified. WO
2009/033255 PCT/CA2008/000492  6 Creating an opening
in the exterior shell of the ingot includes piercing
the exterior  shell of the ingot. The piercing may be
done by mechanical means or thermal lance.  Creating
an opening in the exterior shell of the ingot may be
accomplished through a  5 tap opening in the mould.
The process may further include an additional step
before step (e) of removing the  ingot from the mould.
lo Additionally, the process may include a step (f) of
melting the higher-purity solid  polycrystalline
silicon and repeating steps (b) to (e). In accordance
with the process, a top portion of the higher-purity
solid polycrystalline  silicon may contain
approximately at least 90% less metal contaminants Al,
As, Ba,  15 Bi, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn,
Mo, Na, Ni, Pb, Sb, Sc, Sn, Sr, Ti, V, Zn, Zr than the
low-purity metallurgical grade silicon. The
higher-purity solid  



polycrystalline silicon may contain approximately at
least 45% less phosphorus and  approximately at least
10% less boron than the low-purity metallurgical grade
silicon.  The impurity-enriched liquid silicon
contains less than 60 ppmw of carbon and less 20 than
20 ppmw of oxygen and is a low carbon and low oxygen
grade of silicon. The objects, advantages and other
features of the present invention will become  more
apparent and be better understood upon reading of the
following non-restrictive  description of the
invention, given with reference to the accompanying
drawings. 25 BRIEF DESCRIPTION OF THE DRAWINGS FIG. 1A
is a cross-sectional view of a mould containing a melt
of low-purity silicon,  according to one embodiment of
the invention. FIG. 1B is a cross-sectional view of
the mould of FIG. 1A, showing partial  30
solidification of the melt with a solid silicon
exterior shell and a liquid silicon center, WO
2009/033255 PCT/CA2008/000492  7 according to one
embodiment of the invention. FIG. 2 is a schematic
representation of a cross-sectional view of the mould
and ingot  of FIG. 1B, showing removal of the ingot
from the mould, according to one  5 embodiment of the
invention. FIG. 3 is a schematic representation of a
cross-sectional view of the mould and ingot  of FIG.
1B, showing removal of the ingot from the mould and
the creation of an  opening in the exterior shell of
the ingot, according to one embodiment of the  lo
invention. FIG. 4 is a schematic representation of
dendritic growth during solidification of a  liquid.
[PRIOR ART] 15 FIG. 5 is a graphical representation of
the Scheil equation. [PRIOR ART] FIG. 6 is a
cross-sectional view of a mould containing a melt and
of an  electromagnetic stirrer used to stir the melt.
2o FIG. 7 is a graphical representation of the
location within an ingot of samples  analyzed for a
solidification trial without electromagnetic stirring.
FIGs. 8A to 8H are graphical representations for
various elements of the elemental  distribution as a
function of the location in the ingot as depicted in
FIG. 7. 25 FIG. 9 is a graphical representation of the
location within an ingot of samples  



analyzed for a solidification trial with
electromagnetic stirring. FIG. 1 OA to 1 OH are
graphical representations for various elements of the
elemental  3o distribution as a function of the
location in the ingot as depicted in FIG. 9. WO
2009/033255 PCT/CA2008/000492  8 DESCRIPTION OF
PREFERRED EMBODIMENTS OF THE INVENTION While the
invention will be described in conjunction with
example embodiments, it will  be understood that it is
not intended to limit the scope of the invention to
such  s embodiments. On the contrary, it is intended
to cover all alternatives, modifications and
equivalents. The following description is to be read
with reference to FIGs. 1A to  10H. GENERAL
DESCRIPTION OF THE INVENTION 10 As mentioned, the
present invention relates to a process of purification
by  crystallization that produces medium and/or high
purity silicon metal for use in  photovoltaic
applications. More specifically, in accordance with
one aspect of the invention, there is provided a  15
process for purifying low-purity metallurgical grade
silicon, containing at least one of  the following
contaminants Al, As, Ba, Bi, Ca, Cd, Fe, Co, Cr, Cu,
Fe, La, Mg, Mn,  Mo, Na, Ni, P, Pb, Sb, Sc, Sn, Sr,
Ti, V, Zn, Zr, and B, and obtaining a higher-purity
solid polycrystalline silicon. 20 The basic steps of
this process are discussed more fully hereinafter with
particular  reference to FIGs. 1 to 3, and FIG. 6. (a)
Containing a melt of low-purity metallurgical grade
silicon in a mould 25 Low-purity liquid metallurgical
grade silicon is produced by carbothermal reduction of
quartz in an electric arc furnace. The liquid silicon
(the melt) 11 may be transferred  into ladles from
where it may be then outpoured into a mould 10 having
an insulated  bottom wall 10a, insulated side walls
10b, and an open top 10c. The mould 10 may  have a
rectangular, cylindrical, inverted-bell shape, or any
other shape known to a 30 person skilled in the art.
It may also have a tap 24 provided thereon (see FIG.
113). WO 2009/033255 PCT/CA2008/000492  9 (b)
Solidifying the melt by unidirectional solidification
from the open top  towards the insulated bottom wall
of the mould while electromagnetically  



stirring the melt 5 In order to obtain a
unidirectional solidification, the side walls 10b and
bottom wall  10a of the mould are insulated with an
appropriate insulation, for example silica sand  or
some appropriate refractory lining, while the top 10c
of the mould is open to allow  the exposed surface of
the melt to emit heat (see FIGs. 1A and 1B).
Accordingly, the  solidification of the ingot along
the side walls 10b and the bottom wall 10a should be
lo negligible compared to that along the top 10c.
Heating of the insulation is  recommended in order to
minimize the thickness of a silicon skin that may
solidify  and form on the walls of the mould 10. To
ensure a continuous washing of the solidification
interface and to dilute the  15 concentration of
impurity elements that accumulate at the
solidification front, the  silicon melt is stirred
electromagnetically. The electromagnetic stirring may
be  provided by any appropriate electromagnetic
stirrer 14. FIGs. 1A, 1B, 2, 3, and 6  show a mould
with an electromagnetic stirrer placed underneath the
mould.  Electromagnetic stirring, unlike conventional
mechanical stirring, is a non-contact 20 stirring,
i.e. no part of the actual stirrer comes into contact
with the molten metal.  (c) Controlling a rate of the
unidirectional solidification In order to minimize the
quantity of impurity rich liquid silicon trapped by
dendrite  25 formation, the rate of unidirectional
solidification must be controlled. Preferably, the
rate of unidirectional solidification is less than
1x10"4 m/s or even more preferably  comprised between
1x104 m/s and 5x106 m/s. The rate of unidirectional
solidification may be controlled by controlling the
rate of  3o heat extraction from the open top 1 Oc of
the mould 10. It should be noted that the  term "heat
extraction" is understood to include heat removal and
simple heat  emission. This maybe accomplished with
the type of insulation used for the bottom WO
2009/033255 PCT/CA2008/000492  10 and side walls as
well.as by placingthe free surface-of the melt at the
open top of the  mould in contact with a cooling
medium 20, such as air or water. For example, the
solidification can be slowed by using a light
insulation or accelerated by using a water  shower to
cool the exposed free surface of the melt. 5 (d)
Stopping the unidirectional solidification when the
melt has partially  



solidified When 40 to 80% of the melt has solidified,
the unidirectional solidification is stopped  10 thus
obtaining an ingot 19 having an exterior shell made of
higher-purity solid  polycrystalline silicon 18 and a
center made of an impurity-enriched liquid silicon 16.
Stopping the unidirectional solidification simply
implies not allowing the melt to  completely solidify
and proceeding to the next step. 15 (e) Obtaining the
higher-purity solid polycrystalline silicon Once 40 to
80% of the melt has solidified, a crack or an opening
22 is created in the  exterior shell of the ingot 19
to outflow the impurity-enriched liquid silicon 16
from the  center and leave behind the exterior shell
of higher-purity solid polycrystalline silicon  20 18.
The liquid silicon 16 may be extracted from the center
of the ingot 19 by piercing the  exterior shell of the
ingot 19, for example by mechanical means or thermal
lance, to  create an opening 22 in the exterior shell
of the ingot 19 through which the liquid  25 silicon
may be extracted. The actual extraction of the liquid
silicon 16 from the ingot 19 may be done by  tapping
the ingot through a tap 24 found in the mould 10 (see
FIG. 1 B), either in the  bottom wall 1 Oa of the
mould 10 or a side wall 1 Ob. For example, a thermal
lance 30 may be used to create an opening in the
exterior shell of the ingot through the tap 24  in the
mould 10 to outpour the liquid silicon 16. WO
2009/033255 PCT/CA2008/000492  11 The process may
further include an additional step before step (e) of
removing the  ingot 19 from the mould 10 (see FIG. 2),
for example by lifting the ingot 19 out of the  mould
10 using an appropriate suspension mechanism 26 (see
FIG. 3). For example,  in this way, while the ingot 19
is suspended in mid-air, the bottom portion of the
ingot 5 19 is caused to crack, by piercing or
quenching, to draw off the liquid silicon 16. A top
portion of the higher-purity solid polycrystalline
silicon thus obtained may  contain approximately at
least 90% less of contaminants Al, As, Ba, Bi, Ca, Cd,
Co,  Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, Pb, Sb,
Sc, Sn, Sr, Ti, V, Zn, Zr than the  lo silicon
starting material. The higher-purity solid
polycrystalline silicon may contain approximately at
least 45%  less phosphorus and approximately at least
10% less boron than the metallurgical  



grade silicon starting material. 15 Advantageously,
the impurity-enriched liquid silicon may contain less
than 60 ppmw  of carbon and less than 20 ppmw of
oxygen and thus may provide a low carbon and  low
oxygen grade of silicon. 20 Of course, the entire
process - from step (a) to (e) - may be repeated using
the  higher purity solid polycrystalline silicon, a
so-called medium purity silicon, as starting  material
to thereby obtain a final silicon material of an even
higher purity, a so-called  high purity silicon. In
this way, solar grade silicon may be obtained from
metallurgical  grade silicon. 25 DETAILED DESCRIPTION
OF THE INVENTION  1. DIRECTIONAL SOLIDIFICATION WO
2009/033255 PCT/CA2008/000492  12  1.1 Dendritic
Solidification Directional solidification is a common
method of purification. Metallurgical grade  silicon
contains a significant level of impurities which
favours structural supercooling  5 during
solidification. When there is a presence of
supercooling during solidification of a liquid metal,
the type of solidification is dendritic, as shown in
FIG. 4. Dendritic  solidification is a very
inefficient directional solidification - a certain
quantity of  impurity-rich liquid (L) is trapped
during solidification by the dendritic arms. lo With
no electromagnetic agitation of the melt during
solidification of the melt, 50% of  the initial liquid
is trapped by the dendritic arms. This gives us a
purification efficiency  of: [El ]$O,!d = (1- R). k,y
[E1 ]iiquid + R  [E1 ]squid = kff - [E1 ]liquid  kef
=(1-R)k,,, +R 15 where [EI]SOiid: concentration of the
solute in the solid metal;  [E1]/iq,,id: concentration
of the solute in the liquid metal; R: fraction of the
impure melt trapped in the solid metal during
crystallization;  k,i,: segregation coefficient
determined by Czochralski crystallization of silicon;
20 ke11` segregation coefficient determined by our new
process. 



A sampling of the solidified melt of metallurgical
grade silicon, taken from the surface  of the ingot,
yields the following information: 0.17%Fe  0.35%F= (1-
R)  0.0000064 + R  e 25 thus, R=0.49,& 0.50 The
constant R is valid for all elements for this
particular technique. WO 2009/033255 PCT/CA2008/000492
13  Some examples: [Fe]soiid = (1- 0.50) . 0.0000064
[Fe},iq, id + 0.50  [Fe]liquid = 0.50 [Fe],iquid
[P]sorid = (1- 0.50)  0.35  [P],iquid + 0.50
[P]liquid = 0.68  [P]riquid [B]5oiid = (1- 0.50).0.80.
[B]liquid + 0.50  [B]liquid = 0.90. [B]liquid  5 Table
1 Element keff  Al 0.50  Ca 0.50  Co 0.50  Cr 0.50  Cu
0.50  Fe 0.50  Mg 0.50  Mn 0.50  Mo 0.50  Ni 0.50  P
0.68  Ti 0.50  V 0.50  Zr 0.50  B 0.90 A purification
efficiency of approximately 50% is obtained for a
majority of the  elements (except boron and
phosphorus). In fact, about 30% of the phosphorus and



10% of boron can be removed by our technique of large
mould segregation by  1o directional solidification
without electromagnetic stirring. The partition
(segregation) coefficient (keff) stays the same during
solidification  however the composition of the liquid
at equilibrium with the solid increases in solute
content. The Scheil equation describes well this
phenomenon. 15 1.2 The Scheil Equation The composition
of the solid at the solidification interface is,
according to the Scheil  equation (diffusion and
convection in the liquid, no diffusion in the solid):
CS =kCo . s)k-1 WO 2009/033255 PCT/CA2008/000492  14
where CS: Concentration of the solute in the solid;
Co: Initial concentration of the solute in the liquid;
k: Segregation coefficient; 5 f : Solid fraction.
Therefore, if the solidification is stopped at a
specific moment and an analysis of the  solid on
average is carried out, the average concentration of
the solute in the solid  portion is: 10 CS = 1 fkC0
(1-x)k-' dx  .f: 0 1-0- f}k  CS = Co f S A graphical
representation of the above equation is given in FIG.
5.  15 It is worth noting that depending on the solid
fraction, the average efficiency of the  purification
is affected. The first solid formed is the most pure.
When the solidification  is stopped and a global
chemical analysis of the solid is performed, the
efficiency is  slightly lower because of the increase
in the concentration of the liquid in solute. This 2o
explains well the experimental results observed after
complete solidification of a  silicon ingot (but only
the layer solidified from the upper surface of the
ingot). It is noted that when solidification is
carried out without agitation of the liquid (melt),  



the lower part of the ingot is typically richer in
impurities than the upper part. An  25 explanation for
this could possibly be found in the difference in
densities between the (cooler) impurity-rich liquid
and that of the center of the ingot: the composition
of the  liquid is not homogeneous. When the melt is
only partially solidified, the liquid may be separated
from the solid  3o by creating an opening or a crack
in the shell for example by piercing the shell of the
WO 2009/033255 PCT/CA2008/000492  15 ingot (for
example: by thermal lance, mechanical piercing, or
other). The opening or  crack may be obtained by
solidifying the silicon in a mould provided with a
closable  outlet in the bottom portion. Once the
liquid has solidified to the required degree, the
outlet is opened and the shell pierced to draw off the
liquid. As shown in the 5 embodiments of FIGs 1 to 3,
the opening or crack can also be obtained by lifting
up  the shell from the mould with an appropriate
suspension system. While the shell is in  suspension
in the air, the bottom portion is caused to crack by
piercing or quenching  to draw off the liquid. The
ingot could also be completely solidified so as to
then  remove the portions that are of interest
chemically. The mould may have a 10 rectangular or
cylindrical shape. It could also have the shape of
upside down bell or  any other shape known to a person
skilled in the art. (See FIGs. 1 to 3) The final
silicon solid contains fewer impurities (i.e. is
depleted of impurities) while  the liquid at the
center of the ingot is enriched in impurities. 15
Example:  We want to obtain the concentration of iron
in the solid and in the liquid upon  solidification of
70% of the silicon melt (time of solidification: 4.5
hours). The quantity  of liquid silicon is 5.0 mt and
the composition of the liquid silicon includes 0.35%
Fe.  20 kFe = f(k Fe ) Sol ` " fS k of = 0.65,
obtained from FIG. 5. By taking into account the mass
distribution we obtain:  25 kFe = 1-kl fs -
1-0.65.0.70 liq 1- f, 1-0.70  klge=1.82 



Therefore, after treatment, we obtain: 3.5 mt of solid
silicon at 0.23 %Fe  30 1.5 mt of liquid silicon at
0.64 %Fe WO 2009/033255 PCT/CA2008/000492  16  1.3
Minimizing dendritic formation During solidification,
the dendrites trap impurity-rich liquid coming from a
diffusion  layer at the solid/liquid interface. 5 To
minimize the presence of dendrites, a planar
solidification front may be promoted.  A certain
quantity of solute may be trapped with planar
solidification, but this quantity  is far less than
that trapped during dendritic solidification. A planar
directional  solidification may be promoted by
allowing heat to escape from a single surface of  lo
the ingot. In addition, to homogenize the
impurity-rich liquid and break down the diffusion
layer  at the solid/liquid interface, the liquid
should preferably be agitated, stirred. 15 2.
POLYCRYSTALLINE DIRECTIONAL SOLIDIFICATION WITH
AGITATION In order to obtain a substantially
polycrystalline unidirectional solidification, the
walls  of the mould may be insulated (as shown in
FIGs. 1 to 3) while the top may be open  to allow heat
to be emitted therefrom (the solidification of the
melt can be slowed by 2o a light insulation or
accelerated by a water shower). Accordingly, the
solidification  along the walls and the bottom should
be negligible compared to that along the top of  the
ingot (heating of the insulation is recommended in
order to minimize the  thickness of the silicon skin
solidified on the walls of the mould). 25 The present
invention involves the use of an electromagnetic
stirrer.  Electromagnetic stirrers are known for
stirring molten metal. For example, they are  used to
stir aluminum as it melts in a furnace. The
electromagnetic stirrer utilizes the  principle of a
linear motor and differs from the conventional
mechanical and  decompression types as it is a
non-contact stirrer in which no part touches the  30
molten metal (see FIG. 6). WO 2009/033255
PCT/CA2008/000492  17 As shown in FIG. 6, a coil
installed at the bottom of the mould generates a
moving  



magnetic field (H) when a 3-phase AC voltage is
applied to this coil (inductor).  Electric power force
is generated in the molten metal due to the action of
the  magnetic field (magnetic flux) and causes
induction current (I) to flow. This current 5 then
acts with the magnetic field of the inductor to induce
electromagnetic force (F) in  the molten metal. As
this thrust moves in the direction of the moving
magnetic field,  the molten metal also moves. In other
words, a stirring action is applied.  Furthermore, as
this thrust has components in the horizontal direction
and in the  vertical direction, the molten metal flows
diagonally upwards resulting in a uniform lo
temperature and chemical composition in both the top
and bottom layers of the  molten metal. 2.3
Preliminary calculations 15 The speed of the
solidification interface is fixed by the rate of heat
loss. For a surface  without insulation (the upper
portion of the ingot) the thickness of the solid
silicon and  the rate of solidification in ambient air
are (from experiment): E=134mm t  hr  v_ dE 7 - 1 hr t
20 where E is the thickess of the top solid layer of
the ingot, v is the rate of solidification  at the
interface, and t is the total time of solidification.
2.4 Experiments  25 2.4.1 Experiment # 1:
Agitation-free solidification (control experiment) WO
2009/033255 PCT/CA2008/000492  18  2.4.1.1 Ingot
sample A control experiment was carried out:
unidirectional solidification in an insulated  mould
without electromagnetic stirring of the melt during
solidification. 5 A sample was taken from the center
of the ingot, according to the diagram shown in  FIG.
7, and analyzed the results are given hereinbelow in
Table 2. A graphical  representation of the elemental
impurity distribution in the ingot as a function of  



position in the ingot of several of the elements is
shown in FIGs. 8A to 8H. WO 2009/033255
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PCT/CA2008/000492  20  2.4.1.2 Results of Analysis A
sampling of the silicon at surface of the ingot yields
the following information:  5 kcf=(1-R)k,h+R 0.68%Fe
1.37%Fe - (1- R) 0.0000064 + R  so, R = 0.50 The
purification efficiency should be:  10 [Fe]solid = (1-
0.50).0.0000064. [Fe]liquid + 0.50. [Fe]liquid = 0.50.
[Fe]fiquid  [P]solid = (1- 0.50.0.35  [P]liq,,id +
0.50. [P]liquid = 0.68  [PIliquid [B]solid = (1-
0.50.0.80  [B]liq,,id + 0.50  [B]liquid = 0.90
[B]liquid  15 Table 3 Element Theory Experimental  kef
keff  Al 0.50 0.46  Ca 0.50 0.43  Co 0.50 0.43  Cr
0.50 0.71  Cu 0.50 0.49  Fe 0.50 0.49  Mg 0.50 0.49
Mn 0.50 0.49  Mo 0.50 0.75  Ni 0.50 0.50  P 0.68 0.70
Ti 0.50 0.48  



V 0.50 0.50  Zr 0.50 0.50  B 0.90 0.92 WO 2009/033255
PCT/CA2008/000492  21 Experimental results show that
about 50% of most of the elements may be removed  from
the upper part of the silicon ingot. This type of
solidification may also remove  about 30% of
phosphorus and about 10% of boron from the upper part
of the silicon  ingot. 5 As seen in the graphs of
FIGs. 8A to 8H, the more cool impurity-rich liquid
silicon  which is more dense accumulates at the bottom
of the liquid found at the center of  the ingot where
it may be trapped by dendrite formation at the bottom
of the ingot.  L o 2.4.2 Experiment # 2:
Solidification with electromagnetic agitation An
experiment was carried out: unidirectional
solidification in an insulated mould  with
electromagnetic stirring of the melt during
solidification. L 5 2.4.2.1 Ingot sample A sample was
taken from the center of the ingot, according to the
diagram shown in  FIG. 9, and analyzed the results are
given hereinbelow in Table 4. A graphical
representation of the elemental impurity distribution
in the ingot as a function of  o position in the ingot
of several of the elements is shown in FIGs. 1 0A to 1
0H. WO 2009/033255 PCT/CA2008/000492 r ID Cl H r ri r
In co r r d' H H r m N H In In ri H m N Cl H In  In o
O O O O O O H Ln o O ID O -1 0 H 0 0 0 0 0 ri 0 0 N V'
Cl O O O H O O O O 0 0 0 0 0 0 O 0 0 0 0 0 O ri 0 0 0
0  O O O O O O O O O ri 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0  O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0  V' M N H In O ID N C N N rl O) H ID H In H H V' H
H O ri N M M  N O O O r O O O ri O1 O O ri O N O O O O
O O O N 0 - 0 0 w 41 rl O O O O O O O O r-1 O O O O O
O O 0 0 0 0 0 0 0 0 0 0  1{ 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 O 0
0 C. 0 0 0 0 0 0 0 0 0 0 O 0  r-1 N N 0 ID 0 ID H V'
O\ V 0 O1 ri 0 1-1 N H H V' 1-1 O Cl 0 .-1 0 In 



0 0 H r 0 0 r-1 0 H 0 r-1 0 0 0 0 0 0 0 0 0 c  H 0 0 0
0 0 Cp 0 0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0  ti 0 o O O o o 0 0 0 0 0 O O C! O O o 0 0 0 0 0
0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0  N M N 0 N H In M 10 H 111 ri In M ri N 0 ri
M V. ri 0 N M M r In  Cl 0 0 0 H 0 0 0 H N 0 0 N 0 H 0
N 0 0 0 0 0 D 0 0 0 In  H 0 0 0 0 0 0 0 0 V' 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 H o o O o 0 o O o o O o 0 0 0
0 0 0 0 0 0 O o 0 0 0 0 0  . . . . . . . . . . . . . .
. .  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0  O) N N a VD H 0 0 m N In r VD N m N r 0 0 w H 0
In Cl In r r  U) N 0 0 to 0 H Cl V Ln H 0 In ri 0 V'
V' 0 N 0 0 0 V' 0 H N r  N 0 0 0 0 0 0 0 0 N 0 0 H 0 0
0 O 0 0 0 0 0 m 0 0 H 0 ty N O O O 0 O O O O 1D 0 O O
O 0 O O. . O 0 0 O O O O 0 0 . . . . . . . . . . 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  r m M
m a ri r r n O N D m In U1 M N V m I O V lD 01 m  m 1D
O O V' O r-I m N V' N N O M O O to O O O m 1D V~ r a\
Ln H 0 0 0 ri 0 0 0 H 0 0 0 In 0 0 ri H 0 0 0 0 0 10 H
0 Cl 0  H r 0 0 0 0 0 0 0 0 In O O. . . O O 0 O O 0 O
O O 0 N O O 0 O . . . . . . . . C.  O O O O O O O O H
O 0 0 0 0 0 0 0 0 0 0 CO 00 0 0  M r M r ID H m H I N
M N M N N M l0 m a m r1 O1 O1 V'  N r 0 0 Vl 0 H In O)
Cl H 0 N O Cl 0 V' H 0 In N 0 O o 0 Cl N In 0 ~} 1D 0
0 0 H 0 0 0 H Cl 0 0 10 0 0 H H 0 0 0 O 0 In ri 0 O Cl
ri  H r O O 0 O 0 0 O 0 O O. . . O O 0 O O O O O 0 0 0
N O O O O . . . . . . . . . .  O 0 0 0 0 O 0 0 O N 0 0
0 0 0 0 0 0 0 O 0 0 0 0 0 0 C;  ID r N a 0 ri Cl CD d'
ON ri V In co U) m N ri In 10 11 0 '0 10 0 H 01  N Vr
0 0 0 0 H U) m N Cl H In H 0 m r 0 Cl 0 0 0 N 0 Cl UI
m  10 0 0 O ri 0 0 0 0 Cl 0 0 Cl 0 0 0 0 0 0 0 0 0 N H
0 N 0 H V' 0 O O O O O O O N O. O 0 O O 0 O O 0 0 O O
ri 0 0 O 0  



. . . . . . . . . . . . . . .  0 0 0 0 0 0 0 0 O H 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  H r N Cl r ri 0 N N p 0
r Cl N N r In Cl 0 ID ri 0 10 In N H m  m N O O Ln o H
Cl I v N O O ri o Vr In O N O O O In In H a r  a 0 0 O
0 0 0 0 0 co 0 O N 0 0 O 0 0 0 O 0 0 In 0 0 ri 0 r{ N
O O O O O O O O \D 0 O O 0 O. . . O O 0 O O O O O 0 0
O 0 . . . . . . . . . . . .  O 0 0 0 0 0 0 O 0 0 0 O
00 0 0 0 0 0 0 0 0 0 0 C; 0 O  N O N M 0 O) U1 N 01 10
O) b m M M 0 r U) 0 0 N V' N U1 ri  m N 0 0 v V' 0 0 N
V' N H In 0 V' H 0 Cl 0 H 0 0 0 In H 0 r  m O 0 O 0 0
0 0 0 0 0 0 H 0 0 0 0 O 0 O 0 0 0 1D 0 O 0 H 0 C ! 0 O
0 O O  . . . . . . . . . . .  0 0 0 0 o o 0 0 0 0 O 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  N H N H H ri In v In r
0 Cl H 0 m In In H 0 m r/ 0 In v In In r  a ri 0 0 Cl
O 0 H N 1-1 H 0 01 ri 0 H Cl 0 r-1 0 0 0 N N 0 In 1D
In 0 0 0 0 0 0 0 0 m 0 0 0 0 0 0 0 0 0 C. O 0 Cl 0 0 0
0 N t`1 C ! C ! C ! C ! C ! N 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 M ri N N m r1 m O M V' m
N r~ 01 01 H Vr 0 m In H 0 N 10 1D In Cl  H H 0 0 N 0
0 H N N 0 0 In 0 0 H N 0 0 0 0 0 In H 0 Cl In  1D 0 0
0 0 0 0 0 0 In 0 0 0 0 0 0 0 0 0 0 0 0 N 0 0 0 0 0 0 0
0 0 0 0 0 9 ri 0 0 0 0 0 0 0 0 0 0. . . 0 0 0 0 0 0 0
. . . . . . . . . .  0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0
0 0 0 0 0 C; 0 0 0 0  ID Cl N N In H r In O) H r H 0 m
In r r H In to H 0 N 0 U) I m  In 0 0 0 H O 0 0 H ID 0
0 V1 0 0 0 H 0 0 0 0 0 N H O N In to Cl 0 0 0 0 O 0 0
0 H 0 0 0 0 0 0 0 0 0 O 0 0 H 0 0 0 0  O O 0 O O O O 0
O H 0 0 0 O O O 0 0 0 O O O O 0 O 0 O  0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  N r N O ri r~ r
U) r In 1D H In v 0 dr Cl N V v r-1 0 10 In Cr .1 N  0
0 0 0 Cl 0 0 0 H 0 0 0 v 0 ri 0 H 0 0 0 0 0 In 0 0 H
In  N O 0 0 0 0 0 0 0 In 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O
O 0  



O 0 0 O 0 0 0 0 0 O 0 O 0 0 0 0 0 O 0 0 0 0 0 0 O 0 O
Vr U) N H N O N v N V' 1D H m 0 In V 0 H Cl V' H 0 Cl
In Cl N Cl  01 O O O H O O O H O O O N H O O N O O O O
O m o O H In b H O 0 O 0 0 0 0 0 r 0 0 0 0 0 0 O 0 O 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0  . . . . . . . . . . . .  0 0 0 0 0 0 0
0 0 -0-0 0 0 0 0. . 0 0 0 0 0 0 0 0 0 0 0 0  O H N 0
O) 0 1D N N 01 U) 0 O) V' H N H 0 N V' 0 O M N N N m
r 0 0 0 0 0 0 0 H 10 0 0 H 0 H 0 H 0 0 0 0 0 Cl 0 0 0
0 0 0 0 0 0 0 O 0 N 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O  O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0
0  r 1D N ri m H r ri a m V' O M w O1 H H r1 N a ri O
M O N O v  O 0 O 0 0 O 0 0 H Cl 0 0 H 0 0 0 r1 0 0 0 0
0 0 0 0 0 V  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O O
O 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O 0 0
0 0 O O O O . . . . . . . . . . . . . . .  O O O O O O
O O O O O O O O O O O O O O O O O O O O O  H In N H Cl
0 1D N In In V' 0 H H Cl H In H Cl V' H 0 Cl 0 V' 0 In
H O O O H O O O H 01 O O N H H O O O O O O O O O O O
Vr  0 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0  O O O O O O 0 O O O O O. . . . . . O O O O O 0 O
O O O O O O 0 O . . . . . . . . .  O O O 0 0 0 0 O O 0
0 0 0 O O O O 0 O O O O O O O O O  to M V' H 0 0 r H w
H w H Cl O1 O) O r O M Vr r-I ri v O ri H Cl  In 0 0 0
In 0 0 0 H In 0 0 H 0 O 0 0 0 0 0 0 0 0 0 0 0 c ro H 0
0 O H 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  O 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  O1
In ON H r H m v In . In In In m m a N 0 In In H w Cl
10 V' Cl In  V' 0 0 0 In 0 0 0 H Cl 0 0 Cl H O 0 H 0 0
0 0 O m 0 0 H a  m 0 0 0 In 0 0 0 0 m 0 0 0 0 0 O 0 0
0 0 0 0 0 0 0 0 0  



0 9 0 0 0 0 9 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
IC; 0 0 0 0 O 0 0 0 0 0 0 0 0 O 0 0 0 0 O O 0 O 0 O 0
0  Vr H H H N H 0 a r Cl r V0 Cl H 0 H Cl H m H H 0 In
1D r H r  m H 0 0 r 0 O H H In 0 0 In 0 O N N 0 0 0 0
0 O N 0 In In It bi H 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 o 0 w 0 0 0 0  ri H 0 O 0 O O O O O M O O O O O
0 O O O O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0q 0 0
0 0 0 0 0 0 0 0 0 0 0 0  cu W Q) ra g U U U U U W a$
~. a 2 L Ln H N N WO 2009/033255 PCT/CA2008/000492  23
2.4.2.2 Results of Analysis Electromagnetic agitation
had a large effect on the distribution of impurities
in the  silicon ingot. The agitation prevented the
separation of impurities towards the bottom  5 of the
silicon ingot. Moreover, there was a large increase in
the segregation of  impurities (the surface layer is
much more pure). A sampling of the silicon at surface
of the ingot yields the following information:  kef-
=(1-R)k,h+R 10 0.0051 %Fe = (1- R)  0.0000064 + R
0.305%Fe so, R=0.0170.02 In theory, the efficiency of
the purification is: [Fe]SO,, = (1- 0.02.0.0000064
[Fe],;,,,, + 0.02  [Fe],;,,,, = 0.02  [Fe],;,,,,  15
[P]sord = (1- 0.02.0.35  [P]riqurd + 0.02  [P],j,u, d
= 0.36 [P]r,q"rd [B]SO,;d = (1- 0.02.0.80  [BJriquid +
0.02  [B],iquid = 0.80 [B],iquid  Table 5 Element
Theory Experimental  kef keff  Al 0.02 0.01  Ca 0.02
0.18  Co 0.02 - -  Cr 0.02 0.07  Cu 0.02 --- 



Fe 0.02 0.02  Mg 0.02 --- Mn 0.02 0.16  Mo 0.02 --- Ni
0.02 0.05  P 0.36 0.39  Ti 0.02 0.01  V 0.02 --- Zr
0.02 --- B 0.80 0.79 WO 2009/033255 PCT/CA2008/000492
24 These results show that we can expect to obtain a
very pure layer (approximately  30 cm thick at the top
surface of the ingot) upon partial solidification of
the silicon  melt. This should correspond to a
solidification time of approximately 4.5 hours with  5
air-cooling at the open top of the ingot. The
experiments conducted showed that the ingot obtained
with agitation of the melt  during solidification of
the melt developed a lot more cracks than the ingot
obtained  without agitation of the melt during
solidification of the melt. Each crack can lead to a
LO small amount of contamination caused by an
intrusion of impure metal into the  "purified" zone.
However, this cracking should be lessened by not
solidifying  completely the melt. A more homogeneous
liquid is obtained with electromagnetic agitation
(i.e.,  L5 electromagnetic stirring) of the melt
during solidification of the melt. According to the
results obtained, this procedure may be capable of
removing more  than 50% of phosphorus and makes the
method very interesting for the production of  Solar
Grade silicon from Metallurgic Grade silicon. 20 The
solidification speed may range between 10-6 m/s and
10-4 m/s. High  solidification speeds may be achieved
with this method as compared with other
crystallization methods. This provides a cost
effective solution for mass production of  high-purity
silicon. 25 



The outer layer (first skin of silicon) of the ingot
freezes rapidly, relieving the heat in  excess. Then
the temperature of the liquid silicon drops to
approximately 1410C. At  this moment, we obtain the
minimum solubility values for carbon and oxygen. 30
Analytical results of the liquid center of the ingot
confirm a carbon content of less  than 60 ppmw and an
oxygen content of less than 20 ppmw. Analysis done by
an  external laboratory confirmed a carbon content of
less than 20 ppmw and an oxygen WO 2009/033255
PCT/CA2008/000492  25 content of less than 20 ppmw.
Advantageously, we have now a new process that
produces a grade of silicon with low-carbon and
low-oxygen content. WO 2009/033255 PCT/CA2008/000492
26  CLAIMS 1. A process for purifying low-purity
metallurgical grade silicon, containing at least  one
of the following contaminants Al, As, Ba, Bi, Ca, Cd,
Fe, Co, Cr, Cu, Fe, La, Mg,  5 Mn, Mo, Na, Ni, P, Pb,
Sb, Sc, Sn, Sr, Ti, V, Zn, Zr, and B, and obtaining a
higher- purity solid polycrystalline silicon, said
process comprising the steps of: (a) containing a melt
of low-purity metallurgical grade silicon in a mould,
said  mould having an insulated bottom wall, insulated
side walls, and an open  top; 10 (b) solidifying the
melt by unidirectional solidification from said open
top  towards said insulated bottom wall of said mould
while electromagnetically  stirring the melt; (c)
controlling a rate of said unidirectional
solidification; (d) stopping said unidirectional
solidification when the melt has partially  15
solidified to produce an ingot having an exterior
shell comprising said  higher-purity solid
polycrystalline silicon and a center comprising an
impurity-enriched liquid silicon; and (e) creating an
opening in said exterior shell of said ingot to
outflow said  impurity-enriched liquid silicon and
leave the exterior shell comprising  20 said
higher-purity solid polycrystalline silicon thereby
obtaining said  higher-purity solid polycrystalline
silicon. 2. A process according to claim 1, wherein
said insulated bottom wall and said  



insulated side walls are heated to minimize a
formation of a skin of silicon on said  25 insulated
bottom wall and said insulated side walls of said
mould. 3. A process according to claim 1, wherein said
rate of unidirectional solidification is  controlled
by an insulation of said insulated bottom wall and
said insulated side walls.  30 4. A process according
to claim 1, wherein said rate of unidirectional
solidification is controlled by controlling a rate of
heat extraction from the melt at said open top of
said mould. WO 2009/033255 PCT/CA2008/000492  27 5. A
process according to claim 4, wherein said controlling
a rate of heat extraction  comprises placing a cooling
medium in contact with a free surface of the melt at
said  open top of said mould. 5 6. A process according
to claim 5, wherein said cooling medium is water or
air. 7. A process according to claim 1, wherein said
rate of unidirectional solidification is  determined
so as to minimize dendrite formation. 10 8. A process
according to claim 7, wherein said rate of
unidirectional solidification is  less than 1 x10-4
m/s. 9. A process according to claim 7, wherein said
rate of unidirectional solidification is  is comprised
between 1x10"4 m/s and 5x10-6 m/s. 10. A process
according to claim 1, wherein said stopping the
unidirectional  solidification is done when 40 to 80%
of the melt has solidified. 20 11. A process according
to claim 1, wherein said creating an opening in said
exterior  shell of said ingot of step (e) comprises
piercing said exterior shell of said ingot by
mechanical means or thermal lance. 12. A process
according to claim 1, wherein said creating an opening
in said exterior  25 shell of said ingot of step (e)
is accomplished through a tap opening in said mould.
13. A process according to claim 1, wherein said
process further comprises an  additional step before
step (e) of removing said ingot from said mould. 30
14. A process according to claim 1, wherein said
process further comprises an  additional step (f) of
melting said higher-purity solid polycrystalline
silicon and  repeating steps (b) to (e). 



WO 2009/033255 PCT/CA2008/000492  28 15. A process
according to claim 1, wherein a top portion of said
higher-purity solid  polycrystalline silicon contains
at least 90% less metal contaminants Al, As, Ba, Bi,
Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, Pb,
Sb, Sc, Sn, Sr, Ti, V, Zn, and  5 Zr than the
low-purity metallurgical grade silicon. 16. A process
according to claim 1, wherein said higher-purity solid
polycrystalline  silicon contains approximately at
least 45% less phosphorus and approximately at  least
10% less boron than the low-purity metallurgical grade
silicon. 10 17. A process according to claim 1,
wherein said impurity-enriched liquid silicon
contains less than 60 ppm of carbon and less than 20
ppm of oxygen and is a low  carbon and low oxygen
grade of silicon. 


