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Abstract: The removal of B and P consumes most of heat energy in Si metallurgical purification process for solar-grade Si.
Metal-liquating purification of metallurgical grade silicon (MG-Si), also called Si-recrystallization from metal liquid, was a potential
energy-saving method for the removal of B and P efficiently, since Si could be melted at lower temperature by alloying with metal.
The selection criteria of metal-liquating system was elaborated, and Al, Sn and In were selected out as the optimum metallic
mediums. For Sn-Si system, the segregation coefficient of B decreased to 0.038 at 1 500 K, which was much less than 0.8 at the
melting point of Si. The mass fraction of B was diminished from 15x107 to 0.1x10"° as MG-Si was purified by twice, while that of
most metallic elements could be decreased to 0.1x107° by purifying just once. During the metal-liquating process, the formation of
compounds between impurity elements and Si was also an important route of impurity removal. Finally, one low-temperature

metallurgical process based on metal-liquating method was proposed.
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1 Introduction

With the rapid development of photovoltaic industry,
the main feed stock for solar cell called solar grade
silicon (SoG-Si) falls into the status of serious shortage.
Among new technologies for SoG-Si under researching,
metallurgical process is one of the most potential
appropriative methods[1]. Recently, some trial products
of this process have been marketed and their solar cells
have also come out. However, most of the approaches
used in metallurgical process, such as slagging refining,
vacuum refining and plasma treating, should be carried
out at high temperature (higher than the melting point of
Si) for a long time. Therefore, low-cost is still the
challenge for metallurgical process and searching for
new low-cost technology is always its research trend.

Metallurgical process is actually the orderly-
purifying process of silicon, in which the impurities are
removed step by step from metallurgical silicon (MG-Si).

Because of the character difference among impurities, no
method can high-effectively remove all the impurities
once for all and the process is always the combination of
different means[2]. The impurities inside MG-Si can be
classified into two categories: some are solid-dissolved
inside Si matrix and some segregate at grain boundaries.
For metallic impurities, the liquid-solid segregation
coefficient of which is far less than 1, most of them
segregate out at Si grain boundaries. To remove the
segregated impurities, acid leaching is an effective
method. The removal efficiency of acid-leaching can
reach up to 95%[3]. The solid-dissolved metallic
impurities, especially transitional elements, though their
amount is trace, can still seriously decrease the efficiency
of solar cell[4]. To these impurities,
unidirectional solidification or zone refining is an
effective method. But nonmetallic impurities, especially
B and P, the segregation coefficients of which are 0.8 and
0.35, respectively, are almost completely solid-dissolved
inside Si matrix, so acid leaching and unidirectional
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solidification are not effective methods. Methods of
oxidation and slag refining are perfect for the removal of
B with higher content, but not competent for B with trace
content[5—7]. While the plasma treatment is effective for
the removal of B, the input of MG-Si must be little
during purification so that B can react with reactive gas
as soon as possible. Thereby the treatment capacity of
plasma process is small and its energy consumption is
high[8—11]. For P, the higher saturated vapor pressure by
contrast with Si makes it possible to be removed by
vacuum refining. However, the removal rate of P
becomes very low with the decrease of its concentration.
If the removal rate was accelerated by increasing the
evaporation area, the loss of Si, the energy consumption
and the manufacture difficulty of equipment increase
rapidly[12—14]. Among the purification methods used in
metallurgical process recently, Si must be molten so that
impurity atoms can easily transfer within Si matrix. Long
time of high-temperature operation determines its higher
energy consumption, especially for the removal of B and
P, and the larger segregation coefficients make them
difficult to be removed by traditional segregation
methods. In brief, the high-efficiency removal of B and P
is actually the key of saving energy, and the
low-temperature purification technology and higher
removal rate of B and P are two main approaches of
low-cost metallurgical process.

CHEN and PANG[15] proposed one method to
remove B from MG-Si under the atmosphere of
vapor/nitrogen at low temperature (900 °C). Since Si was
still solid at this temperature, the transfer of impurity
atoms inside Si particle was the control step during
purification, and the removal efficiency of B was very
low. YOSHIKAWA and MORITA[16] proposed one
method of Al-Si alloying to purify MG-Si. During the
purification process, MG-Si firstly melted into metal
liquid and then recrystallized out. Here it is named
metal-liquating process. Since Si can be melted at
temperature far lower than the Si melting point, the
method can make energy-saving possible. The metal-
liquating method has ever been used to prepare the
polycrystalline-Si thin film for solar cell, which is called
liquid phase epitaxy (LPE). During LPE, poly-Si thin
film grows slowly from the saturated alloying liquid of
Si. Many metals such as Al, Sn and In have been used as
mediums[17—-19]. Commonly, the deposition rate of thin
film is very slow and rigorous temperature gradient is
needed so that crystals grow perfectly and few defects are
developed. Like other metallurgical purification methods,
metal-liquating method also could not directly purify
MG-Si to meet the demand of SoG-Si, and it still needs to
combine with other methods. While YOSHIKAWA
and MORITA[16] adopted metal-liquating method to

improve zone refining of Si, more details such as the link
with other method were not stated and the proposed
process was not fit for large-scale production.

In this study, the metal-liquating method using
Sn-Si system including the choice of medium, the
principle of purification, the separation of metal and the
combination with other methods was investigated.
Finally, one low-temperature metallurgical process based
on metal-liquating was proposed.

2 Selection of metal-liquation system

If solid-dissolved impurities inside Si could easily
transfer and could be rapidly removed under low
temperature, MG-Si must be firstly melted. This can be
realized just by metal-liquating method. When silicon is
alloyed with metal, or say Si is dissolved into the molten
metal, MG-Si could melt down at temperature even
much lower than Si melting point. As the alloy liquid is
cooled, Si could recrystallize and the impurities remain
inside the metal liquid. The metal-liquating purification
method is also the recrystallization purification of Si
from metal liquid. The metal used can be regarded as the
medium for metal-liquating.

The keys of the method are to melt Si under low
temperature and to purify Si through recrystallization.
The purpose of the method is to achieve the
energy-saving purification of MG-Si under low
temperature. Though many kinds of metals can dissolve
Si at low temperature, only a few are the competent
liquation medium. The selection criteria of media are
listed below:

1) No intermediate compound generated. The
generation of the intermediate compound between
medium and Si would result in serious entrainment of the
metal. Further, it is difficult for the latter process to
separate medium, and the loss of medium would also be
serious.

2) Low concentration of Si at eutectic point and low
temperature of eutectic point. At eutectic point, Si would
co-crystallize with metal. The eutectics are commonly
binary alloy and have uniform microstructure for
Si-metal systems. It is difficult to separate them and the
loss of Si is serious. Furthermore, at temperature higher
than the eutectic point, plenty of Si would dissolve into
metal liquid. So the lower the temperature of eutectic
point is, the more possible the energy-saving of
purification process would be.

3) Small segregation coefficient of impurities
between Si and metal. When Si recrystallizes from
medium, the impurities would redistribute between Si
crystal and metal liquid. Low segregation coefficient of
impurities can ensure the high purification efficiency.
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4) High Si-solubility of the medium at low
temperature. In the liquating process, MG-Si dissolves
and recrystallizes from metallic liquid, so high
Si-solubility can increase the treatment capacity of the
system.

5) Easy separation of Si crystal from metal liquid.
Some character differences between Si and medium
should be remarkable, such as the density, which makes
it easy to separate Si from the wasted medium. Further,
the particle size of recrystallized Si should be large and
the viscidity of metal should be small, which can reduce
the entrainment of medium.

Based on the above selection criteria, different
metals have been investigated carefully. There are only
several kinds of metals which are preferably fit for the
conditions, such as Al, Sn, Zn and In. Figure 1 shows the
structure of Si recrystallized from different Si-metal
systems. Among these metals, YOSHIKAWA and
MORITA[16] studied metal-liquating of the Al-Si and
Zn-Si systems, especially Al-Si system. Since the Al-Si
system has high purification efficiency and high
Si-solubility, there is 50% (mass fraction) Si dissolved
inside Al-Si system at 1 000 °C. The eutectic point is
Si-12.5%Al (mass fraction), thereby plenty of Si would
co-crystallize with Al. More importantly, Si and Al
liquids have the approximate density of 2.33 and
2.31 g/mL at 950 K, respectively[20], which causes the
serious loss of Si and Al and the difficulty of separation.
Figure 1(a) shows that the recrystallized Si distributes
uniformly inside Al. Although the research[16] proposed
that the adoption of electromagnetic stirring could enrich
Si, the temperature gradient was the virtual cause of

enrichment. The electromagnetic  stirring  only
accelerated the solution of MG-Si and the transfer of Si
inside Al liquid.

YOSHIKAWA and MORITAJ[16] also studied the
metal-liquating of Zn-Si system. While the recrystallized
Si could depart obviously from Zn, the particle size is
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very small (Fig.1(b)). The vital shortcoming is the low
boiling point of Zn, which is only 906 °C. During the
purification process, the loss of Zn would be very serious.
Further, the content of Si inside the liquid is only nearly
5% (mass fraction) at 900 °C. For In-Si system, the vital
shortcoming is the high price of In.

By contrast, Sn-Si system is the optimum system.
The difference of density of molten Sn and Si is
remarkable, which are 7.01 and 2.33 g/mL at 505 K,
respectively[20]. The melting point of Sn is 505 K, and
the separation could be easily carried out at this
temperature. Moreover, the recrystallized Si is large
plate-like crystal and clearly gathers toward the top of
system (Fig.1(c)). At 1 250 °C, the content of Si in Sn-Si
reaches up to 10%][21]. The saturated vapor pressure of
Sn is much lower than that of Si, so the loss of Si is little
during metal-liquating. Otherwise, Sn as the impurity
inside Si is electrically inactive, by contrast with other
metals[17].

Figure 2 shows the microstructure of recrystallized
Si from Sn-Si system before and after leaching of aqua
regia. Figure 2(a) shows that the attachment amount of
Sn on the surface of Si crystal is little, as the
recrystallized Si is separated from molten Sn. That turns
out that Si can be easily separated from molten Sn.

3 Efficiency of purification

3.1 Calculation of impurity segregation coefficient
The most important factor that determines the
purification efficiency of the method is the segregation
coefficient of impurity between Si and medium as Si
recrystallizes from the molten metal. In this study, the
coefficient was calculated via Factsage software. In the
database of the software, the thermodynamic data of
binary systems (Sn-Si, Sn-M and M-Si, M represents
impurity element) were provided, but the data of ternary
system (Sn-Si-M) were missing. During the calculation,

(b) (c)
Fig.1 Optical microstructures of Si recrystallized from different alloying systems: (a) Si-50%Al; (b) Si-5%Zn; (c) Si-6%Sn
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Fig.2 Microstructures of recrystallized Si from Sn-Si system
before (a) and after (b) leaching by aqua regia, and EDS
spectrum of inclusion (c)

the ternary system was extended from the relative data of
binary systems. However, the main data used in its
database were Cost Action 507, in which only several
elements were deemed soluble in the crystalline silicon,
such as B, C, Ge, N, Sn, Ti and Zn, and the others was
insoluble[22]. That means that only the segregation
coefficients of these elements could be calculated
directly via this software. For other elements, binary data
should be firstly gathered from literatures or
experiments.

Figure 3 shows the segregation coefficient of boron
within Sn-Si and Al-Si systems. When Si crystallizes
from alloying liquid, the segregation coefficient of B
becomes much less than the initial value of 0.8. Further,

the coefficient decreases with the drop of temperature.
By contrast, the segregation coefficient of Sn-Si system
decreases more rapidly than that of Al-Si system. Under
the temperature lower than 1 500 K, the calculated
segregation coefficient of Sn-Si system decreases to
0.038, which is much less than 0.8, when Si solidifies
from pure melting Si at the melting point. This provides
the evidence that the metal-liquating of Sn-Si system
would have high efficiency for the removal of B.
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Fig.3 Segregation coefficient of boron within Sn-Si and Al-Si
systems

3.2 Generation of intermediate compounds among
impurities

It is known that the partition coefficient of impurity
is commonly the determinant of purification efficiency
during the purification process by recrystallization. Here
the segregation coefficient is just the partition coefficient.
However, some inclusions are discovered on the surface
of the recrystallized Si in the experiments. Figures 2(b)
and (c) show the microstructure of inclusions and its
energy dispersive spectrum (EDS). The inclusions are
attached to or embedded in Si. Since the Si crystal is
leached by aqua regia, the inclusion has high
acid-resistance. The EDS spectrum shows the inclusion
is Fe3Sis, the intermediate compound between Fe and Si,
evidencing that some other impurity-removing modes
might exist during metal-liquating process.

During the solidification of pure silicon which has a
constant freezing point, impurities would segregate at
grain boundaries. As the solidification mode is
unidirectional, the impurities would macro-segregate
toward one side along the solidifying direction, which is
the so-called segregation method. As Si is solidified,
most of the impurities cannot form the intermediate
compounds at Si freezing point, or say the compounds
only possibly form at grain boundaries, where the
freezing point is lower and the content of impurity is
high for the effect of segregation. However, as Si is
recrystallized from metallic liquid during metal-liquating
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process, impurities would remain in the liquid according
to segregation coefficient. The good fluidity of metallic
liquid is beneficial for the transfer of impurity. Because
the temperature is much lower during metal-liquating,
most impurities together with Si can form the
intermediate compounds, which can be removed before
the alloying liquid was cooled. Figure 4 shows the phase
diagram of Fe-Si system. The arrow in the diagram
points out that Fe can form Fe;Si; with Si at 1 300 °C.
The formation of inclusion provides evidence that the
compound forms in advance, and then attaches to the
surface of Si crystal as Si recrystallizes out (Fig.3(b)).
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Fig.4 Phase diagram of Fe-Si system

The removal of the compounds first rapidly reduces
the content of impurities in the liquid. Later, when Si
recrystallizes out, the removal efficiency would further
increase. This view point is similar with that proposed by
YOSHIKAWA[16]. In his research, the removal mode of
B was discussed. He proposed that B formed compound
together with Ti, which largely boosted the removal
efficiency of B. However, the mass fraction of B in
MG-Si was low, commonly less than 60x10°. In our
study, no compound of TiB was detected.

3.3 Purification efficiency of metal-liquating method
1.5 g MG-Si was mixed together with 23.5 g tin
(purity 99.9%) in graphite crucible. The mixture was

melted under the atmosphere of argon at 1 200 °C for 1 h.

Then the melt was cooled to 600 °C at a cooling rate of
3.5 °C/min. The recrystallized Si was separated out by
filtration with the quartz filter. The Si crystal was leached
by aqua regia to remove the attached tin, and then was
analyzed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES).

Figure 5 shows the concentration of impurity of
MG-Si before and after Sn-Si metal-liquating for once
and twice. Commercial MG-Si was used, and its
trademark was 1101. The main impurities of MG-Si and
their corresponding mass fraction (10°°) were listed as:
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£ 10¢ .
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Fig.5 Concentration of impurity of MG-Si before and after
Sn-Si metal-liquating

Fe 1238, Al 1054, B 15.4, Ti 195, P 223, V 155 and
Mn 114.

The result turns out that the metal-liquating of Sn-Si
has a high removal efficiency for the metallic impurities,
especially for Cu, Ni and V, up to 99.9%, with the mass
fraction of less than 0.1x10°° remained. For Fe and Al
which are always the impurities with high content, the
removal efficiency reached up to 99%. For Cr, Mn and Ti
etc, the twice removal efficiency reached up to 99.9%.

However, for metal-liquating, it is the removal
efficiency of B and P that is really concerned. The result
shows that the once removal efficiency of B reaches 85%
and the removal efficiency of twice removal is more than
99.9%, and the mass fraction of B decreases from
15.4x10°° to less than 0.1x10°%. For P, the removal
efficiency of once-liquating-treatment is about 60%, and
the twice removal efficiency reaches up to 85%.

The result demonstrates that it is feasible for Sn as
the medium to rapidly remove B and P via
metal-liquating method. In the experiment, the cooling
rate is 3.5 °C/min, and almost all Si recrystallizes out at
850 °C for Sn-Si system. The time for Si recrystallization
is only 2 h. Even so, the once removal efficiency of B
and P reaches 85% and 60%, respectively. By contrast,
the maximal operation temperature is only 1 200 °C,
which is much lower than that of other methods, such as
plasma treatment, slagging refining and vacuum refining,
etc.

>

4 Problems linked to metal-liquating method

Metal-liquating method has the high removal
efficiency of metallic impurities in MG-Si. But above all,
the rapidly effective removal of B and P under low
temperature makes the method significant. However, two
important problems must be addressed, which are the
solid solution of medium and the recovery of waste
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metal.

The solid solution of medium is the serious problem
firstly. In the Si-rich side of phase diagrams, either
within Al-Si system or Sn-Si system[21, 23], there are
always a few Sn or Al existing inside the crystallized Si.
For Al-Si system, the maximal content of Al in Si crystal
is 1.2%; and for Sn-Si system, the maximal content of Sn
in Si is 0.42%. Different from the metal attached to the
surface, this part of Sn cannot be removed by acid
leaching. So, after most impurities are removed, the
newly introduced medium is a problem needed to be
solved during the following process, and the difficulty
level of which also determines the prospect of the
method.

Former researches showed that metallic impurities
can be easily removed from MG-Si, especially by
segregation method. Like other metals, the solid-
dissolved medium can be easily removed. For example,
as the recrystallized Si is cast again, Sn would segregate
at grain boundary like other metal, which can be
removed by acid leaching. Above all, if B and P can be
rapidly and effectively removed at lower temperature, the
total energy consumption of the process would also be
low.

During the metal liquating process, Si is
recrystallized and separated from metal liquid. After
purification, the impurities of MG-Si remain in metallic
liquid. Since the impurities redistribute between medium
and Si, the medium must be the high-pure metal. The
usage of high pure metal must increase the cost, so the
recovery of the waste metal is another problem.
Compared with Si, metals commonly have lower melting
point and could be easily purified. The segregation
method, or say zone refining is the perfect means,
especially for Sn, the melting point of which is only
231 °C. The purity of tin used in the experiments is
99.9%, which can be easily prepared in metallurgical
industry. The content of B and P in Sn is the important
index concerned. In our past studies, the super-gravity
segregation was used to rapidly separate trace amount of
impurity in metal. The segregation method can be used
to recover the wasted Sn[24]. The recovery of the waste
Sn can reduce the cost of metal-liquating method.

5 Low-temperature metallurgical process of
MG-Si purification

Although metal-liquating method has the high
purification efficiency, especially for the removal of B
and P in MG-Si, the purity of Si still can not meet the
demand of SoG-Si. For example, the mass fraction of
most impurities is near 0.1x10°°, but still higher than
0.1x10°® which is demanded for total content of metals

in SoG-Si. Therefore, other methods must be introduced
to combine with metal-liquating method, so that SoG-Si
is gained finally and the total cost is reduced further.

Firstly, acid leaching should be introduced as the
pretreatment in the process. MG-Si contains plenty of
impurities, especially Fe and Al with mass fraction of
more than 1 000x10°°, which sometimes even reaches
4 000x10°°. Acid leaching can remove almost 95% of
metallic impurities, though it is ineffective for B and P.
During the metal-liquating process,
redistribute according to the segregation coefficient. The
less the content of impurity inside Sn-Si system is, the
higher the purity of the purified Si is. Moreover, after
purification, most of the impurities are transferred into
the wasted metal. The high content of impurities would
increase the recovery cost of metal. Acid leaching
belongs to hydrometallurgy, and its energy consumption
is low. Using acid-leaching as pretreatment to remove
most of impurities can relieve the pressure of purification
in the following process.

Secondly, unidirectional solidification should be
introduced as the last part of the process. As Si
crystallizes from metallic liquid, trace amount of metal
would solid-dissolve inside Si crystal inevitably.
Otherwise, the trace amount of metallic impurities still
remains in recrystallized Si after the metal-liquating
purification. For example, the remnants of most metals
are near 0.1x10°%, while the remained mass fraction of

impurities

Fe and Al can reach 5x107°. These remained metallic
impurities need to be removed further. Among the studies
about metallurgical process, unidirectional solidification
is regarded as the last part of the process. In our process,
unidirectional solidification is still introduced as the last
part of the process to remove the trace amount of
remained metals.

Based on the above analysis, a low-temperature
metallurgical process of MG-Si purification is proposed.
Figure 6 shows the flow sheet of the low-temperature
metallurgical process. The whole process can be divided
into three parts: pretreatment, metal-liquating and
unidirectional solidification. Within pretreatment, MG-Si
is crashed and acid-leached to remove most of the
metallic impurities. Within metal-liquating, the treated Si
particles are melted together with Sn and then
recrystallize and separate. The Si crystal is acid-leached
to remove the attached Sn. The recovery of the waste Sn
is also included. In this step, the content of B and P is
reduced to meet the demand. Within unidirectional
solidification, the recrystallized Si is purified by
segregation method. The remaining metallic impurities
are gathered and removed, and the purity of Si satisfies
the demand of SoG-Si. In this step, the top and bottom of
Si ingot can be recycled to acid-leaching of second step
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Fig.6 Flow sheet of low-temperature metallurgical process
due to its lower content of B and P.
6 Conclusions

1) Low energy consumption is still the challenge for
metallurgical process as the special production
technology of SoG-Si. Long-time removal of B and P
under high temperature is the main reason.
Metal-liquating purification is the potential method
which can rapidly remove them under low temperature.

2) With Sn as the medium of metal-liquating
method, the calculated segregation coefficient of B is
less than 0.038, which is far lower than the initial value
of 0.8. As Si recrystallizes from Sn-Si system at a
cooling rate of 3.5 °C/min, the removal efficiencies of B,
P and other metals reach more than 85%, 60% and 99.9%,
respectively. During metal-liquating process, the
formation of compounds between impurity elements and
Si is also an important route for impurity removal. The
recrystallized Si is large plate like crystal with less Sn
attached, which makes it easy to separate Si from Sn
liquid.

3) Two important problems relative to metal-
liquating purification, the solid-solution of medium and
the recovery of waste metal, were discussed. A
low-temperature  metallurgical process based on
metal-liquating method was proposed. The process
contained three parts: pretreatment, metal-liquating and
unidirectional solidification.
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