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Slag refining of silicon has been modified in recent years by combining the
process with solvent refining, in which an alloy of silicon is first treated by slag
and then solidified under controlled conditions to yield high-purity silicon
crystals. This paper discusses the effect of alloying elements on the efficiency
of slag treatment. A set of criteria are established and quantified for potential
alloying elements to guide their proper selection.

List of Symbols

@) Concentration of impurity i (B/P) in
slag

[7] Concentration of impurity : (B/P) in
metal

Qge- Activity of oxygen ions in slag

Do, Oxygen potential

Vimpurityoxide Pictivity coefficient of impurity oxide in
slag

Vi Activity coefficient of impurity i in
metal

asi Activity of silicon

INTRODUCTION

Solar-grade silicon of 6-8 N purity is mainly
produced by blending ultrapure, electronic-grade
silicon (8-9 N), which is generated by the expensive
and energy-intensive Siemen’s method, with
upgraded metallurgical grade silicon (3-5 N).
Research in this field has been largely directed
towards developing high-throughput methods that
can achieve solar-grade purity in fewer steps or by a
simpler process. The focus of purification is on
removal of boron (B) and phosphorus (P), as these
two elements are the most challenging to eliminate.
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To this end, significant effort has been expended to
study slag and solvent refining, methods that are
considered straightforward and thermodynamically
feasible. A number of review papers on both meth-
ods have been published,™ but recently a third
approach has emerged: a combination of solvent and
slag refining. The objective is to use a slag to treat
an alloy of silicon at first to remove B and P,
followed by controlled cooling of the alloy to achieve
high-purity silicon phases, leaving the remainder of
the B and P in the alloy phase.

A review article published along with this paper
discusses slag refining of silicon metal with the
following key takeaways:

1. The basicity (ay:-) and oxygen potential (po,) of
the slag work in tandem to maximize B and P
removal from silicon.

2. To quantify the efficacy of slag refining, the
distribution coefficient, L;, was defined as the
ratio of the concentration of the impurity in the
slag to that in the silicon, L; = x; lag/Xi metal-

3. L;is usually too low to allow effective removal of
B/P to a desired concentration with a reasonable
slag mass.

4. Alloying the silicon with another metal can
lessen or enhance the removal of B and P by
slag, as it affects the activity of the impurity in
the alloy.

In directional solidification of silicon, Si crystals are
grown out of a liquid pool, leaving the impurities in
the liquid. The distribution of impurities between
liquid and solid Si is quantified by the segregation
coefficient k&, expressed in Eq. 1, where a smaller %
represents better removal.
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Impurity in solid

k= Impurity in liquid (1)

In the modified process of directional solidification
known as solvent refining, an alloying element,
referred to as a “getter,” is added to Si to improve
the retention of the impurities in the liquid. It has
been shown*® that alloying elements such as Al, Fe,
and Cu promote the retention of some impurity
elements (P and B) in a liquid alloy, over that in an
only liquid silicon metal. As the alloy cools, silicon
dendrites form and precipitate out, while most
impurities are rejected to the liquid alloy. Once an
acceptable yield of silicon is precipitated out, the
alloy is quenched, and the phases are separated by
either physical (e.g., gravity separation) or chemical
methods (e.g., leaching). It is also possible to remove
the liquid alloy at a high temperature by filtration
or decantation. A detailed review has been pub-
lished’ on the principles and effectiveness of a
variety of metals that have been used as getters.

Different getter elements have been used with
varying degrees of success, but no one getter
element has been able to lower B and P concentra-
tions to acceptable limits in one run when added in
commercially acceptable quantities. As a next log-
ical step, to benefit from the impurity removal of
both solvent refining and slag treatment, the hybrid
solvent refining-slag treatment method has been
put forward. In this method, an alloy of Si-X (X
being the getter element) is first treated with slag
and then undergoes controlled solidification. Inter-
esting observations have been made; for example, a
few studies conducted on slag treatment of Si alloys
have shown significantly higher Lp values than
during slag refining of just silicon. This presents an
opportunity to achieve dual and improved refining
of Si by both mechanisms (slag treatment and
solvent refining) at the same time, and possibly
achieve SoG-Si purity levels in one process.

This article focuses on slag refining of silicon
alloys and compares the works already conducted in
this area. The paper further attempts to define what
makes an effective alloying agent and lists proper-
ties that can aid future researchers in narrowing
down the list of elements that are worth studying.

EFFECT OF ALLOYING ON IMPURITY
BEHAVIOR

Slag treatment of silicon alloys removes boron
and phosphorus as borates, phosphates, or phos-
phides. The corresponding reactions are shown in
Eqgs. 2, 3, and 4. The slag capacity, presented in
Egs. 5, 6, and 7, for borate, phosphate, and phos-
phide is useful when comparing the effect of the slag
composition, provided that the metal is the same in
each study, i.e., silicon. However, as soon as an alloy
is employed, a different entity must be utilized as y;
and ag can significantly affect the result. The
normalized distributions shown in Egs. 8, 9, and
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10 illustrate that D; is dependent on temperature
(C,), the composition of the metal/alloy (affecting v,
and ag;), and the composition of the slag (affecting
D0,ys @g2-5 and Pimpurityoxide)- 1f the activity of the
impurity is high in the alloy, it is encouraged to
move into the slag phase, even if the slag has no
particular affinity for said impurity. To this end, the
normalized distribution, D;, can be used in conjunc-
tion with the optical basicity of slag to compare the
effect of the alloy on the partition coefficient without
the interference of oxygen potential (po,). Optical
basicity allows the comparison of different slags
that may have similar end results due to their
similar basicity. However, the y; values of B or P in
many metals used in silicon alloys are not readily
available; these gaps in fundamental knowledge
need to be filled.

B +20" 20, - (BOY) (2)
3, 5 5\ s
[P]+350 +102H(P04 )(hlgh po,)  (3)

[P] + 202_ PN (P37) + %Og (low po,) (4)

. = @ 1 l =C, (aOZ’)% (5)
8% [B] (po,)** 7B " Vpot-
@ 11 (ag)

PO~ — [P] '(p02)5/4 ) Vp -3 Vol (6)
C®) o)t 1 (age )

Cor = TpJ- =G (7)

B) 1 h

DB7b0rate = ([]3]) (p02)3/4 o CZ~ (a(;Big(/B) (8)

D _P) 1 _ C (aozf)%(yp) 9
P phosphate — [ ] . @02)5/4 = (3. yPOi, ( )
DP,phOSphide = @ @02)3/4 = Cy4. (a02’>2(VP) (10)

[P] 1 Vp3-

Most studies in this area focus on the slag and
alloy composition, and choosing an operating tem-
perature that allows both slag and metal phases to
be liquid. However, temperature affects the equilib-
rium constant of the reactions between slag and
metal, and there is a clear distinction between
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studies conducted at different temperatures; the
higher the temperature the more detrimental to Ly
(not enough data for Lp).

Data from nine papers were used to compare the
normalized distribution of the slag systems. These
papers were chosen because the authors reported the
initial and final composition of the slag and other
experimental details that were necessary to calculate
the activity of silicon and silicon dioxide using
thermodynamic models. In some instances, the com-
position of the slag changes throughout the experi-
ment, which could lead to the reversion or reaction of
B or P into the metal phase. However, the change in
slag composition and the reversion of impurities can
happen at different rates, so initial compositions of
slag were used to plot D; values against optical
basicity. Unless mentioned in the study, phosphorus
was assumed to be removed as phosphate.

It is imperative to note that the slag systems
differ from study to study, and although optical
basicity is employed to make as fair a comparison, in
some systems, the presence of certain oxides
improves the removal percentage of boron or phos-
phorus. For instance, the slag capacity for borate
and phosphate is considerably improved when
sodium oxide is added. To this end, a list of slag
systems and the corresponding metals is presented
in Table 1.

Figure I compares the Dg values of the silicon
metal and alloy systems. When comparing the data
for silicon—slag systems, it is clear that, at 1500°C,
the system achieves higher Dy than at 1600°C. This
phenomenon can be explained by the exothermic
nature of the oxidation of boron into the slag, which
is hindered at higher temperatures.

Plotted alongside Jakobsson’s data'® are data
available from White et al.'' White worked with
an Ar + CO atmosphere in the presence of a
graphite crucible to create an equilibrium between
CO and C and establish a known oxygen potential,
Po,, in the atmosphere. However, as can be seen
from Fig. 1, the data are very similar to the
experiments conducted in a pure argon atmosphere.
It may be possible that either Jakobsson did not
scrub their argon of the trace oxygen, establishing a
Po, close to that of White, or the reaction in White’s
system was not in full gas—-metal-slag equilibrium.
It is also worthwhile to note that both Jakobsson
and White used MgO in their slag systems, and it
appears that MgO can replace CaO as long as the
final basicity remains unaffected.

Comparing the alloy systems at 1500°C, it
appears that using a copper-silicon system is con-
ducive to removing boron. The activity coefficients
listed in Table II show that yz in copper is higher
than in silicon, leading to a higher B activity in a
copper-silicon alloy. This in turn should lead to a
higher partition coefficient than if a simple silicon—
slag system were utilized, and at first glance, this is
indeed the case for the same basicity of slag used.
However, it should be noted that Li’s slag®
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contained sodium oxide, and ideally, the same slag
system for both silicon and silicon alloy should be
used to enable a fair comparison on the effect of
alloying. Huang’s copper-silicon system'® at 50°C
higher did not use sodium oxide, and they reported
lower Ly values, but it is not clear whether this is a
result of the lack of NayO or the higher operating
temperature. Furthermore, the Dg value for
Huang’s system is closer to the silicon system at
1600°C, and Cu appears not to have improved the B
rejection into the slag. Huang worked with a lower
copper content in their alloy, and this most likely
lowered the activity of boron in the alloy, negatively
impacting boron removal.

Although the tin-silicon alloy purification was
conducted at a lower operating temperature of
1400°C, the copper-silicon Dy values (at 1500°C)
are close, again possibly emphasizing the efficacy of
sodium oxide. In this case, a quantitative comparison
between Cu and Sn cannot be made as Cu-Si was 15—
85 mol.% (30-70 wt.%) and Sn-Si was 30—70 mol.%
(65-35 wt.%). Nonetheless, the authors'® pointed out
that the presence of tin increased the activity
coefficient of B in the alloy, as they obtained higher
Lg values with increased tin content. Al-Khazraji'*
also worked with a Sn-Si system at 75 wt.% Si and
1500°C, and the effect is twofold: the lower Sn
concentration and higher operating temperature
resulted in lower Dy values. The influence of each
alloying element on B rejection may be evaluated by
comparing Dy values at a given basicity, operating
temperature, and percentage of alloying element.

Alloy slag refining conducted at 1600°C used very
similar slag systems to silicon (CaO-MgO-Al,Os-
Si0,), which allows for a better comparison. The
data show that iron does not affect the activity of B
in the alloy system to the same extent as copper or
tin. In fact, based on literature listed in Table II,
iron lowers the activity of B in Fe-Si and can have a
negative effect on B removal through slag refining;
and the slightly higher Dy values compared with
the pure Si data might be explained by the slag
capacity, as shown in Fig. 3.

Figure 2 compares the Dp values of three sys-
tems: Si, Cu-Si, and Fe-Si. Unlike for B, Cu
decreases the activity coefficient of P and hinders
the rejection of P into the slag, which leads to
comparable Dp values to pure Si, even in the
presence of sodium oxide. In fact, one composition
did not have any sodium oxide content (labeled on
graph) and resulted in a much lower Dp value.
Huang'? also reported P removal using their Cu-Si
system and reported lower Lp values, which can be
credited to the higher working temperature and a
sodium-oxide-free slag.

Fe-Si did not perform any better, although this
can be attributed to the higher operating tempera-
ture. As Fig. 4 shows, the phosphate capacity for
this system is comparable to that of Johnston’s, and
Table II indicates that Fe increases the activity of
phosphorus in the alloy, thus theoretically
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Table I. A list of the works studied in this paper

Author Slag Metal Temperature (°C)
Johnston® BaO/Mg0-Ca0-Si05-Al;03 Si 1500
Jakobsson!® Ca0-MgO-Si0,-Al,05 Si 1600
White!! Ca0-MgO-SiO, Si 1600
Ma'? Ca0-Si0,-CaF, Sn-35 wt.%Si 1400
Li® Nay0-Ca0-Si0,-Al,03 Cu-30 wt.%Si 1500
Huang!? Ca0-Si0,-CaCl, Cu-50 wt.%Si 1550
Al-Khazraji'* Ca0-Si0,-CaCl, Sn-75 wt.%Si 1500
Hosseinpour!'16 Ca0-Si0,-Al;05 Fe-80 wt.%Si 1600
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Fig. 1. Comparing the Dg values calculated from the works of Sn-Si, Cu-Si, and Fe-Si with Si.
Table II. A list of alloying metals and activity coefficients of boron and phosphorus
Metal (Temp. °C) YB vp
Silicon (1420, 1500, 1600) 3.91, 3.87, 3.84'7 0.34, 0.37, 0.39*
Copper (1500) 1.44<yp<10 18 0.0071°
Iron (1600) 0.0262° 1.25%
Aluminum (1600) 3.30% 2.20%
Tin (1400) 65,000%* 2.01%°

The activity coefficients listed are for the temperatures indicated next to the metal

improving the P removal through slag refining.
Phosphate capacities for a simple Si-slag system at
1600°C are not available to allow a proper
comparison.

Slag capacities for both BOs*>~ and PO,*~ were
plotted to demonstrate that slag capacity cannot
solely represent the effectiveness of slag refining of
Si alloys. In Fig. 3, at 1500°C, Li’s slag shows much
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Fig. 2. Comparing Dp values calculated from the works of Cu-Si and Fe-Si with Si.

higher capacity for borate ions than Johnston’s slag,
most likely due to the presence of sodium oxide. The
normalized distribution in Fig. 1 also shows higher
values. On the other hand, for phosphorus removal,
Fig. 4 shows that Li’s slag has a higher capacity for
phosphate ions compared with Johnston’s, but the
normalized distributions in Fig. 2 show similar
values. This is where the role of the copper is
emphasized; copper reduces the activity of P and
depresses the partition coefficient. Similarly at
1600°C, in Fig. 3, Hosseinpour’s slag has a much
higher borate capacity compared with Jakobsson’s
slag, but the normalized distribution in Fig. 1 shows
values closer to Jakobsson’s, once again indicating
that the presence of Fe decreases the activity of B
and depresses the partition coefficient.

It is not completely fair to compare an alloy
system with a pure silicon system when both studies
employ different slags, since both the slag and the
alloy composition heavily influence L; values, which
in turn impacts D; and the slag capacity. However,
it is also very clear that alloys can either improve or
hinder the removal of B and/or P during slag
refining, and future research should take this into
consideration.

CRITERIA FOR EFFECTIVENESS
OF ALLOYING ELEMENTS

The analysis above endeavored to demonstrate
that the composition of the alloy can have a
significant effect on the B and P removal by

influencing the activity coefficients of these impuri-
ties in the alloy. The slag system should have a high
capacity for borates and phosphates, but if the alloy
has a high affinity for the impurities, then they are
hindered from moving into the slag. To this end, it is
beneficial to examine which alloy systems offer
greater potential for purification of Si when a
combination of slag and solvent refining is
employed. In this section, various criteria for the
alloying elements are considered, and the available
data are compiled to provide a screening tool.
Table III provides the pertaining information.

Suitability for Solvent Refining

The primary role of the alloying element (X) is to
alloy with silicon and allow precipitation of purer Si
from the melt by retaining impurities. This
requires, firstly, that the alloying element itself
does not remain in the silicon as an impurity G.e.,
has a low solid solubility at the phase separation
temperature) or can be easily removed from the
semi-refined silicon (e.g., by subsequent melting and
oxidation). Secondly, the segregation coefficient of
the impurities in the Si-X alloy should be signifi-
cantly less than in Si, to allow the retention of the
impurities in the liquid alloy when Si crystals are
precipitating. In thermodynamic terms, this implies
that the activity coefficient of impurity in the Si-X
alloy should be smaller than that in Si.
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Fig. 3. Borate slag capacities for four different systems.
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Fig. 4. Phosphate slag capacities for three different systems.

Promoting Slag Refining

The equilibrium between slag and alloy estab-
lishes an equal activity of an impurity in the two
phases, as shown in Eq. 11. It is clear that, for a

high distribution coefficient L;, the impurity should
have a high activity coefficient in the alloy and a low
activity coefficient in the slag. Evidently, this
contradicts the requirement stated above for solvent
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refining; thus the significance of the activity coeffi-
cient of the impurity in the alloy (7},,) needs to be
looked at with care. For example, slag refining takes
place at higher temperature than solvent refining,
and the quantities are not simply comparable.
Furthermore, the scale of refining is not linearly
proportional to y;lloy in the solvent refining and slag
refining steps. In slag refining, the refining scales
proportionally to the order of the reaction with
respect to the impurity, whereas in solvent refining,
the removal extent depends on the fraction of the
alloy precipitating as purified Si. However, for the
purpose of the hybrid process discussed here, the
objective is the effectiveness of the slag treatment,
as it serves as the primary means of refining the
alloy (and hence refining of silicon). Also, a less
effective slag refining process may be redundant to
be included in the process in the first place. As a
result, alloy systems with a greater y;lloy are more

favorable in the hybrid method.
Xislag-Vislag — xi,alloyyéuoy (11)

Data on the activity coefficient of the element of
interest in various Si-X alloy systems (V;uoy) are

scarce. As a result, ranking of alloys with regards to
their effectiveness in rejection of impurities to slag
is not directly possible for a wide range of alloy
systems. However, the solubility limits of impurity i
in metal X may be used as an indirect indication of
the affinity between i and X (identified as C; in
Table III). The greater the solubility or the ten-
dency to form compounds with B/P, the higher the
affinity, i.e., the lower the activity coefficient. This
approach ignores the ternary interactions of Si-X-i
and, as a result, may be used as a preliminary
screening tool for deciding whether a certain ele-
ment X may be a viable candidate for the combined
solvent refining—slag treatment approach.

Ease of Separation from Si

On completion of solvent refining, Si dendrites are
separated from the remaining alloy by physical or
chemical means. For example, in the case of Al,
decantation of liquid alloy or segregation of den-
drites using electromagnetic force®® has been pro-
posed. Alternatively, the residual Al-Si alloy can be
leached using acid. The process implications, gen-
eration, and value of the byproducts of the process,
and additional steps to further purify the remaining
silicon, should be considered. Such considerations
are not addressed in the present study as they lie
beyond the fundamental perspective of this paper.

Minimizing Losses

The yield of Si when precipitated from the melt
should be reasonably high, otherwise the materials
handling and melting energy costs become pro-
hibitively high. The yield can be calculated using
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phase diagrams on the basis of the subsequent
separation process. If the separation of Si from alloy
is to be carried out at high temperature (e.g., liquid
decantation or filtration of solids), the highest yield
(identified as yield 1 in Table III) is the amount of Si
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just above the critical temperature (e.g., eutectic).
On the other hand, if the material is fully solidified,
and chemical or physical means are employed for
the recovery of Si, the yield (yield 2) is the amount of
Si metal available at room temperature. In addition,
the alloying element should not be reactive towards
the slag itself (i.e., reduce the slag) or have a high
vapor pressure at the refining temperatures.

As an example, the Zn-Si system is discussed in
this section. Figure 5 shows the phase diagram for
Zn-Si; at first glance, it is the ideal case where there
is no intermetallic between the two elements, giving
a high yield of Si, and Zn has a low solubility in Si.
However, Zn has a high vapor pressure at high
temperatures, therefore a low-melting-temperature
slag has to be utilized for slag refining. Alterna-
tively, the treatment can take place in a sealed and
pressurized reactor, although this is practically
challenging.

Figure 6 shows the Zn-B phase diagram, and it
is clear that Zn has little to no solubility for B and
does not form an intermetallic, which indicates a
high activity coefficient for B, hence ypg; 7z, is
expected to be larger than ypg;. Figure 7 shows
the Zn-P phase diagram, and Zn has a solubility
for P and form intermetallics, which indicates
that it may not be beneficial for forcing P to move
into the slag. However, Zn-P is all liquid at
1400°C when Si solidifies; Zn can potentially
retain P as pure Si starts precipitating out.
Sometimes, however, it may be necessary to use
two different alloying components to repel B and P
individually.

This paper has compiled a list of viable alloying
elements that may be worthy of further investiga-
tion in slag and solvent refining, listed in Table III.
The table indicates whether the alloying element X
forms an intermetallic with silicon, the maximum
solubility of X in Si, whether it forms intermetallics
with boron or phosphorus, the maximum solubility
of B and P in the alloying element at 1400°C, and
whether the element is in liquid (1) or solid (s) form.
An ideal alloying element X should not form inter-
metallics with Si to increase the Si yield and should
have low solubility in Si. Also, X should have low
vapor pressure at the operating temperature and be
easily separated from Si dendrites, either physically
or chemically. The act of alloying should increase
the activity of B and/or P in the system so as to
encourage rejection into the slag by either not
forming intermetallics with B or P, or having a
very low solubility for B or P in the liquid state.
Otherwise, X should have a much higher affinity for
B or P, as indicated by high solubility limits for B
and P in the solid state, such that, as silicon
dendrites start precipitating, B and P are retained
in the liquid phase by X. Finally, the yield of silicon
dendrites should make the process economically
viable. These criteria, when matched against those
in Table III, should enable informed screening of
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suitable alloying candidates for an overall improve-
ment of the solvent refining—slag treatment of
silicon.

CONCLUSION

This paper looked at the effect of alloying on slag
refining (Table IV) and found that removal percent-
ages of B and P not only are functions of slag
capacities but also depend on how the alloying
element affects the activity of B and P. If the
element increases the activity of the impurity, it
encourages the removal of said impurity compared
with just pure silicon using the same slag system,;
e.g., Sn encourages the removal of B. However, if
the element decreases the activity of an impurity, it
will adversely affect the removal of said impurity;
e.g., Cu has such a high affinity for P that, even in a
slag system that contained sodium oxide, it
depressed the removal of P. In future studies, it
would be useful to have data for both B and P
removal, and use the same slag system to refine
both Si and an alloy of silicon for a definitive
comparative study. This paper also aimed to provide
a list of viable alloying elements for future research
in this field of study.
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