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While there are numerous contestants
in the race to produce low-cost solar
silicon, the chemistries involved can be
grouped into three categories: new Sie-
mens-like processes, new approaches
to reduction of silica, and upgrades of
metallurgical-grade silicon. This review
is focused on the thermo-chemistries be-
ing employed in the last two categories,
with emphasis on removal of boron and
phosphorous, as these elements are the
two most difficult to remove from silicon
by unidirectional solidification.

INTRODUCTION

Historically, the photovoltaic (PV)
industry relied on off-spec electronic-
grade silicon (e-Si) as its primary raw
material. That silicon, produced through
the Siemens Process, is both costly and
far purer (nine 9s) than that necessary
for PVs.! With growing demand, it was
only a matter of time before there was
a shortage of silicon for PVs. The first
shortage occurred in 1996/97 with the
price of silicon rising to $75 per kg on
the spot market, three times the produc-
tion cost at that time.' That shortage
quickly disappeared, only to reappear in
2003 with the spot market price rising
to $450 per kg in 2008.> Since the re-
cent economic downturn, the spot mar-
ket price fell to $75 per kg by the end
of May.? By the time this manuscript is
published the price will likely be $50
per kg or lower.?

While conditions that brought about
the latest shortage have eased, the insa-
tiable desire for energy and the political
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How would you...

...describe the overall significance
of this paper?

This paper provides a mix of
thermo-chemistry, thermodynanics,
and economics while reviewing
research and developments aimed
at capitalizing on the growth of the
photovoltaic industry. Much of the
manuscript is focused on the thermo-
chemistry of boron and phosphorus,
and the behavior of those elements
during reduction of silica and
refining of silicon. These are the two
most difficult clements to remove
from silicon and the two elements
that dictate success or failure in
producing low-cost solar silicon by
metallurgical means.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

This article uses chemical
thermodynamics and physical
chemistry to evaluate literaturce
involving tramp elements in the
silicon submerged arc furnace,

and during the refining of silicon.
With respect to refining processes,
much of the focus is on boron

and phosphorus, and the thermo-
chemical behavior of those clements
during slagging, silicide formation,
recrystallization, and volatilization
by e-beam melting, plasma heating,
and chemical reaction.

...describe this work to a
layperson?

This article takes a broad view of the
thermo-chemistry being employed
to develop a process for producing
low-cost solar silicon. Historically,
the photovoltaic industry relied on
off-spec electronic-grade silicon

as its primary raw material. That
silicon is costly and far purer than
necessary for solar cells. Technical
advancements in other areas along
the value chain have left the raw
material cost of silicon as the singlc
largest contributor to the cost of
producing solar cells.

will of many countries to curb CO, emis-
sions assures that demand for PVs will
continue to grow. There are only a few
PV materials with known reserves that
can contribute at the tera-Watt-year lev-
el needed to meet the estimated shortfall
in electrical energy.* Silicon dominates
90% of the PV market today. While that
percentage is expected to decline to 33%
by 2030,’ historic annual growth rates of
more than 30% for new installed PV ca-
pacity, as shown in Figure 1, suggests a
growing future for silicon and other PV
materials. The phenomenal growth rate
has been due largely to the willingness
of a few countries to provide subsidies.
Undoubtedly, the annual growth rate for
2009 will be lower, reflecting the down-
turn in the economy and reduction in
subsidies. However, the cost of silicon
is expected to again approach the pro-
duction cost for silicon produced in the
Siemens Process, now estimated to be
$30-40 per kg.

Silicon-based PVs can play a far
greater role in meeting the world’s need
for electrical energy, given its plenti-
ful supply, but only if cost reductions
along the entire production chain can be
achieved. Silicon amounts to more than
25% of the cost of producing PV panels
made from polysilicon, and as much as
40% for single-crystal silicon systems.
The target cost in the race to produce 6-
nines pure s-Si is $15 per kg.

Production and refining of silicon
for manufacture of PVs begins with the
silicon submerged arc furnace and ends
with unidirectional solidification (UDS).
The latter is essential for producing an
ingot for wire sawing, but it can also be
the last step in refining. What happens
to boron and phosphorous in the arc
furnace up to UDS in producing s-Si by
metallurgical means is the focus of this
manuscript.
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IMPURITIES IN THE
SILICON SUBMERGED ARC
FURNACE

An understanding of the presence of
impurities in silicon, particularly boron
and phosphorous, begins with examina-
tion of the thermo-chemistry of the arc
furnace for which a partial cross section
is presented in Figure 2. The kettle, con-
taining the silicon and charge, is rotated
once every 20 to 30 days, and results in
cavities forming around each electrode.
The cavities play a critical role in a
physico-chemical process in the produc-
tion of silicon. Cavity temperatures vary
from 2,200 K at the top to 2,400 K at the
bottom of the electrode.

At these temperatures kinetic pro-
cesses will be fast, and thermodynamic
equilibrium becomes the dominant fac-
tor as to what takes place in the furnace.
The Si/SiO, equilibrium line in the El-
lingham diagram in Figure 3 delineates
oxides above the line that are reduced in
the furnace, and those below the line that
are partially reduced through dissolution
of the metal atom in molten silicon and
formation of SiO, or SiO(g). The high
temperatures and the reducing condi-
tions in the arc furnace led Myrhaug and
Tveit’ to develop a boiling point model
for 30 impurity elements, which they
tested by conducting mass balances.

Elements, such as boron, with a nor-
mal boiling point temperature above the
highest temperature in the submerged
arc furnace were expected to leave the
furnace in the product, whereas ele-
ments with boiling point temperatures
below that of the top bed temperature
in the furnace, like phosphorous, were
expected to leave the furnace in the flue
gas. Elements with temperatures in be-
tween the two limits were expected to
distribute between the silicon, flue gas,
and silica fume. The results of the mass
balances presented in Figure 4 reveal
that industrial practice is in agreement
with the model, with the most serious
disagreement involving phosphorous.
The model predicts that all phosphorous
should be volatilized, whereas the mass
balance reveals that 75% of the phos-
phorous left the furnace in the silicon.
The presence of both boron and phos-
phorous in m-Si poses a serious problem
for companies seeking to produce s-Si
by metallurgical processes. While other
impurity elements readily respond to
purification by UDS, phosphorous re-
sponds weakly and boron not at all.

Phosphorus in the Arc Furnace

Quartz, in ball size chunks of 5-8 cm
in diameter, charged to the arc furnace
contains apatite (Ca,(PO,),) and iron ox-
ides, both sealed within the rock.”® As

quartz is heated, iron oxides fuse with
the silica, forming droplets of slag that
dissolves apatite. Only after the fused
and viscous silica enters the cavity in the
furnace and contacts molten silicon are
the small droplets of slag exposed to re-
ducing conditions, where the iron oxide
in the slag is reduced and the resulting
elemental iron reacts with the phospho-
rous in the slag, forming an Fe-P alloy.’

Phosphorous is far less volatile in mol-
ten iron than silicon. Volatility of phos-
phorous is linked directly to the activity
coefficient of phosphorous in the alloy,
f,, shown in Figure 5. The 1 wt.% stan-
dard state values for f, are with respect
to the Si-P alloy, where fP has a value of
1. Negative values for log f, reflect less
volatility for phosphorous than that in
molten silicon, and positive values great-
er volatility. Maximum volatility occurs
at a composition corresponding closely
with FeSi,, suggesting preferred bond-
ing between silicon and iron supplants
bonding between iron and phosphorous.
Only when the iron content in the Fe-Si
alloy exceeds 65 wt.% is the volatility of
phosphorous in solution below that of
phosphorous in molten silicon.'®

The volatility of P(g) in equilib-
rium with an Si-Fe alloy at 1,800 K
is presented in Figure 6, having been
computed using the data in Figure 5.°
Point “A” in the diagram corresponds to
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Figure 1. Growth in PVs as reported by the International

Energy Association (IEA).

Figure 2. Partial cross section of silicon submerged arc furnace

and chemical reactions, after Ref. 6.
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Figure 3. Ellingham diagram for oxides.

molten iron with 1.5 wt.% phosphorous
with the vapor pressure of P, equal to
approximately 10~ bar. Incremental ad-
dition of silicon to molten iron leads to
a significant increase in P,(g) with only
a modest reduction in the concentration
of phosphorous in the alloy along the
path from point A to B. Point B corre-
sponds to 50 wt.% iron. Further addition
of silicon to the alloy leads to significant
decline in both P (g) and concentration
of phosphorous in the alloy, the process
following conditions from point B to C.
Points A and C have nearly the same
value of P,(g), but the concentration of
phosphorous in iron versus that in sili-
con is nearly three orders of magnitude
greater, reflecting the stabilizing effect
of iron on phosphorous at high tempera-
tures.

If silicon is added incrementally to
the Fe-P droplets once exposed to the
furnace environment, phosphorous can
be volatilized. Unfortunately, lumps of
viscous silica, containing droplets of the
alloy, fall into the pool of molten silicon
or flow down the walls of the cavity into
the pool, where reaction of SiO2 with
silicon produces SiO(g). That reaction
exposes droplets of slag to reducing
conditions in the cavity that leads to the
formation of the Fe-P alloy, but in the
presence of excess silicon that quickly
dilutes the alloy, a condition character-
ized by the path A-C in Figure 6. Since
reaction between SiO, and silicon is
key to producing silicon, as indicated

Producers of s-Si seek quartz with
phosphorous content below 5 ppmw,
whereas producers of m-Si process
quartz with less than 50 ppmw phospho-
rous.™!! Forty-five percent of the phos-
phorous enters the arc furnace in the
quartz, 45% in the reducing agents, and
10% in the electrodes.” The mass bal-
ance for phosphorous in Figure 4 reveals
that 25% of the phosphorous leaves the
furnace with silica fume, and assuming
all the phosphorous in the quartz rock
leaves the furnace in the silicon, it is
estimated that processing phosphorous-
free quartz in the arc furnace will lead to
a 60% reduction of phosphorous in the
product. Since a typical value of phos-
phorous in m-Si is 30 ppmw, processing
phosphorous-free quartz with conven-
tional reducing agents and electrodes
would yield silicon with a phosphorous
content of 12 ppmw, not the 1 ppmw or
less required for s-Si.

The likely source of the 25% of the
phosphorous leaving the arc furnace
in silica fume is reducing agents. Pre-
processing of electrodes at 1,523 K en-
sures that phosphorous in that source is
chemically stabilized, most likely with
iron impurity. Fume forms just above
the top of the bed where SiO(g) mixes
with air and phosphorous condensed on
the silica fume (most likely as an oxide),
suggesting that much of the phospho-
rous in reducing agents is not physically
trapped as in the quartz rock. For those
seeking to produce s-Si, a look at the
chemistry of phosphorous in reducing
agents could pay dividends.

Boron in the Arc Furnace

More than 95% of the boron enter-
ing the arc furnace leaves in the silicon.’
The high boiling point temperature of
boron leaves one option for significantly
reducing its concentration in the prod-
uct: processing materials free of boron.
Since 37% of boron enters with the
quartz and 61% in the reducing mate-
rials,” the reduction of boron content in
silicon is directly linked to the impurity
level in those two sources.

ACID TREATMENT

Elkem’s 1985 patent for purification
of m-Si by the Silgrain Process dis-
closes that some acid treatments of so-
lidified silicon yielded 90% removal of
phosphorous.'? It is essential to exam-
ine what takes place in the Silgrain Pro-
cess before exploring how phosphorous
may have been removed in the process.

Purification of m-Si by the Silgrain
Process begins by maintaining a cal-
cium-to-iron molar ratio in molten
silicon greater than 14, so that CaSi,
precipitates around primary grains of
silicon.!® Further removal of impurities
involves precipitation of other silicides.
Treatment of the lumps of solidified
material with 5% HCI solution leads to
chlorination of CaSi, and formation of
the “yellow phase” that swells, crack-
ing open the lumps and exposing all the
CaSi, to further reaction with acid. The
primary grains of silicon do not react
with the HCI solution. Warm water is
used to remove the water-soluble yel-
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Phosphorus more stable
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Figure 5. Activity coefficient of P in Si-Fe molten
alloys at 1,723 K, data from Ref. 10.

low phase and its impurity elements,
followed by treatment of the grains of
silicon with weak HF solution to re-
move a thin layer of SiO, surrounding
the silicon, a layer also containing im-
purity elements. Again, the impurities
are washed away.

Removal of phosphorous from sili-
con through the Silgrain Process must
involve formation of phosphides. The
Ellingham diagram for phosphides in
Figure 7 reveals that SiP is one of the
least stable phosphides, and that Fe,
Al, Mn, Co, Mg, and Ca would prefer-
entially form phosphides first with re-
spect to silicon, except for the fact that
those impurity elements are present in
the silicon at low concentrations. With
silicon present in excess, it is necessary
to examine the ability of phosphorous
to disrupt the bonding between silicon
and the impurity elements.!* That is
accomplished by examining the abil-
ity of P(g) to form phosphides from
silicides, using the Ellingham diagram
in Figure 8. While the diagram in Fig-
ure 7 indicates that calcium forms the
most stable phosphide, the thermody-
namic calculations presented in Figure
8 suggest that magnesium dissolved
in silicon appears to have the greatest
ability to form a phosphide. The actual
situation is complex; one must take into
account that some elements don’t form
mono-silicides and thus aren’t included
in Figure 8, and all elements appear to
form binary, ternary, and more complex
silicides for which there are no thermo-
dynamic data. Additional issues involve
the concentration of impurity elements
and their activity in silicon. While Mg

-10 6 -2
Log Ppy

Figure 6. Volatility of P; route A-B-C gradual addition

pool of molten Si.

appears to be more suited for forming a
phosphide, there is far greater concen-
tration of Al, Ca, and Fe in m-Si than
Mg. Phosphide formation is not strictly
a thermodynamic issue, but involves ki-
netics and transport issues as well.

REFINING

The “Holy Grail” for those seeking
to refine silicon for PVs is a single eco-
nomic process whereby both boron and
phosphorous are removed to acceptable
concentrations. Thus, research into re-
fining silicon has focused on those ele-
ments.

Boron

The earliest refining process for boron
involved gas injection and volatilization
of boron-containing compounds. More
recently the focus has been on slagging.

Volatilization of boron from molten
silicon was linked to H,-H,O vapor by
Theuerer,'> who reported that during
zone refining of silicon, inclusion of
water vapor with the protective H, at-
mosphere significantly increases the re-
sistivity of silicon—a result attributed to
volatilization of boron-containing spe-
cies.

Theuerer’s results no doubt inspired
researchers to pursue this approach. An
early report set the vapor pressures of
BO, BO,, and B,0, at values of 74, 0.15,
and 0.056 Pa, respectively, for treatment
of molten silicon at 2,273 K.!® Using
available data for the activity of boron in
molten silicon,'* assuming the initial bo-
ron content in the silicon to be 15 ppmw,
and using the maximum p,, associated
with the Si-SiO, equilibrium, the vapor

of Si to Fe-P alloy, and route A-C alloy quenched in

pressures of the oxides are computed
to be no larger than 0.54, 1.2:1073, and
7.7-10* Pa, respectively. (Typical boron
content in metallurgical silicon today
ranges from 15 to 20 ppmw.) Further
thermodynamic analysis indicates that
the prominent boron species volatilized
with an H-H,O gas injection is likely
HBO, and not the oxides. The volatil-
ity of HBO has been computed, and
results plotted in Figure 9 for the condi-
tions used to compute the latest partial
pressures for the oxides. The diagram
includes the conditions beyond which
SiO(g) exists at a pressure of 1 bar, the
practical limit for sparging with H,-H,O.
Generation of SiO(g) can’t be stopped,
as it decomposes to SiO, and silicon
upon contacting a cooler surface. The
maximum vapor pressure of HBO at 1
bar total pressure is limited to about 5 Pa
and will decline significantly as boron is
volatilized. A large volume of gas will
be required, and substantial loss of sili-
con by SiO volatilization will occur.
Boron removal by distribution with
oxide slags is largely based on the re-
search of Suzuki et al.,'” and Fujiwara
and co-workers."® A summary of their
experimental results is presented in Fig-
ure 10 where the distribution of boron
between slag and silicon is plotted versus
slag composition. The distinct feature in
the diagram is the maximum occurring
in all cases near the orthosilicate, as rep-
resented where the ratio of the mole frac-
tions of CaO to SiO, is equal to 2. The
orthosilicate occurs at smaller values of
the ratio in slags containing BaO and
MgO. The refining capability for boron
(i.e., formation of BOif ions in slag) is
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dependent on the activity of SiO, and the
concentration of oxygen anions (O%*) in
the slag, as indicated by the chemical re-
action in the figure. Unfortunately, a rise
in the value of one leads to a decline in
the other, producing a maximum distri-
bution of boron between slag and silicon
at the orthosilicate.”

Phosphorus

Efforts to remove phosphorous from
silicon have involved volatilization com-
bined with vacuum treatment, and slag-
ging. Volatilization of a solute is usually
based on the vapor pressure of the solute
being greater than that of the solvent.
The opposite is the case for elimina-
tion of phosphorous from silicon, but
the mass of phosphorous is small and
thus the loss of silicon is acceptable.
At 1,973 K the equilibrium molar ratio
of phosphorous to silicon, in the vapor
phase, ranges from 2:10* to 7-10° as
the concentration of phosphorous is re-
duced from 30 ppmw to 1 ppmw, while
it is computed that 290 moles of silicon
are lost per mole of phosphorous vola-
tilized. That loss, while appearing to be
significant, amounts to less than 1% of
the silicon refined.

Experimental results in Table I reveal
that volatilization at elevated tempera-
tures is effective for removing many el-
ements. Pires et al.* used e-beam vac-
uum heating to fuse silicon buttons 25
mm thick and 90 mm in diameter over
a period of 20 minutes at e-beam power
levels of 15 to 17 kW at pressures of
10 to 1072 Pa. A comparison of results
in Table I with the boiling point temper-
atures in Figure 4 suggests, as a result
of significant reduction of aluminum
content by e-beam melting, that surface
temperature of the silicon buttons was
approaching that of the boiling point of
aluminum. Unfortunately, as might be
expected from boiling point tempera-
tures, boron content is not reduced to the
desired concentration of 1 ppmw for so-
lar silicon, nor can it as its boiling tem-
perature is greater than that of silicon.
Thus a separate refining step for boron
is required.

Research into distribution of phos-
phorous between silicon and slag has
largely focused on the impact of CaO
in slag reacting with phosphorous in
silicon, forming CaP, that dissolves in
the slag. The ionic form of the reaction

is included in Figure 11b. Much of the
attention on CaO is based on the ther-
modynamic stability of Ca,P, observed
in Figure 7.

Tabuchi and Sano®' measured the sol-
ubility of phosphorous in the CaO-CaF,
melts by equilibrating phosphorous va-
por with the melt at various partial pres-
sures of O,. They showed that equilib-
rium can be represented by the reaction
in Figure 11 where the source of oxygen
anions is CaO and the negative charge on
the P* anion in slag is neutralized by the
Ca* cations. The data in Figure 11 in-
dicate that reducing the partial pressure
of O, increases the solubility of phos-
phorous in slag; the chemical reaction in
the diagram suggests that selection of a
slag where it is possible to increase the
O% ion content (i.e., increasing the slag
basicity) will further improve solubility
of phosphorous in slag.

Those conclusions, based on experi-
mental results obtained with a system ab-
sent elemental silicon, are only partially
correct. Decreasing p,,, and increasing
the basicity of slag by the addition of
CaO to slag in the presence of molten
silicon leads to increased concentration
of calcium in the silicon, and in turn in-
creased concentration of phosphorous in
that phase. The presence of additional
calcium can, through ternary interac-
tion, draw phosphorous from slag back
into molten silicon. While CaO is a very
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Figure 7. Ellingham diagram for phos-
phides.

stable oxide, as the data in Figure 3 sup-
ports, preferred bonding between cal-
cium and silicon, and formation of SiO2
(or SiO(g)) leads to the decomposition
of the oxide and increased concentration
of calcium in silicon. The extent of pre-
ferred bonding between calcium and sil-
icon can be quantitatively evaluated by
comparing Henrian activity coefficients
(7y;) for solutes in molten silicon.'#?*-%
That comparison is available in Figure
12, where calcium is, by virtue of its po-
sition at the bottom of the diagram, the
most stable solute. Thermodynamic data
for the formation of CaO and SiO, and
the value of ¢, in Figure 12 at 1,773
K were used to compute the solubility of
calcium in molten silicon, and the activ-
ity of SiO, in slag at CaO saturation and
for values of p,, in Figure 11. Those re-
sults included in the upper graph in the
figure indicate that at the lowest value of
P,, the mole fraction of calcium in the
silicon (X, is in excess of 0.1. Also it
is clear that much of the solubility data
in the lower graph is at values of p,
above the saturation level for SiOz, and
not applicable for refining of silicon.
The ternary impact of deoxidizing
agents on the solubility of oxygen dis-
solved in molten iron produces a mini-
mum solubility of oxygen, followed
by increasing concentration of oxygen
with increasing content of the deoxidiz-
ing agent.?”’ Increasing concentration of
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Figure 8. Ellingham diagram contrasting
stability of phosphide versus silicide.
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Figure 9. Volatility of HBO(g) by reaction
of water vapor with B dissolved in molten
Si.

calcium in molten silicon has the same
impact on the solubility of phospho-
rous. However, when the ternary effect
is viewed through the distribution of
phosphorous between slag and silicon, a
maximum is observed as shown in Fig-
ure 13. The final concentration of calci-
um in the silicon, provided in parenthe-
ses with each data point, show a marked
increase with increasing CaO content
in slag. The impact of the ternary effect
leads to greater retention of phosphorous
in molten silicon.

SOLIDIFICATION REFINING

Refining by UDS, an established pro-
cedure, moves impurity elements to one
end of an ingot. The procedure is well
documented in the literature,” and thus
not considered further, except to note
that it has no impact on removing boron
from silicon, and can reduce phospho-
rous content to 35% of the initial con-
centration in the molten alloy for the first
material solidified; at 80% solidification
the content of phosphorous in the ingot
is at approximately 85% of the initial
concentration. The overall phosphorous
content of the ingot (at 80% solidifica-
tion) is approximately one-half the initial
concentration. Thus m-Si with 30 ppmw
phosphorous will produce an ingot with
a concentration ranging from 10 to 26
ppmw phosphorous with a single UDS,
but with an overall phosphorous con-
tent of 15 ppmw. Second and third UDS
procedures produce ingots with over-
all phosphorous content of 7.5 and 3.8
ppmw, respectively. The variation in the

phosphorous content in the final ingot
ranges from 2.6 to 6.4 ppmw. Cropping
the top 20% of each fully solidified ingot
produces a final yield of refined silicon
of 50 percent with three UDS steps.

An alternative approach to UDS is re-
crystallization from an alloy.**3! Silicon
must be the primary phase solidified,
and the only phase solidified. Alumi-
num is one element that does not form
a mono-silicide, and thus has received
considerable attention as a solvent for
silicon recrystallization. It also has the
advantage of having a melting tempera-
ture substantially lower than silicon, and
forms a eutectic point at 850 K at 87.4
wt.% silicon. Use of aluminum as sol-
vent allows for low temperature solidi-
fication over a wide composition range
for the alloy.

Morita and co-workers examined the
ability of using aluminum as solvent for
recrystallization of silicon.'* Some of
their results for the measured segrega-
tion coefficients for impurities, ki, are
presented in Figure 14. The coefficient
is the ratio of the mole fraction of the
impurity in the silicon solidified versus
the mole fraction of that element in the
molten alloy. The smaller the value of
k, the greater is the extent of removal of
that element from solid silicon. Unfor-
tunately, recrystallization of silicon from
an Si-Al alloy has the least impact on re-
moval of boron and phosphorous.

CONCLUSIONS

How to Win the Race for Solar
Silicon

Limiting factors that impact the po-
tential of using a metallurgical route for
producing s-Si were examined. If these
factors are truly limiting, what are the
options for producing s-Si?

Carbothermic Reduction of Silica

Myrhaug and Tveit’s’ boiling point
model and subsequent mass balances
for production of ferrosilicon in a sub-
merged arc furnace provide information
as to the source of impurity elements
and the extent to which they end up in
the product. If s-Si is to be produced di-
rectly from quartz and reducing agents
they must be substantially free of impu-
rity element, with no more than a total
impurity content of 1 ppmw per kg of
silicon produced. If the intent is to pro-

Table I. Impact of E-Beam Refining®

Impurity Level Impurity Level

in As-received after E-beam
Element Si (ppmw) Melting (ppmw)
Al 110.00 0.44
B 10.00 7.30
Ca 26.00 0.31
Fe 790.00 0.70
P 38.00 0.39
Total Impurity 1108 5.165
Si (%) 99.88 99.9995

duce low boron and phosphorous con-
tent silicon that is to be further refined
by UDS, the limitation applies to those
elements only.

FESIL is developing the Solsilc Pro-
cess,* where high-purity quartz and re-
ducing agents are being processed. Nat-
ural gas is cracked to produce a high-pu-
rity carbon black that is combined with
quartz and SiC fines using a high-purity
binder. No wood chips or coal, which
are significant sources of impurities,
are used in the reduction process. The
higher cost of raw materials is offset by
fewer refining steps.

Fine grain deposits of silica sand ex-
ist. Those sands with low impurity con-
tent can be autoclaved with an acid wash
or other solvent to further cleanse them
of impurities; for example Ca,(PO,), is
soluble in dilute acid and B0, is soluble
in water and ethanol. The finer the sand
the greater the surface area per unit vol-

I ' I ' I
I Equilibrium Reaction g
4B(/) + 6(0%) + 3(Si0,) = 4(BO,*) + 3Si(/)

'
3.0

Suzukietal. |

# Ca0 + SiO,+ 30% CaF,

A Ca0 + Si0,+ 10% BaO

= CaO + SiO,+ 10% MgO
o T=1723K
< E Xcao ! Xsio, = 2
2 20 ol -
o
=
H

1.0 -

Fujiwara et al.
| ® CaO + ALO, + SiO,
T=1873K

0.0 L | L | | "
0.2 0.4 0.6 0.8 1.0

Xcao/(Xcao* Xsio,)
Figure 10. Mass ratio of B in slag (wt.% B)
versus that in molten Si [wt.% B] plotted
as a function of the slag composition
expressed in mole fractions.”'®
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ume and the greater the probability that
impurities can be removed by this pro-
cess. The recovered silica can be mixed
with high-purity reducing agents and
consolidated by sintering or with a high-
purity binder, and then processed in an
arc furnace.

Acid Treatment

Removal of 90% of the phosphorous
in m-Si by acid treatment, as reported in
Elkem’s patent,'? can reduce the phos-
phorous content from 30 to 3 ppmw.
Following the procedure described with
respect to solidification refining, a single
UDS will produce an ingot with phos-
phorous content varying between 1 and
2.6 ppmw, with 80% yield.

Volatilization

Volatilization techniques are limited
by low vapor pressures of volatiles. The
issue is made difficult by the initial low
concentration of elements to be volatil-
ized and their decreasing concentration
during processing. Large volumes of gas
are required and must be effectively dis-
tributed through the silicon. Long pro-
cess times are required. A combination
of different sparging gases with slag for-
mation can speed the refining process.

The sparging gas is eliminated in e-
beam heating, but the heating must be
conducted under ultra-high vacuum that
severely impacts the economics of vola-
tilizing impurities. Heating is limited to

a thin layer no more than 1 to 3 cm de-
pending on the power employed. A ma-
jor drawback is the small surface area of
silicon that is heated.

JFE (Kawasaki Steel) has combined
vacuum e-beam heating of a thin sheet of
silicon, and e-beam heating with UDS.%
That approach, effective in reducing the
concentration of many impurities, in-
cluding phosphorous, must be followed
with a separate step to remove boron.
The ingot from the UDS step is crushed
and melted using a non-transferred arc
plasma torch. An H,-H,O gas is used to
volatilize boron. A conventional UDS
step completes the process.

C (graphite)

1| Blpurelia) 1

~ P (pure lig.) —
[ et S,

B ’A‘_(&“_qﬁ

Log V'm
o

|

——

-1~ "Mg (pure lia)
.
Fe (pure ia)
2 _

W")

-3 I e P I

1680 1720 1760 1800 1840 1880
T(K)

Figure 12.Henrian activity coefficients

for solutes in molten Si with standard

state in parentheses.'422-2¢

Log (Wt%P)/[wt%P]

Slagging

Oxide slags with equilibrium mass
distribution ratios of 2 and 3 for boron
and phosphorous are severely limited in
their ability to refine m-Si. Thus, fluxing
agents free of boron and phosphorous
are required to form a slag. Elkem Solar
patented a concept for producing a low-
phosphorous slag from inexpensive raw
materials containing phosphorous by
utilizing data in Figure 5.% Ferrosilicon
with more than 65 wt.% iron provides
for greater solubility of phosphorous in
the melt versus molten silicon. Elkem
Solar fused slag admixtures in the pres-
ence of ferrosilicon containing 80-90%
iron to draw phosphorous from the slag
into the ferrosilicon. The resulting slag
is then used in the refining of m-Si. This
approach allows for more freedom for
utilizing a slag that has greater capacity
for boron while still removing phospho-
rous.

The small distribution ratios obtained
with an oxide slag for boron and phos-
phorous removal also require large mass
of slag, far exceeding the mass of sili-
con refined. Elkem Solar*’ and Nippon
Steel®® in their patents approached this
problem with counter current and semi-
counter current processes that have the
potential to reduce the mass of slag by
an order of magnitude. In one patent®
10 to 100 batches of slag were allowed
to equilibrate separately with silicon and
then removed. Use of multiple reaction
vessels in series has been proposed.*

For a slag to act as an effective sink

wt% Ca
L (0.18) Slag: CaO - SiO, - AL,O, |
_3 1 | 1 I 1 I 1 | 1 I 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9
Xcaol (Xcao * xsmz)

Figure 13. Distribution of P between slag and
molten Si as a function of slag composition as
expressed in the mole fractions of CaO and
SiO, (data from Ref. 28), wt.% Ca content in Si
in parentheses next to data points.
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for both boron and phosphorous requires
favorable thermodynamics for the ex-
change reactions involving transfer of
impurity elements from silicon to slag,
and a slag that has favorable bonding
that reduces the activity coefficient of
the constituents containing the impurity
elements in slag. Oxide slag has little
capacity for boron and phosphorous in
refining silicon.

Of all the slag systems proposed,
that containing Si,N, has the greatest
thermodynamic potential for removal
of boron from silicon.**' The slagging
operation involves an exchange reac-
tion between the slag and molten silicon
where Si N, in slag supplies nitrogen
to remove boron from silicon through
formation of BN that dissolves in slag.
The advantage of this approach, beyond
favorable thermodynamics, is that there
are no counteracting effects as occurs
in oxide slag with boron as observed in
Figure 10. Lynch and @ye*' identified
a system where activities of Si,N, and
Al O, in slag can have maximum values
for transferring boron and phosphorous
to slag as BN and AIP. Lynch and @ye
also proposed how the composition of
the slag can be adjusted to decrease the
activity coefficients of boron and phos-
phorous, further improving the refining
ability of slag.

Recrystallization of Silicon from
Alloys

Recrystallization of silicon from an
Al-Si alloy is only marginally effective
in removing boron and phosphorous.
This approach suffers from the same
problem as oxide slag, namely the need
to use alloying agents with a very low
concentration of boron and phospho-
rous. With the Al-Si alloy the concen-

Figure 14. Distribution coefficients for
impurity in the recrystallization of Si
from an Al-Si alloy.'-%®

trations of boron and phosphorous will
quickly rise above acceptable levels with
silicon recrystallization. The alloy must
either be cleansed of impurities or sold.
The economic impact can be minimized
by utilizing an alloying agent that has
substantially smaller segregation coef-
ficients for boron and phosphorous than
with aluminum as solvent.

Removal of the molten alloy is a
problem after recrystallization. Nichol
has proposed* decanting the alloy, us-
ing a high-temperature press to squeeze
out trapped liquid. If necessary, the
resulting slush can be remelted and re-
crystallization repeated. Reheating the
silicon-rich slush will push the melting
temperature toward the normal fusion
temperature of silicon, thus much of the
advantage of working with an alloy at
lower temperatures is lost.
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