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ABSTRACT

New production process for polycrystalline silicon is necessary in order to increase the
actual feed stock of this material for the solar cell market. Metallurgical grade silicon
can be used for the production of solar cells if the required degree of purity is achieved.
The slag refining of silicon for boron removal using silicate slags is one of the available
techniques. In this work, the thermodynamics of Ca0-Si0, and Ca0-Si0,- CaF, slags were
evaluated at 1823 K using metal-slag equilibration method. The activity coefficient of
boron oxide and the borate capacity of the slag were calculated for low boron containing
slags (boron concentration lower than 0.25%).

For basicities lower than 0.8 in the Ca0-Si0, binary system, as the content of silica in-
creases, an unexpected decrease in the activity coefficient of boron oxide was observed. To
explain this decrease, a model where the boron in slag phase is incorporated in the silicate
network was proposed. 'B solid state NMR analyses and quantum chemical calculations
have shown that this boron exists in tetrahedral form connected to four silica groups and

having a Ca?* coordinated close to it.
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INTRODUCTION

Nowadays, the use of clean energy has become crucial, and it can be perceived in the in-
crease of the production of solar cell for the past few years. Due to this increase in the
demand, the price of the high purity silicon, that is the main substrate for solar cell has
also increased. New production routes for solar grade silicon (99.9999%Si) are required
in order to increase the feedstock of polycrystalline silicon for the solar cell production.
The refining of metallurgical grade silicon (99.8%Si) is an available option, but the re-
moval of boron, the most difficult impurity to be removed from silicon, is still a problem.
The oxidation using plasma combined with water vapor has shown good results, but this
process requires longer treatment time with considerable amount of energy. Alternatively
the oxidation of boron using silicate slags is possible, and will be effective if a high boron
partition ratio is attained. The partition ratio is considered to be affected by the activity
coefficient of boron oxide in slag, as well as the oxygen partial pressure between slag and
silicon. Therefore, the basicity and the structure of the slag are the important parameters
for such refining process.

The basicity of the slag is defined in this work as the ratio alkaline oxide/silica, and will
increase as the CaO amount increases. For the binary system CaO-SiO, at 1823 K, the ra-
tio CaO/Si0, can only exceed 1.2 if a flux, such as CaF, is used [1]. Silicate slags can have
its structure changed as the ratio network-former/network-modifier changes [2]. As the
amount of SiO, (network-former) increases, polymeric structures are formed in the slag.
The formation of such structures may affect the behavior of boron in slag. In the present
work, thermodynamic properties of boron oxide in silicate slags at 1823 K are shown to-
gether with the definition for borate capacity of slags. The major local structures of boron
for CaO-SiO, slags with CaO/SiO, ratio lower than 0.8 was evaluated using 1B solid state
NMR analysis supported by quantum chemical calculations.

METHODOLOGY

High purity silicon was doped with 150 ppm of boron using an induction furnace. Three
grams of silicon was equilibrated with 6.7 grams of slags of various compositions in a graph-
ite crucible at 1823 K in argon atmosphere using a MoSi, resistance furnace. Slags were pre-
pared from reagent grade SiO,, CaF, and CaO calcined from CaCOj in air. The temperature
was controlled using a Pt-6%Rh/Pt-30%Rh thermocouple, having an accuracy of +2K.

After 18 hours the sample was quenched in a flushing argon gas. The slag was physi-
cally separated from the silicon, crushed in a ball mill and both phases were subjected to
chemical analysis using ICP-AES.

Samples for structural analysis were quenched in water and ground into fine powder.
1B analyses were done in a Chemagnetics CMX400 solid state NMR. The sample rotation
was 3kHz, the reference was BF;.Et,0, and the Lamour frequency was 128.4 MHz.

RESULTS AND DISCUSSION

In order to confirm if the equilibrium was successfully attained, the calcium content of sam-
ples of the binary CaO-SiO, system were compared with the data provided by Morita [3].
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Figure 1: Calcium concentration in samples of Ca0-Si0, slags

From the equilibration results, the partition ratio of boron (LB = (B)/[B]) between silicon
and slag phase was clarified for the CaO-SiO, and CaO-5i0,-(25%CaF, and 40%CaF,) slag
systems. The result is illustrated in Figure 2. The addition of CaF, increased the attainable
basicity of the slag (1.2 for CaO-SiO,, 4.0 for CaO-SiO,-25%CaF, and 7.0 for CaO-SiO,
-40%CakF,). The highest partition ratio was obtained for CaO-SiO, slags at basicity 1.2.
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Figure 2: Partition ratio of boron between silicate slags and silicon equilibrated at 1823 K

Calcium fluoride has neither the oxidation potential of silica nor the strong basicity char-
acter of CaO. Since the same ratio of slag/silicon (2.3) was kept constant for all the ex-
periments, the addition of CaF, promoted the dilution of the other two components. In
order to confirm the state of boron in slag phase, a series of experiments were conduct-
ed where the boron concentration in the premelted silicon was raised from 150 ppm to
1.0 wt%. The maximum concentration of boron obtained in the slag phase was below
0.25 wt%, and could be regarded as a Henrian solution, as shown in Figure 3.
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Figure 3: Boron dependence with its content between silicon and slag phase for the binary
system Si0,-Ca0 at 1823 K. The max concentration of boron in slag was 0.25 wt%

Based on reaction 1, the activity coefficient of boron oxide can be calculated as shown by
Equation 2.

3 .. 3 o
B+ 2 Si0,y =BO 54+ 2 Sig, @)

3
4
_ Ka, (aSiO 2)

Yeo,, 3 (2)
XBol_5 (a Si)4

where K is the reaction constant.

The activity of silicon was calculated using Gibbs-Duhem equation combined with
the data published by Inoue [4]. The boron activity was evaluated based on the work of
Yoshikawa [5] and the silica activity was taken from Morita [3]. The activity coefficient of
boron oxide is shown in Figure 4A.
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Figure 4: A) Activity coefficient of boron oxide for silicate slags at 1823 K compared with the data from Noguchi.
B) Relation between activity coefficient of boron oxide and basicity for samples of Ca0/Si0, ratio higher than 0.8

The difference between the activity coefficients calculated in the present work and the
work done by Noguchi [6] may be due to the difference in the boron activity in silicon phase

adopted for both works. As expected, the activity coefficient of boron oxide decreases with
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increase in basicity except for the silica rich region (CaO/SiO0,<0.8), where the activity
coefficient decreases as we increase the silica content. As will be present later in this paper,
the behavior of boron oxide in slag is similar to the behavior of sulfide. However, the
decrease in the activity coefficient of boron oxide with increase of the silica content in slags
with CaO/SiO, ratio lower than 0.8 was unexpected. A linear relation between basicity and
the activity coefficient of boron oxide is present in Figure 4B, giving the following relation:

Ind,, = -4.00(Ca0/Si0,)+ 3.67 ®)

In order to explain the behavior of boron oxide in silica rich slags, the structure of such
slag was investigated. The XRD analyses of the binary system containing a CaO/SiO, ratio
lower than 0.8 have indicated the presence of an amorphous structure in the slag phase.
Since boron oxide is also a network former (as silica) the possibility of boron incorpora-
tion by the silicate network was investigated using !B solid state NMR analysis, as well as
quantum chemical calculations. The result is shown in Figure 5 together with the quan-
tum chemical calculation results (vertical lines) for five different species: BB - BB (bo-
ron oxide connected to boron oxide in an open threefold structure), ¥!'B - 1Si-2NBO (bo-
ron in threefold structure connected to one silica group, having 2 non bridging oxygen),
BIB-2Si-1NBO (boron in threefold structure connected to two silica groups, having 1 non
bridging oxygen), B1B-3Si (boron in threefold structure connected with 3 silica groups) and
[4 B-4Si-Ca (boron in fourfold structure connected to 4 silica groups and having a Ca*? co-
ordinate close to the boron atom). The result for “/B-4Si-Ca (-1.7 ppm of chemical shift) is
coincident with the result obtained from NMR and consistent with the result published by
Lin-Shu Du [7]. This result is also in agreement with the data available for reedmergnerite [8].

_ _Big B
- - -PFIB_18i-2NBO
- BB-2Si-1NBO
—-PB-3si
——“B-48j-Ca

T T T T T T T T T
40 20 0 -20 -40

chemical shift (ppm)

Figure 5: Result of ™ B solid state NMR analysis for a sample of the Ca0-Si0, binary system with
Ca0/si0, ratio of 0.55 containing a boron concentration around 0.25%. The vertical lines represent
the values obtained by quantum chemical calculations for several possible structures

This result suggests that boron was incorporated by the silicate network as a fourfold

structure, being a part of a large silicate structure (Figure 6). This result is valid for sam-
ples of low CaO/SiO, ratio and low boron content.
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Figure 6: Boron incorporation in the silicate network for Ca0-Si0, slags with Ca0/Si0, ratio
lower than 0.8 and boron content up to 0.25%

Based on the slag-metal equilibrium data (Equation 4), the borate capacity of slag systems

was defined in this work as shown in Equation 5:

3 3
B+=-0 +=-0*=B0OJ (4)
4 > 2
3
(mass%BO,”) K,a?2. -
BO§7= E =
a,Pa 50,

where K, is the reaction constant. The capacity of the slag is increased with increase in
basicity, as expected for an acidic oxide. If the borate capacity data is treated in the same
way adopted for the activity coefficient, it can be fitted by a linear relation (Equation 6)
as shown in Figure 7. Since there is no data available on the borate capacity of the slags, it

will be compared with the sulfide capacity [9], in Equation 7.

@ Previous work Ga0-SiO, a4 | @ Previous work CaQ-Si0,
A Present work Ca0-Si0,-25%CaF, A: A Present work Ca0-SiO -25%CaF,
W Present work CaO-Si0,-40%CaF, : W Present work Ca0-Si0,-40%CaF, A, ‘
4= i ’
/ a2t P
' an” hny
'
El ' 4
i .
s ; @ il ‘
% ' beo $
5 ' [} ’
g ' & .
.
© 3l i £ ®r [} A
i .
; ,
Y
. 36 - =
'l A /'
I L4
s 34 | ®
#
s : . s . ; ;
0 N L L L
0.0 05 1.0 15 20 25 30 35 40 00 05 10 15 20 25 30 35
Ca0fSio, Ca0/sio,
Figure 7: A) Borate capacity for silicate slags at 1823 K. B) Relation between
borate capacity for samples of Ca0/Si0, ratio higher than 0.8

In Cyo3- = 4.00 (Ca0/Si0,) + 31.51
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The relation between borate capacity and sulfide capacity [10] can be expressed by
Equation 8, and the expected slope of the plot in Figure 8 is 3/2. The obtained slope was
1.43 and 1.88, revealing an agreement between both properties of the slag.
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Figure 8: Relation between borate capacity and sulfide capacity of silicate slags

CONCLUSIONS

Boron exists as a monomer in CaO-SiO, slags containing up to 0.25 wt% boron.
The activity coefficient of boron oxide for CaO-SiO, and CaO-SiO, -CaF, slags at 1823 K
was determined, and its dependence with basicity (for samples with CaO/SiO, > 0.8)

is given by:

Ina = -4.00(Ca0/Si0,) + 3.67

BO 15 -

An unexpected low activity coefficient of boron oxide in CaO-SiO, slags was observed for
slags with CaO/SiO, ratio lower than 0.8. This behavior was attributed to the incorpora-
tion of boron by the silicate network. This result was confirmed by 1B solid state NMR

analysis (resonance detected at -1.7ppm).

The borate capacity was defined in this work as:
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Its dependence with basicity (for samples with CaO/SiO, > 0.8) is given by:

InC_, = 4.00(Ca0/Si0,) + 31.51

B

The relation between borate capacity and sulfide capacity is given by:

3
2
£2

3 K
log CBO? =5 log C_, + log + log

3
K22 BO3
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