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Abstract

The slag refining for boron removal from metallurgical grade silicon is a promising metallurgical process for producing
solar grade silicon. In this paper, FeCl, molten salt has been used as a new refining agent to remove boron from MG-Si.
The effects of refining time and mass ratio of MG-Si to FeCl, molten salt on boron removal have been investigated in detail.
The results showed that boron can be efficiently removed in form of BCI, and boron concentration in MG-Si was
successfully reduced from 22x 107 to 4x 10°° at 1823K for 2 h with the mass ratio of FeCl,molten salt to MG-Si for 1.0. The
rate equation of boron removal using FeCl, molten salt was proposed and established in kinetic, which showed a large
difference in removal limitation of boron compared with thermodynamics.
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1. Introduction

Solar energy is the most potential energy among
all renewable resources and it has been attracting lots
of attentions [1-2]. In 2011, the production of solar
cells had reached 37.2GW all over the world and
spectacularly it contained a share of about 60% for
polycrystalline silicon solar cell. In spite of the
Siemens process, the metallurgical route upgrading
metallurgical grade silicon (MG-Si) to solar grade
silicon (SoG-Si) has been developing in the
worldwide as a result of low cost and friendly
environment [3-5].

Boron is a crucial impurity in polycrystalline
silicon solar cells and its concentration in silicon
wafer will influence the photoelectric conversion
efficiency and the stability of solar cells [6]. The
metallic impurities such as Fe, Al, Ca, Ti et al can be
easily removed from MG-Si by directional
solidification technology due to their small
segregation coefficients in silicon. However, it is
impossible for boron removal for its large segregation
coefficient (k;=0.8) [7-10]. Furthermore, boron can
not be removed by volatilization for its low saturated
vapor pressure. It is only 10 Pa at 1773K [11-12]. At
present, oxidizing refining is the main technology for
boron removal from MG-Si. It includes some methods
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such as thermal plasma treatments, gas blowing and
slag refining. Several investigative groups [13-14]
have developed the thermal plasma treatments for
boron removal by a steam added plasma melting or a
plasma torch blowing on the surface of MG-Si melt.
Erlend et al [15] examined a moist hydrogen gas
blowing method for boron removal from MG-Si. In
previous studies [16-18], the slag refining technique
based on CaO-SiO, slag system is used to examine
boron removal.

In this paper, boron removal was innovatively
studied using a FeCl, molten salt technique. It was
thought that the gaseous boron chloride species will
be formed and volatilized from MG-Si. Then, the
efficiency of boron removal was emphasized to
examine under different experimental conditions. At
last, the mechanism of boron removal from MG-Si
using FeCl, molten salt was proposed and depicted in
detail.

2. Experimental

The reagent grade FeCl, powder and MG-Si
powder with boron concentration of 22x10° (mass%)
were mixed with the mass ratio of FeCl, to Si for
0.5:1, 1:1, 2:1 and 3:1, respectively. The mixture was
brought into a high purity graphite crucible with a size
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of 50mmx120mm. The crucible was then put into a
quartz tube of an intermediate frequency inductive
furnace. The argon of 99.9% purity (Vol.%) with a
flow rate of 10 mL/s was blown into a quartz tube as
shielding gas atmosphere. The schematic diagram of
experimental apparatus was shown in Fig. 1. The raw
materials were heated up to 1823 K with different
ratios of FeCl, to Si and refining time. After refining,
the boron concentration in refined silicon was
analyzed by inductively coupled plasma mass
spectrometry (ICP-MS, American PerkinElmer
Company, ELAN DRC II).

1-gas outlet; 2-gas inlet; 3-quartz tube; 4-
induction coil; 5-graphite crucible; 6-rubber
plug; 7-melt; 8-lifting gear

Figurel. Schematic diagram of experimental apparatus

Molten salt
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3. Results and discussion

Based on the thermodynamic handbook [19],
boron in MG-Si melt will react with FeCl, molten salt
and the gaseous boron chloride species BCI, BCl, and
BCl, will be generated. Unavoidably, the gaseous
silicon chloride species SiCl, SiCl, SiCl, and BCI,
will also be generated, which causes the lost of Si. It
is found that the gaseous species BCL and SiCl, will
be generated according to the standard Gibbs free
energy of formation for species. Therefore, the main
forms for boron removal and silicon lost are
respectively BCl, and SiCl, in thermodynamic, when
using FeCl, molten salt refining technique.

The photos of refined silicon using FeCl, molten
salt are shown in Fig. 2. It is seen from Fig. 2(a) that
the residual molten salt can be separated from silicon
melt and covers on the surface of silicon. Fig. 2 (b)
shows that the refined silicon is mainly situated in the
central of graphite crucible and the molten salt is
distributed in the inner wall of the crucible, which
further illustrates that the silicon melt and the molten
salt can be well separated after refining.

Fig. 3(a) shows the efficiency of boron removal at
1832K for 120min with different mass ratios of FeCl,
to MG-Si. It is found that the efficiency of boron
removal is remarkably improved when increasing the
mass ratio of FeCl, to MG-Si. Boron concentration in
silicon can be reduced from 22x10 to 4.0x10° and
the removal efficiency reaches 82%. However, the
trend becomes weaker when the ratio is greater than
1.0.

Fig. 3(b) shows the varying trend of boron
removal at a mass ratio of FeCl, to MG-Si for 1.0 with
different refining time. It is found that the boron
concentration in refined silicon is obviously decreased
by prolonging the refining time. However, the trend of
boron removal decreases when the refining time is
longer than 60min. It was likely to be caused by the
decomposition and volatilization of FeCl,, which

Molten salt

Figure 2. Photos of refined silicon ingot (a) cross section and (b) longitudinal section
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Figure 3. Boron concentration in refined silicon after FeCl, molten salt refining at 1823K (a) ratios of FeCl, to MG-Si for

2h and (b) different refining time

reduces the reaction between boron in silicon and
FeCl, molten salt.

In order to clarify the effect of Fe left by FeCl,
molten salt on refined silicon, a SEM-EDS analysis
was carried out for refined silicon sample and shown
in Fig. 4. It shows that the generated Fe exists in the
boundary of silicon, where has no other impurity
elements. Diet [20] found that the solubility of Fe in
silicon is very low and its biggest solubility in silicon
is 2.3x10° at 1673K. Moreover, Fe can be removed
from refined silicon by some simple methods such as
directional solidification, acid leaching and so on.
Therefore, the effect of Fe left by FeCl, on silicon
may be ignored.

The varying trend of boron removal using FeCl,
molten salt with different refining time can be
explained in kinetic and the mechanism of boron
removal from MG-Si can be expressed as Fig. 5.

The original concentrations of boron in MG-Si
and FeCl, molten salt are assumed to be ey and
Crec,) , Tespectively. Then, they becomdisiand Crecr,)

in the interface of molten salt and silicon melt owing
to the diffusion, where the reaction between FeCl,
molten salt and boron in silicon will occur and shown
in Eq. (1).

x/2FeCl, (1)+[B]=x/2[Fe]+BCl (g) (1)

where [B] represents the dissolved element boron
in MG-Si and x represents 1, 2 or 3. In the interface,
the concentrations of generated products BCl, and
[Fe] can be expressed as “zc,) and Gr . Owing to
the concentration difference, BCl and [Fe] will
transfer from interface to gaseous phase and from
interface to silicon melt, respectively. Their
concentrations are changed to “sc,) and Gr] . The
varying process of boron concentration from MG-Si
phase to gaseous phase may be express as Eq. (2).

[B] (ﬁ[m ] [B] :

difussion (interface reaction )

-(2)
(BCl,) —ie_5(BCl,)

(difussion)
where B and Bsc, ) are the mass transfer coefficients
of [B] in silicon melt and BCI_ in gaseous phase,
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Figure 4. Scanning electron microscope and energy spectrum of refined silicon (a) SEM and (b) EDS
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Molten salt (FeCl2)

[BI* +3 (FeCl2)* -

Silicon melt

Figure 5. Schematic diagram of boron removal from MG-Si in kinetic using FeCl, molten salt

respectively. According to the double-film theory
[21], the reactive rate of boron removal can be
expressed as Eq. (3).

dq oy~ Gpary ' K

9 _

dt 1k +1/ (ke - K)+1/k,

(3)

where kj, kBClY and k. are the rate content for
diffusion and interface chemical reaction processes,
respectively.  1/k; , U(ngch'K) and 1/k, are the
resistances of transfer and interface chemical reaction
of components, respectively. K is the equilibrium
constant of Eq. (1). As we known, the rate of interface
chemical reaction is much faster than that of diffusion
at high temperature and it is concluded that the mass
transfer of boron in silicon melt is the restrictive
factors for boron removal using FeCl, molten salt.
Therefore, 1/ (chL'K ) and 1/k, may be ignored in
Eq. (3), which is expressed as Eq. (4).

1/ ky > 1/ (kye, K)+1/k, (4

Therefore, the resistances of mass transfer for
BCl and the interface chemical reaction can be
ignored. Eq. (3) can be rewritten as Eq. (5).

A4
-l K ()= Clocr /K ) (5

The relationships among Csai, )*,
K may be expressed as Egs. (6)-(8).

“(sc1), ¢[ B] and

C(BCI\)* = Cse) ...(6)
c(BCLY)
AT K
C[B]* (7
BCI .
%: o8] (8)

At last, Eq. (5) can be expressed as Eq. (9).
a’c[B] B "
—T—kB(C[B]—c[B] ) (9)

As shown in Eq. (9), it is easy to notice that the
value of (c[B]-c[B] )is commonly very small when

boron concentration in silicon is reduced to a trace
amount by prolonging refining time. At this time, the
reactive rate of boron removal is also very small.
Therefore, boron removal is very difficult in kinetic
when boron concentration in silicon is too low, which
usually has large difference with removal limitation of
boron calculated in thermodynamic.

5. Conclusions

(1) Boron concentration in silicon was
significantly purified from 22x10 to 4x10 at 1832K
for 2h using FeCl, molten salt refining technique and
the removal efficiency of boron reaches 82%.

(2) The varying trend for boron removal from
MG-Si using FeCl, molten salt is unobvious when the
mass ratio of MG-Si to FeCl, molten salt is larger than
1.0 and the refining time is longer than 60 min.

(3) The rate of boron removal was studied in
kinetic and the corresponding kinetic equation is
proposed and established. Boron removal is difficult
when boron concentration is reduced to a trace
amount. The removal limitation of boron in kinetic
exists large difference with thermodynamics.
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