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Boron removal from metallurgical grade silicon by oxidizing refining
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Abstract: A purification process was developed to remove impurity element boron from the metallurgical grade silicon by the
electric arc furnace refining. The thermodynamic equilibria calculation and experiment to remove boron in the oxidizing atmosphere
were performed and analyzed. Boron is removed as the gaseous species B,O, and ByH,Oy in O, and H,O-O, atmosphere respectively.
The equilibrium pressure of ByH,0y is 10°-10'° times that of B,Oy. Boron is removed and its content in silicon is reduced from 18X
1076 to 2X 107 in the Ar-H,0-0, atmosphere in the electric arc furnace.
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1 Introduction

Since 2000, the booming of photovoltaic (PV)
industry has being lasted for about 8 years. The
worldwide production of photovoltaic modules was
1 787 MW in 2005 and it is projected to approach 18
GW annually by 2020. In 2005, more than 90% of the
solar cells were made using crystalline silicon. The
growth of the PV industry is limited by the availability of
silicon feedstock, and is directly dependent on the
electronic industry processes. In other words, the
photovoltaic industry will face a shortage of silicon
feedstock in the near future[1-3]. At present, the supply
of solar grade silicon is short of demand and the new
technique of production and purification with large scale
and low price must be explored. The purification of
metallurgical grade silicon is being paid close attention
by investigators.

Impurity elements Fe, Al, Ca, Ti, P, B, etc, in silicon
can be removed by the metallurgical method. Among
them, the metallic elements with very small segregation
coefficient can be separated from silicon by the
directional solidification[4]. B and P contents in silicon
materials will affect the conversion efficiency of solar
grade cells. Phosphorus can be volatilized from silicon in

form of high volatile P,[5]. But the boron removal is still
a challenge for its large segregation coefficient to silicon
(k¢=0.8) and low vapor pressure (ps=10"°Pa at 1 773
K)[6—7]. The common practice of boron removal is by
pyrometallurgical refining step with the calcium silicate
slag of Ca0O-Si0,, Ca0-Al,0;3-Si0, or NaO, 5-Ca0-SiO,
to obtain solar grade silicon[8—11]. Plasma refining is
restricted for the apparatus despite of its availability in
boron removal[12—13]. Even though, boron can be also
vaporized from silicon in form of gaseous oxides or
hydrates[14].

In this work, the oxidizing refining method of
metallurgical grade silicon was used for the boron
removal and the process and feasibility were presented.
Based upon the thermodynamic equilibria analysis of
molten silicon system in O, and H,0-O, atmosphere, it is
demonstrated that the boron content in metallurgical
grade silicon can be effectively reduced. And the
experimental setup and results were presented.

2 Thermodynamic equilibrium analysis

The thermodynamic equilibrium analysis aims at
the form and limit of boron removal by calculating the
Gibbs free energy and vapor pressure of gaseous species
at different temperature, and determining system pressure
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and gas composition, therefore, to provide a guideline or
reference for oxidizing refining application of
metallurgical grade silicon. The melting and boiling
points of Si and B are 1 685, 2 540 and 2 573, 2 820 K,
respectively. Silicon is in molten state at the determinate
temperature range of 1 685-2 500 K. Boron oxides BO,
B,0, BO,, B;0,, B,0; and hydrates BHO, BH,, BHO,,
BH,0,, BH;0;, B,H;04, B3H3;0;, B3H;04 are volatile
according to the thermodynamic data. So, the impurity
element boron in metallurgical grade silicon can be
changed into gaseous species through oxidization in O,
and H,0-O, atmosphere and then be removed. The
effects of other impurities elements such as Fe, Al, Ca, Ti,
P, C, Cu, V, etc, on Si and B are ignored here.

2.1 Oxidizing refining of O, atmosphere

The impurity element boron dissolved in molten
silicon and expressed as [B] is oxidized into gaseous
boron oxide species (B,Oy) by O, in the temperature
range of 1 685—6 000 K. The potential reactions in
[B]-O, and Si-O; are listed in Table 1.

Table 1 Reactions for Si-B-O system

Number Reaction Temperature range/K
@) 2[B]+0O, == 2BO(g) 1 685—6 000
2 [B[+O, == BOs(g) 1 685—6 000
3) 4/3[B]+0, == 2/3B,05(g) 1 685—6 000
4) 4[B]+0, == 2B,0(g) 1 6856 000
®) 2[B]+0, == B,0,(g) 1 685—6 000
6) Si(1)+0, == SiOy(1) 1 685-3 504
@) 2Si()+0, == 2Si0(g) 1 685-3 504

Based on the handbook of NIST-JANAF
Thermochemical Tables[15], the relationship between the
Gibbs free energy change (AG®) of chemical oxides
(BxOy, SiO,, SiO) and temperature (T/K) was calculated
and shown in Fig.1, where the preferential order of
oxidizing products is B,0;>B,0,>B0O>B0,>B,0.
The AG® values of SiO, and SiO are much negative in
the temperature range of 1 685-2 100 K and 2 100—
2 500 K, respectively. The silicon is the principal part in
the molten system and the reactions (6) and (7) firstly
occur at 1 685—2 100 K and 2 100-2 500 K, respectively.
According to Fig.1, we conclude that the impurity
element B in metallurgical grade silicon may not be
oxidized into gaseous species at 1 600—2 500 K and at
this temperature region only Si oxidation takes place to
form SiO, and SiO.

The AG® —T curve of gaseous boron oxides (BxOy)
is declined downwards and opposite to that of SiO,. The
reactions (8)—(12), given in Table 2, between SiO, and

[B] will occur at the determinate temperature and

pressure.
The relationship between AG® and T of the
reactions (8)—(12) is shown in Fig.2.

Table 2 Reactions between SiO, and [B]

Number Reactions Te::g;jg re
®) (SiOy)+2[B]1=Si(1)+2BO(g) 1 685-3 504
©)] (SiO)+[B]=Si(1)*+BO,(g) 1 685-3 504
(10)  (SiO)+4/3[B]=Si(1)+2/3B,0s(g) 1 685-3 504
(11) (Si0,)+4[B]=Si(1)+2B,0(g) 1 685-3 504
(12) (Si0,)+2[B]=Si(1)}+B,0x(g) 1 685-3 504
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Fig.2 AG® of reactions between SiO, and [B] vs temperature

From Fig.2, the AG® values of reactions ®)—(12)
are all positive below 2 300 K. It is possible to reach the
negative AG® values by changing system pressure.
The impurity boron is then oxidized into gaseous oxides
(BxOy) by the production of SiO, and the reactions (8—12)
are generally expressed as

(SiOz)"‘z—yX [B]—Si<1)+% (B,O,)(2) (13)
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At the refining temperature of 1 6852 500 K, the
isothermal equation of reaction (13) is written as follows:

[p(B,O,)/p°T" -a(Si)

AG=AG®+2.303RTlg L
a((B)™ -a(Sio,)

(14

In the B-Si-O system, the activities of Si and SiO,
are regarded to be 1 (a(Si)=1, a(SiO,)=1). The silicon
melt with low impurities concentration is considered to
be a dilute solution and the element B is assumed as
solute to obey Henry’s law. When the mass concentration
w([B]) is expressed during the calculation, the standard
state of W([B])W’=1 for Henry’s law is selected. The
activity a([B]) is expressed as (w([B])W")-f([B])
(coefficient of activity, f([B])), and a([B])=w([B])W’ at
which (W([B)W’)— 0, f([B])=1. Eq.(14) is then re-
written as

[p(B,O,)/p° 1Y

AG=AG®+2.303RTlg S
[w(B]/w" =Y

(15)

Supposing that the equilibrium is reached at which
a([B])=w([B))W’=2.0X 10", when AG reaches zero
(AG=0), Eq.(15) is expressed as
e}

AG
lg[ p(B, 0, )/p’]=x-1g(2.0x107*) - . 16
g[p(B,0,)/p"] g(2.0x10™) 57! (16)

The relationship of equilibria partial pressure (BxOy)
vs temperature is obtained and shown in Fig.3 according
to Eq.(16). It is shown that the volatilities of gaseous
boron oxides increase sharply at higher temperature and
this is helpful for boron removal. Among all gaseous
boron oxides, the volatility of BO is the highest and its
equilibrium partial pressure is about 10°—10 Pa at
1 685—2 500 K. The order of volatility is BO>B,0,>
B,0;>B,0>B0, (about 10 °~107° Pa). In a word, the
boron in metallurgical grade silicon can be volatilized
and removed by the oxidizing refining of O, atmosphere
to form mainly BO, plus minor B,0,, B,0;, BO, and
maybe B0 in the temperature range of 1 685—-2 500 K.
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Fig.3 Partial pressure of B,O, vs temperature

2.2 Oxidizing refining with H,O-O, mixture atmos-
phere
The gaseous boron hydrates BHO, BHO,, BH,0,,
BH;0;, B,H,0,, B;H30;, B3H;304 can be made according
to the handbook of NIST-JANAF Thermochemical
Tables[15]. The reactions (17—23) among B, H,O and O,
system are forecast and shown in Table 3.

Table 3 Reactions among B-H,0-0, system

Number Reactions Tegg;;jgre
(17) 4[B]+2H,0(g)+0,—4BHO(g) 1 685-6 000
(18)  4/3[B]+2/3H,0(g)+0,—4/3BHO,(g) 1 685—6 000
(19)  2[B+2H,0(g)+0,—2BH,0,(g) 1 685-6 000
(20)  4/3[B]+2H,0(g)+0,=—4/3BH30;(g) 1 685—6 000
1) 2[B]+2H,0(g)+0,=B,H,04(g) 1 685-6 000
(22)  4[B]+2H,0(g)+0,=4/3B;H;03(g) 1 685—6 000

(23) 4/3[B]+2/3H,0(g)+0,—4/9B;H;04(g) 1 685—6 000

The relationship between AG® and temperature
of the reactions is shown in Fig.4. As can be seen, except
for BHO, the AG® values of reactions are all negative
and declined downwards in the temperature range of
1 6852 000 K. It is concluded the boron gaseous
hydrates (ByH,Oy) can be made by B and H,0-O,
mixture gas, and the preferential order for the production
is B;H;0;>BHO>BHO,>B;H;04>BH;0;>B,H,0,4
>BH,0, at lower temperature. The most easily formed
productions for boron gaseous hydrates are B;H;05 and
BHO, respectively, in lower and higher temperature
range.
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Fig.4 AG® of chemical hydrates vs temperature (Reacting
gas: H,O-O, mixture)

The reactions (17-23) are generally written as
4x [B]+ 2z
2y—1z 2y —

4
H,0(g)+0, =——(B,H,0
 H:0(@)70, =3 (B,H,0,)(®)

24
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And the isothermal equation of reaction (24) is
expressed as Eq.(25):

AG =AG® +2.303RT -
p(B,H,0,)/p°

1
g [ p(HZO)/pO ]22/(2)’—2) . [ p(Oz)/pO] . a([B] )4X/(2y—z)
(25)

If the boron concentration (W([B])W’) is still 2.0 X
107 (similarly to Eq.(14), a([B])=2.0X10*) and the
equilibria of reactions are reached. According to the
reactions (17-23), the ratio ((22/(2y—Z))max=2 is chosen
and it is supposed that the equilibrium partial pressures
of H,0 and O, are kept constant in the system, at which
P(H,0)/p’=10"%, p(0,)/p"=0.5X10"% when AG reaches
zero (AG=0), Eq.(25) is written as

lg[p(B,H,0,)/p’1=-3.7x - 0.4252 -

AG®

115y 76.56T (2y-2)

The logarithmic values of p(H,0)/p’ for the
reactions (17-23) at the different refining temperatures
are calculated according to Eq.(26) and the relationship
between partial pressure of ByH,O, and temperature is
shown in Fig.5. As can be seen, the partial pressure of
gaseous boron hydrates (BH,0Oy), except for BHO, is
reduced at higher temperature and it is especially
obvious for B;H;04, which is opposite to the case of
boron gaseous oxides (BxOy). So, in order to remove
impurity boron much effectively, the refining
temperature should be as low as possible but higher than
the melting point of silicon when the H,O-O, mixture
gas is used. The partial pressure of gaseous boron
hydrates is 10°—~10'° times that of gaseous boron oxides.
According to the position of curves, the impurity element

(26)
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boron is removed mainly in form of the volatilization of
B;H;04 and BHO, mainly, BH;0;, BHO, BH,O,,
B,H,0, subsidiarily and B;H;0; hardly.

From the thermodynamic equilibrium analysis, the
impurity element boron in metallurgical grade silicon can
be effectively removed respectively in form of gaseous
boron oxides (BxO,) and gaseous boron hydrates (BH,Oy)
in O, and H,0-0O, atmosphere, but the removing rate
with the H,O-O, mixture is absolutely higher than that of
O,. Summarily, as for the oxidizing refining of
metallurgical grade silicon, it is more advisable to use
the H,O-0O, mixture gases at lower temperature.

3 Experiment of oxidizing refining in electric
arc furnace

The metallurgical grade silicon (99.5% Si, 18 X10°°
B, others for Fe, Al, Ca, Ti, Cu, V, C, O, etc.) was refined
in the electric arc furnace in the Ar-H,O-0O, atmosphere
(limited vacuum degree 10 *Pa), as shown in Fig.6. The
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effect of refining time on boron removal was investigated
and the boron content in silicon was measured by the
inductively coupled plasma mass spectrometry (ICP-MS,
Elan—5000A, USA).

4 Results and discussion

The metallurgical grade silicon sample was melted
and refined in the electric arc furnace and the
experimental results with the different refining time are
given in Fig.7 (systematic total pressure, 107 Pa). It can
be seen that the boron content in silicon sample reduces
greatly and the removing rate increases sharply while
prolonging the refining time. It is reduced from 18 X 10°°
to 2X 10°® when the refining time reaches 10 min but it
is not valid for longer time.
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Fig.7 Effect of refining time on boron removal
5 Conclusions

1) The thermodynamic equilibrium calculation for
the oxidizing refining of metallurgical grade silicon is
performed to determine the results of boron removal in
the temperature range of 1 685-2 500 K. In the O,
atmosphere, the impurity element boron is removed in
form of gaseous boron oxides BO, B,0,, B,0;, B,O
(BxOy) and their equilibrium partial pressures are about
107°-10 Pa. When the H,0-O, mixture is used under the
same conditions, the gaseous boron hydrates are mainly
B;H;04, BHO,, BH;0;, BHO, BH,0,, B,H,0, (ByH,Oy)
and their equilibrium pressures are 10°—10'° times that of
BxOy. The removing rate in the H,0-O, mixture
atmosphere is absolutely higher than that of O, at lower

refining temperature.

2) In the electric arc furnace, the boron content in
metallurgical grade silicon can be reduced from 18X 107
to 2X 10°® by oxidizing refining in the Ar-H,0-O,
mixture atmosphere.
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