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Abstract: Due to the detrimental effects of boron (B) on
the efficiency of silicon (Si) photovoltaic cells, complete
boron removal from Si is necessary to produce solar grade
Si (SoG–Si, with a maximum limit of 0.1 ppmw boron).
Gas refining is a promising technique for boron removal
from Si, in which the thermodynamic equilibrium never
establishes. Hence, by starting from any B concentration
in the melt, the required limit for SoG–Si will be achieved.
This research is devoted to studying the refractory inter-
actions’ effect with melt and the chamber atmosphere on
boron removal. For this purpose, gas refining experi-
ments were carried out in alumina and graphite crucibles
with H2 and H2–3% H2O refining gases. Gas refining in Ar,
He, and continuous vacuuming conditions were also car-
ried out to study the effect of chamber atmosphere. The
gas refining results are supported by the characterization
of the evaporated species by molecular beam mass spec-
troscopy (MBMS) technique. The MBMS measurements
indicated that the boron evaporation occurs by the for-
mation of the volatile species BHx, BOy, and BzHxOy com-
pounds. Most of these compounds are already known in
the literature. However, HBO, HBOH, and AlBO (in the
case of alumina refractories) were measured experimen-
tally in this work. Results indicate that the evaporation of
B in the form of AlBOx compounds leads to higher mass
transfer coefficients for boron removal in alumina cruci-
bles. Density-functional theory (DFT) and coupled cluster

calculations are carried out to provide a thermodynamic data-
base for the gaseous compounds in the H–B–O–Al system,
including enthalpy, entropy, and CP values for 21 compounds.

Keywords: boron, SoG–Si, gas refining, hydrogen, kinetics,
DFT calculations

1 Introduction

Power production by photovoltaic (PV) panels has increased
almost ten times over the past decade and will continue
rising in the future [1–3]. More than 90% of the PV panels
are produced from silicon (Si) [4]. The Si for PV applications
must have a purity degree of 6N (99.9999%), known as solar
grade Si (SoG–Si). Among all the impurities that should be
removed from Si to reach the SoG–Si, boron (B) is one of the
most harmful elements to exist, which will reduce the effi-
ciency of the PV modules. Boron exists in the metallurgical
grade Si (MG–Si) in tens of ppmw, while a maximum limit of
only 0.1 ppmw is acceptable for SoG–Si. Most metallic impu-
rities can be removed from MG–Si through the directional
solidification technique– the last key step in ingot produc-
tion for solar cells. However, B has a high segregation coeffi-
cient (0.8), making it impossible to be separated from Si by
the directional solidification technique. Therefore, reliable
methods are required for B removal from Si.

The most important metallurgical methods investi-
gated for B removal from Si applied till now are slag
refining [5–7], plasma refining [8–12], and gas refining
techniques [13–16]. Slag refining is a well-established
process for B removal from Si, and is industrialized by
Elkem®. In slag refining, the Si melts are equilibrated
with slags which absorb B from the liquid Si. Teixeira
and Morita [17] reported a boron removal degree as
high as almost 85% applying SiO2 and CaO slag system
(where slag over Si weight ratio was 2.23). However,
Jakobsson and Tangstad [18] and Jakobsson [19] reported
lower degrees of boron removal by the same slag system
(almost 73% for slag over Si weight ratio of unity could be
achieved in this technique). This means reaching to the
SoG–Si limit depends on the initial B content of the melt.
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However, in the gas refining process, the refining gases
are blown over the melt surface to remove B from liquid Si
in the form of the volatile B species such as: boron oxides
(BxOy), boron hydrides (BHx), and boron oxyhydroxides
(BxOyHz). In the gas refining process, the thermodynamic
equilibrium never establishes, and B can be continuously
removed from the liquid Si. This can be regarded as an
advantage of gas refining process over the slag refining.
In addition, the slag leftover from the slag refining pro-
cess is a solid waste which then imposes costs for being
disposed, especially if the environmental issues must be
met in the production site. At the same time, the only by-
product of the gas refining is silica fumes (SiO2), which have
applications in cement and concrete production [20–22].
Plasma refining of Si is also a method resembling gas
refining in terms of removing the B species by oxidizing
and removing in the form of volatile species, but totally
different in physics and power consumption is high in the
process.

Boron removal by plasma technique was studied by
Baba et al. [23] by applying water vapor and then was
further investigated by Nakamura et al. [11] and Alemany
et al. [12]. Wu et al. [24] reported the gas refining without
plasma torch in an electric arc furnace with Ar–H2O–O2

gas mixtures. From 2012 the gas refining of Si by humidified
hydrogen was initiated in NTNU [25,26], by applying an
induction furnace and top gas blowing technique. The gas
mixture of interest for the NTNU researchers has always
been a combination of H2–x% H2O, which leads to high
mass transfer coefficient values for B removal and then
higher rates of the process. When applying oxidative gases
like O2 and H2O, the surface of Si melt oxidizes, and if the
surface oxide layer becomes thick, then the evaporation
kinetics slow down. The surface passivation of liquid Si is
studied in the oxidative plasma refining technique by Vadon
et al. [27]. A right selection of the H2/H2O can prevent surface
oxidation, and previous studies showed that the maximum
process rate could be achieved when x = 3–4%. Safarian
et al. [28] compared the effect of addition of Ar and He to
theH2–4%H2O and showed that Ar addition reduces the rate
of B removal while showing a better result. The mechanism of
B removal from Si is mainly known by the formation of BxOyHz

compounds and among them, the HBO is known to contribute
to B removal fromSimore than any other compound, due to its
higher vapor pressure [27–29]. The following reaction is sug-
gested for the formation of HBO:

( )+ + =B H O HBO ,g (1)

whereB,H, andO are the dissolved boron, hydrogen, and
oxygen in liquid Si. The effect of the refractory–melt
interaction was studied by Safarian et al. [30], reporting

the privilege of oxide crucibles (alumina and quartz)
over the graphite crucibles leading to higher rates of B
removal. When using graphite crucibles, the carbon dis-
solved in liquid Si will reduce the dissolved oxygen from
the gas to form CO(g), and hence the concertation of O is
lower compared to oxide refractories (quartz and alu-
mina). However, when comparing alumina with quartz,
alumina provides higher B removal rates from liquid Si.
Safarian et al. [30] suggested the evaporation of B spe-
cies in the form of AlBO2 compound in case of alumina
crucibles but did not present experimental characteriza-
tions of the gas phase. The following reaction is sug-
gested for the formation of volatile aluminum oxyboride
compound, contributing to B removal in alumina cruci-
bles [30]:

( )+ + =Al B 2O AlBO .2 g (2)

The effect of gas flow rate (for H2–H2O gas mixtures) and
the gas stream pattern was studied by Sortland and
Tangstad [31], and Safarian et al. [30], and they showed
that there is a linear relationship between the gas flow rate
(Q, NL·min−1) and the mass transfer of the B removal (kB,
m·s−1) process. When carrying out the gas refining process
by the top blowing technique, many parameters can act on
the process rate such as: gas flow rate, type of gas mixture,
the distance of the nozzle from the melt surface, diameter
of the nozzle compared to the melt surface diameters, and
the melt interaction with the refractory holding liquid Si, all
these parameters have been studied to some extent in the
previous works. Among all the variables in the gas refining
of Si, we study the effect of the interaction of refractory–
melt and the chamber bulk gas on the kinetics of B
removal. In addition to that, the gaseous species evapor-
ating from the melt were characterized experimentally, to
expand our knowledge about the Si refining process.

2 Theoretical thermodynamics of
H–Al–B–O system

In order to study the thermodynamics of the system, den-
sity-functional theory (DFT) calculations were employed
by using the M06-2X density functional [32] and a maug-
cc-pV(T+d)Z basis set [33] employing the NWChem code
[34], and the thermodynamics data for the following gas-
eous compounds were generated:

HBO, three isomers of HBOH (H2BO, cis-HBOH, and
trans-HBOH), H2BOH, two isomers of AlBO (AlOB and
AlBO), AlBO2, BO, BO2, B2O2 BH, BH2, BH3, B2O, B2O3,
HOBO, HB(OH)2, B(OH)2, B(OH)3, and B2H6.
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For a majority of these species high-level quantum
chemistry calculations using the coupled cluster with
single and double excitations and a perturbative treat-
ment of triple excitations (CCSD(T)) method were also
performed [35]. For calculating the heat of formation of
some key molecular species, we followed a procedure
where first the molecular geometry was optimized using
CCSD(T) with the basis set aug-cc-pVQZ [36] for H, B, and
O and aug-cc-pV(Q+d)Z [37] for Al using the commonly
employed frozen-core approximation. For open-shell spe-
cies unrestricted Hartree-Fock wavefunctions were used
as reference states for the CCSD(T) calculations. Subse-
quently, harmonic vibrational frequencies were calculated
using the same method. Using the optimized geometries,
frozen-core calculations with CCSD(T) and the larger aug-
cc-pV5Z, aug-cc-pV6Z [38], aug-cc-pV(5+d)Z, and aug-cc-
pV(6+d)Z [37] basis sets were carried out in order to
approach the complete basis set (CBS) limit. The calcu-
lated energy was further corrected for core-valence (CV)
electron correlation, where not only valence but also outer
core electrons (1s for H and O, 2s and 2p for Si) were corre-
lated in the CCSD(T) calculations (using the cc-pwCVTZ,
cc-pwCVQZ, and cc-pwCV5Z basis sets) [39]. Both the

frozen-core and CV calculations were extrapolated to the
CBS limit using the extrapolation formula E(CBS) = E(ℓmax) +
A/(ℓmax + 1/2)4 [40,41]. Finally, a first-order relativistic cor-
rection was added by employing all-electron CCSD(T) with
an uncontracted cc-pVTZ [42,43] basis set and the direct
perturbation theory (DPT2) method [44,45]. All coupled
cluster calculations were performed using the CFOUR soft-
ware package [46].

The enthalpy of formation, standard entropy, and
heat capacity were calculated by standard statistical thermo-
dynamics equations employing calculated vibrational fre-
quencies, rigid-rotor rotational constants calculated from
the optimized geometries, and experimental data on elec-
tronic fine-structure states [47]. The standard states of B and
Al at 298 K are the solid state, but for practical reasons the B
and Al atoms were used as reference species in the CCSD(T)
calculations. We therefore employed the most accurate esti-
mate of the heat of formation of the B and Al atoms avail-
able, to adjust the heat of formation to the correct reference
value [48].

In Table 1, the enthalpies of formation, standard
entropies, and heat capacities calculated with M06-2X
and CCSD(T) are given together with literature data. For

Table 1: Thermodynamic data calculated by M06-2X, CCSD(T) [bold in brackets], and literature values (in parentheses: JANAF (italic) ([49])
and others)

Molecule HΔ f
0 (298 K)/kJ·mol−1 S0 (298 K)/J·kmol−1 Cp (298 K)/J·kmol−1

HBO −240.18 [−238.18 ± 5.0] (−198.32 ± 3, −210.63
± 25a)

202.40 [202.85] (202.62, 202.69a) 34.64 [35.29] (35.26, 35.31a)

H2BO −84.08 [−69.13 ± 5.0] 228.20 [228.49] 41.58 [41.86]
Cis-HBOH −75.82 [−51.78 ± 5.0] 231.82 [231.93] 40.36 [40.37]
Trans-HBOH −80.72 [−58.68 ± 5.0] 231.36 [231.44] 40.18 [40.14]
H2BOH −291.64 [−276.79 ± 5.0] (−292.88 ± 4.2b) 230.45 [230.47] 41.90 [41.82]
AlOB −45.19 [−27.55 ± 6.7] 256.37 [261.83] 49.95 [50.14]
AlBO 3.99 [9.09 ± 6.7] 251.53 [251.29] 51.14 [51.06]
AlBO2 −547.69 [−525.22 ± 6.7] (−541.41 ± 17) 276.92 [281.54] (269.56) 60.81 [61.50] (66.86)
BO −0.02 [9.55 ± 5.0] (0 ± 8, 9.81 ± 11a, 25c) 203.39 [203.54] (203.48, 203.47a,

203.5c)
29.16 [29.18] (29.20,
29.20a, 29.2c)

BO2 −284.54 (−284.51 ± 8; −309.13 ± 20a, −300.4c) 230.53 (229.81, 230.13a, 229.6c) 45.21 (43.28, 43.28a, 43.0c)
BH 442.42 [443.23 ± 5.0] (442.67 ± 8.4; 442.7c) 171.69 [171.76] (171.85, 171.8c) 29.11 [29.11] (29.18, 29.2c)
BH2 304.83 [324.25 ± 5.0] (200.83 ± 63; 318.29 ± 11a) 194.02 [194.02] (180.19, 193.55a) 34.70 [34.79] (34.03, 34.72a)
BH3 86.00 [102.10 ± 5.0] (106.69 ± 10; 88 ± 10a, 89.2c) 188.13 [188.22] (187.88, 187.69a,

188.2c)
35.84 [35.87] (36.22,
34.78a, 36.0c)

B2O 155.90 [175.77 ± 5.9] (96.23 ± 105) 241.48 [256.91] (227.75) 47.15 [47.32] (38.41)
B2O2 −457.07 [−450.53 ± 5.9] (−456.81 ± 8.4; −457.73 ±

10a; −454.8c)
247.34 [248.47] (242.60, 249.66a,
242.5c)

59.08 [59.65] (57.30,
60.27a, 57.3c)

B2O3 −860.46 [−836.51 ± 5.9] (−835.96 ± 4.2; −843.8c) 284.82 [285.87] (283.77, 279.8c) 65.89 [66.73] (66.86, 66.9c)
HOBO −562.00 [−550.98 ± 5.0] (−560.66 ± 4.2; −561.9c) 242.34 [243.01] (239.73, 240.1c) 47.03 [47.43] (42.23, 42.2c)
HB(OH)2 −666.45 (−643.50 ± 8.4b) 255.63 55.03
B(OH)2 −446.03 (−470 ± 15) 259.57 (249.02) 53.71 (52.02)
B(OH)3 −1,026.81 (−992.28 ± 2.5; −994.1c) 269.84 (295.237) 71.34 (65.34)
B2H6 10.35 (41.0 ± 16.7; 36.6 ± 2.0a; 36.4c) 231.73 (233.17, 232.49a, 232.1c) 55.44 (58.10, 57.57a, 56.7c)

aGurvich and Veyts [50]; bPorter and Gupta [51]; cCODATA [52].
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H2BO, cis-HBOH, trans-HBOH, AlOB, and AlBO there are
no literature values of the thermodynamic quantities. In
addition, the uncertainties of the literature data are very
large for BH2 and B2O and fairly large for HBO, AlBO2, BO,
BO2, and BH3. In these cases, it is recommended to use
the calculated CCSD(T) data wherever available and other-
wise the M06-2X data. However, BO2 has a specific elec-
tronic structure in which the electronic wave function has
a multireference character, for which both standard DFT
and coupled cluster calculations are less well-suited. This,
at the very least, increases the uncertainty of the results
and in certain cases makes the results non-trustworthy.
Since it is possible to estimate the uncertainty in the cal-
culated enthalpy of formation of the CCSD(T) calculations
for “well-behaved” systems, the CCSD(T) results for BO2

are not included here exactly because it is not possible to
make valid estimates of the uncertainty. The calculated
parameters based on M06-2X and CCSD(T) are presented
in the appendix section (Tables A2 and A3). By using the
calculated results, the Gibbs free energy for the aforemen-
tioned gaseous compounds are calculated and presented
in Figure 1. This figure indicates that the boron-oxyhydr-
oxides have a negative value of Gibbs energy for formation
over all the temperature ranges, while the boron hydrides
get negative values of Gibbs energy only at elevated

temperatures (for BH2 and BH3). Figure 2 compares the
results generated by M06-2X and CCSD(T) for some
selected species.

3 Experimental procedure

3.1 Refining experiments

In this research, all the refining experiments were carried
out in a vacuum induction furnace with the setup config-
uration presented in Figure 3. As shown in the figure, Si
was melted in graphite (high density, with the properties
presented by Hoseinpur and Safarian [53]) or alumina
sintered (ALSINT) crucibles. The crucible used for holding
material was put in a bigger graphite crucible and a ther-
mocouple type C (W – 6% Re, W – 26% Re, protected by an
alumina sheath) was placed in-between the crucibles to
measure the temperature of the process. The preliminary
experiments with two thermocouples, one in the inner
crucible and the second one in-between the two crucibles,
indicated that there is only a 2–4°C temperature difference,
and hence the gas refining experiments were carried out

Figure 1: The Gibbs energy for formation of the gaseous compounds in H–Al–B–O system calculated by M06-2X.
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with the thermocouple placed in-between the two cruci-
bles. The inner crucible was charged by 213 g of Si, with a
mixture of 50 wt% of polysilicon (FBR®, 8N purity) and
50% Silgrain® (HQ –micron cut; 0.04 wt% Fe, 0.09 wt%
Al, 0.013 wt% Ca, 0.001 wt% Ti, 0.085 wt% C, 25 ppmw P,

and 30 ppmwB). This mixture provides about 15–20 ppmw
B impurity in the initial melt. Before the experiments, the
chamber was vacuumed down to 5–7 Pa and flushed by
Argon (6N) or Helium (6N) for 3 times. Subsequently, the
power was switched on and after the material was melted,
a sample was taken from the melt to record the initial
composition of the melt. Then, the refining process was
started by blowing the refining gas over the Si melt sur-
face, as shown in Figure 3. Table 2 presents the experi-
mental conditions applied for various experiments in this
research. The refining gas flow was adjusted by mass flow
controller during the experiment and the gas was blown
over the melt surface through a quartz lance with a 2mm
nozzle and the nozzle distance to melt surface was kept as
30mm in all the experiments. In those experiments that
humidified hydrogen, which was used as the refining gas,
the hydrogen flow was redirected to a gas humidifier unit
and then was humidified with 3% H2O. In order to study
the effect of bulk atmosphere in the furnace, in one experi-
ment the chamber was filled with He to compare the
results with the experiments where Ar was used to fill
the chamber. In addition, in another experiment, the gas
refining in vacuum conditions was also studied by blowing
the refining gas over the melt surface while the chamber
was being vacuumed continuously. In this special experi-
ment, the pressure in the chamber was almost 5 mbar
while carrying out the gas refining. Then, the gas blowing
was started and several samples were taken from the melt

Figure 3: The schematic of the furnace and gas refining set up.

Figure 2: Gibbs free energy for selected gaseous compounds cal-
culated by M06-2X and CCSD(T).
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during the refining process to track the B concertation
change over time. These samples were taken by quartz tubes
and later were digested in a mixture of HF and HNO3 acids,
subsequently characterized by inductively coupled plasma
mass spectrometry (ICP-MS; Agilent 8800 Triple Quad).
When the experiments were done, we shut down the
power and let the crucible to cool down by itself. Then,
some samples were taken from the fumes settled on the
chamber’s wall to be characterized by scanning electron
microscopy (SEM).

3.2 Molecular beam mass spectrometry
(MBMS) characterizations

Hot gas analysis in this study was conducted using
MBMS. A detailed description of the system used in this
study is given by Wolf et al. [54]. For all the MBMS mea-
surements in this study, the MBMS system has been
coupled to a high-temperature reactor shown schemati-
cally in Figure 4. A sample boat made of graphite, alu-
mina, or silica containing 2 g of a Si–B (350 ppmw) was

attached to the end of an alumina rod and inserted into a
tubular alumina reactor with an inner diameter of 21 mm,
which was housed in a high-temperature furnace. Before
running the experiment, the reactor chamber was flushed
with Helium gas for 10 min to reduce the oxygen potential
in the chamber, and then the furnace was switched on.
The He flow to the chamber was maintained during the
experiment. The furnace was maintained at a constant
temperature of 1,500°C. The reactor was coupled to the
sampling orifice of the MBMS device, to sample the high-
temperature gases. The orifice was protruded into the
furnace to maintain an elevated temperature to prevent
condensation of gas phase species on the tip of the orifice.
At the beginning of each experiment, the sample boat was
held in the cooled zone of the reactor and a background
spectrum was acquired for about 1min. While the MBMS
was kept in a constant scanning mode, the sample boat
was inserted into the heated region of the reactor and the
evaporated species were monitored over time. During
experiments, 5% H2 in He flowed through the reactor at
a flow rate of 4 NL·min−1. The residence time of released
vapors in the reactor before sampling was about 0.1 s.
Water steamwas added after a few minutes via a vaporizer
achieving humidity concentrations of 3–5% in the gas
stream flowing to the reactor.

Due to the relatively high gas flow necessary to mini-
mize ambient air leaking into the reactor at the connec-
tion between furnace and MBMS, vaporization is unlikely
to reach equilibrium. Therefore, the gas flow was stopped
for about 20 s in some measurements to locally increase
the concentration of vapor species above the sample
boat. After switching on the gas again, high intensity
peaks for qualitative analysis could be recorded.
Because of this procedure, the present results are of
a rather qualitative nature and therefore, released
species were not quantified.

5-zone furnace

MBMS

sample boat
Al2O3-tube

Add. heating

Al2O3-slide bar

gas inlet

Figure 4: Setup used for vaporization experiments, from Wolf et al. [54].

Table 2: The experimental conditions of the gas refining
experiments

Crucibles Alumina, graphite
Refining Gas H2–3% H2O/H2

Gas flow rate (NL·min−1) 3
Chamber bulk gas atmosphere Ar/He/vacuum
Gas nozzle diameter (mm) 2
Nozzle distance from melt
surface (mm)

30

Crucible inner diameter (mm) 50 ± 1
Refining temperature (°C) 1,450, 1,500, and 1,600
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The mass-to-charge ratio (m/z) range of 5–100 was
subjected to a preliminary scan via MBMS to determine
the major compounds. The ions of interest and their cor-
responding m/z ratio are all mentioned in Table 3. It
should be mentioned that either ions originate from gas
molecules or fragmentation within the ionization region
of the MS. For example, B+ can originate from any B
containing gas molecule. Unfortunately, not all masses
could be properly recorded due to superimposing of spe-
cies with the same m/z originating from background or
small amounts of ambient air. For example, +N2 (m/z 28)
superimposes BOH+ and Si+ on the same m/z. Further-
more, m/z with too high signal intensity, e.g., 44 (SiO+

and +CO2 from background) had to be excluded to prevent
an overload of the multiplier.

4 Results and discussions

4.1 Rate of B removal in gas refining
experiments

The B concertation in liquid Si was measured by ICP-MS
and all the results are presented in Table A1 (in appendix
section). To study the rate of B removal under experimental
conditions, the first-order kinetic model was applied, pre-
sented here as follows:

⎜ ⎟ ⎜ ⎟
⎛

⎝

[ ]

[ ]
⎞

⎠

⎛

⎝

⎞

⎠

 

 

=
 k A

V
tln B wt%

B wt%
,

t

0
B

melt surface

melt
(3)

where t denotes time in seconds, the[ ] B wt% 0 and[ ] B wt% t
are the B concentrations in liquid Si at initial time and at
time t, respectively. A/V is the surface to volume ratio of
melt in (m−1), and kB is the overall mass transfer coefficient
of B removal in the experiments. The calculated kB for var-
ious experimental conditions are presented in Table 4.

4.2 MBMS measurements

The results from the MBMS measurements are all pre-
sented in Figure 5. This figure represents the gaseous
species that were detected in the gas phase when having
liquid Si in quartz, graphite, and alumina boats. In
Figure 5, the intensity of the detected species in each
sample is normalized based on the sharpest peak. Figure 5(a)
shows the B species in He– 5% H2 gas stream without any
humidity added to the gas. As mentioned before, the sample
was inserted into the chamber after 10min of He– 5% H2

flushing and hence, it is expected to have oxygen partially
present in the chamber. From Figure 5(a) it is clear that the
major B species detected in all the samples are BHx com-
pounds. However, when comparing the graphite and quartz
boats, it is clear that there are more BxOy compounds with
higher intensities in the case of quartz boat. As can be seen in
Figure 5(a), in the case of quartz boat, the BO+

2 compound
had the second highest intensity after BH2. From Figure 5(a)
it is obvious that when alumina boat is applied, the new
AlBO+ compound is detected by MBMS, which indicates
the positive role of Si melt interaction with alumina leading
to the formation of new volatile B compounds. In addition to
all the BxHz, BxHyOz, and BxOy compounds, the B+ ion is
obvious in Figure 5(a). It is worth mentioning that B has a
very low vapor pressure [31] and the direct evaporation of
B from Si is not assumable. The authors have already studied
the vacuum evaporation for Si having P and B concertation
of about 10–15 ppmw in the initial melt, and they never
detected any B evaporation even in vacuum conditions.
Figure 5 shows that the BHx compounds have the highest
intensities, while the thermodynamic calculations indicated
that these compounds have higher Gibbs free energy than the
other B containing species. Hence, we believe that the B+ and
BHx

+ ions detected in all cases are mainly the results of
fragmentation of bigger molecules in the ionization chamber
of MBMS. In addition, Figure 5(b) depicts the detected gas-
eous species in the gas phase when humidity (3–5%) was
added to the gas stream. As it is obvious from this figure that
many of the BxOy peaks (in case of quartz boat) and the

Table 3: The ions of interest studied in the MBMS and their corre-
sponding m/z ratio

Ion m/z

+B 10, 11
+BH 11, 12
+BH2 12, 13

+HBO2 43, 44
+BH3 13, 14
+BO 26, 27

+HBO 27, 28
H11B18O+ 30
HBOH+ 29

+B O2 36, 38
+BO2 42, 43

+B O2 2 52, 54
+AlBO 53, 54

+B O2 3 68, 70
+AlBO2 69, 70
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AlBO+ peak (in case of the alumina boat) have vanished or
have lost their intensities. In the experimentwith the graphite
and quartz boats, it can be seen that when the humidity was
added, the intensity of the compound HBOH+ was increased
in both cases, but the HBOH+ compound was detected with
higher intensities in the alumina case. HBOH+ is detected as a
new compound in this study and previously was proved only

to exist by theoretical calculations [55]. It is previously dis-
cussed and shown that the concertation of O is lower in
graphite crucibles compared to alumina crucibles due to
the formation of CO(g), and this can explain the higher inten-
sities of the HBOH+ compound detected when quartz boat
was used [31,56].

The B removal from Si melt takes place by formation
of HBO compound. We can assume the formation of
HBOH in gas refining through the following reaction:

( )+ + =B O 2H HBOH .g (4)

However, the thermodynamics calculations presented in
Figure 1 indicated that there are other molecules than
HBO and HBOH having considerable negative values of
Gibbs energy, such as B(OH)3, HB(OH)2, and B2O3, but
none of these compounds were detected in the MBMS
measurements. This could be due to the need for several
elements to reach together at the melt surface and form
the aforementioned molecules, which reduces the forma-
tion chance of these molecules.

Considering the discussions presented in Section 1 and
here, the mechanisms of B removal from liquid Si with
H2–H2O gases is schematically summarized in Figure 6.
This figure shows that an important step in the process is
the dissolution of the H and O in the liquid Si from gas
phase. When quartz and alumina crucibles are applied, O
and Al can also be dissolved from the crucibles, while in
case of graphite crucibles,C will be dissolved from graphite
crucible. Formation of solid silicon oxide on melt surface is
also obvious from this illustration.

4.3 Effect of crucible interactions with melt
on B removal

A comparison between the experiments (1)with (2) shows
that when dry hydrogen was used as the refining gas,

Table 4: The results from gas refining in various crucibles

Experiment code Crucible Temperature (°C) Chamber atmosphere Blowing gas kB (µm·s−1)

1 Graphite 1,500 Ar H2 0.9
2 Graphite 1,500 Ar H2–3% H2O 13
3 Graphite 1,500 He H2–3% H2O 17.3
4 Graphite 1,500 Vacuuming (5 mbar) H2–3% H2O Apparent = 2.56 and effective = 23.3
5 Alumina 1,450 Ar H2 1.64
6 Alumina 1,500 Ar H2 4.15
7 Alumina 1,600 Ar H2 4.96
8 Alumina 1,600 Ar H2–3% H2O 15.3

Apparent: the kB is calculated by assuming the surface of melt without impinging as the gas –melt contact area. Effective: the kB is
calculated by assuming the surface of impinged point as the gas –melt contact area.

Figure 5: The measured species in MBMS results: (a) He – 5% H2,
(b) He – 5% H2 humidified with 3–5% H2O. (Detected oxide com-
pounds in (a) is due to partial pressures of oxygen remaining in the
chamber).
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almost, no B removal happened from the liquid Si.
However, with the addition of humidity to hydrogen
(H2–3% H2O), the rate of B removal increased from 0.9
to 13 µm·s−1 which indicates the important role of oxida-
tion reactions on B removal from liquid Si. This indicates
that the B removal mainly takes place through the for-
mation of BxHzOy species and not through the BHz com-
pounds, and these results are in good agreement with
the findings of Nordstrand and Tangstad [25] and Sort-
land and Tangstad [13].

From Table 4, it is obvious that the kB in the experi-
ment (5) is greater than the experiment (1). Both experi-
ments were carried out at 1,500°C and with dry H2(g), but

in alumina and graphite crucibles, respectively. These
results are in good agreement with the MBMS measure-
ments where we showed that in the case of applying
alumina crucibles new volatile compounds of B like
AlBO+ evaporate from the melt surface, and hence the
kinetics of the refining process could be accelerated in
the alumina crucibles. When refining in graphite crucibles
and with hydrogen gas, we can assume the B removal with
BHz compounds, and when doing the refining process in
the alumina crucibles, we can assume the removal in the
form of BxOz, BxOzHy, and AlBOx compounds.

The effect of the temperature on B removal in the
alumina crucibles could also be studied by comparing
the results obtained from the experiments (5–7). It is
obvious that an increase in temperature leads to an
increased rate of the B removal and the value of kB
increases from 1.64 to 4.15 µm·s−1 when the temperature
is increased from 1,450 to 1,500°C, which is 2.5 times.
However, when the temperature is increased to 1,600°C,
the kB equals 4.96 µm·s−1. Then, beyond 1,500°C the tem-
perature rise is no more effective for B removal. The effect
of temperature is already discussed by Safarian et al.
[30] indicating that when temperature increases beyond
1,500°C, silicon oxidation becomes more favorable than B
oxidation reactions, leading to consumption of all the
dissolved oxygen in the melt to form SiO(g). In experiment
(7), the humidified hydrogen (H2–3% H2O)was applied as
the refining gas and the kB value increased to 15.3 µm·s−1.
A comparison of the experiment (7) with experiment (8)
makes it clear that when humidity is added to the refining
gas, the rate of B removal has increased almost three
times. This indicates that although the alumina crucibles

Figure 6: An illustration of the gas refining process in the quartz/alumina (left) and graphite crucibles (right), summarizing the B removal
mechanisms.

Figure 7: Aluminum concertation in liquid Si over time of gas
refining.
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can supply the dissolved Al and O to the melt, the oxygen
dissolved from alumina is not enough, and an exterior
oxygen source is required to perform the B removal from
the liquid Si.

In addition, the Al dissolved from alumina crucibles
was also measured and is shown in Figure 7. The fol-
lowing reaction can be suggested for the dissolution of
Al from alumina crucible:

= +Al O 2Al 3O.2 3 (5)

Figure 7 indicates that the rate of Al dissolution in the
liquid Si increases with temperature and proves that

when melting Si in alumina boats and crucibles, there
is enough Al in the liquid to form the AlBOx compounds.

4.4 Effect of chamber gas atmosphere

By comparing the results of experiments (2–4), we can
study the chamber bulk gas’ effect on B removal kinetics.
From Table 4 it is evident that when the chamber bulk gas
is changed to He, the kinetics of B removal has acceler-
ated and the value of kB has increased from 13 to

Figure 8: Photographs of the crucible during the (vacuum) refining experiments. (a) and (c) Gas refining in Ar atmosphere. (b) and (d) Gas
refining in vacuum.
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17.3 µm·s−1, at the same temperature accounting for 33%
increase in the process rate. The positive effect of He was
already reported by Safarian et al. [28] and they showed
that when H2 – 4% H2O is mixed with He, the mass
transfer coefficient of the B removal process is higher
than that when mixed with Ar. He has smaller molecules
compared to Ar, with He and Ar having atomic radius of
0.49 and 0.88 Å, respectively. Then, assuming the same
velocity for Ar and He, the momentum of Ar molecules
will go higher. The Ar and He molecules will collide with
the evaporated B species from the melt surface and the
higher the momentum of the foreign molecule (Ar or He),
the higher the chance for bouncing the B species mole-
cules back to the melt surface. In addition, even when the
B species are successfully evaporated, they should diffuse
in the gas phase to take distance from melt surface and
find their way out of the crucible, unless they may return
to melt through a back reaction, and this slows down the
overall process kinetics for B removal. Obtaining the dif-
fusion coefficient of the gaseous B species in the gas
phase is beyond the scope of this study, but by consid-
ering the diffusion coefficient relation for gas molecules
presented by Chapman and Cowling [57], we can obtain a
general view about the differences between He and Ar on
the diffusion of the B species in the gas phase.

∝ +D
σ m m
1 1 1 ,12
12 1 2

(6)

where D denotes the diffusion coefficient, suffixes 1 and 2
indicate gas molecule 1 and gas molecule 2,m is the mass
of the molecules, and σ is the average radii of the species,
σ12 = 0.5(σ1 + σ2). By assuming Ar and He as themolecule 1,

and any gaseous B compound as molecule 2, then from
equation (6) it is obvious that the higher the mass and
diameter of the gas molecules, the lower the diffusion of
the B species in the gas phase. Therefore, it is completely

Figure 10: The SEM micrographs of the fume settled on the chamber
wall: (a) He gas in the chamber, (b) Ar gas in the chamber, and
(c) chamber vacuumed during the gas refining process.

Figure 9: The calculated geometry of the impinged point on melt
surface in vacuum condition, the dimensions are presented in a
right scale.
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expectable for the same B species under study to have a
higher diffusion in He than Ar. In order to accelerate the
diffusion of the B species in the gas phase we carried out
experiment (4); however, Table 4 indicates that when car-
rying out the gas refining in vacuum condition, the mass
transfer coefficient for B removal has reduced to 2.56 µm·s−1,

whichwas totally opposite to our expectations. In this experi-
ment, the chamber bulk gas was continuously vacuumed
during the gas refining experiment. Figure 8 compares the
melt surface in experiments (3 and 5). It is obvious from
Figure 8(b) and (d) that the surface of the melt has fully
impinged in the case of gas blowing in vacuum condition;

Figure 11: The SEM micrographs of the condensates settled on the gas lance: (a) and (b) He gas in the chamber, (c) and (d) Ar gas in the
chamber, and (e) and (f) vacuum condition.
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however, when the chamber was in atmospheric pressure,
there was no significant impinging effect on the melt surface
(Figure 8[a] and [c]). Figure 8(b) and (d) also indicates that
when doing the gas refining in vacuum condition there are
less amounts of condensates settled on the lance and crucible
compared to Ar atmosphere, and this will further be dis-
cussed in the next section.

It is worth mentioning that when carrying out the gas
refining in vacuum conditions, there is almost no con-
densate on the lance and crucible edge. The formation
of the condensates on the cold parts of the crucibles and
gas lance provides practical challenges in the gas refining
of Si. For example, as shown in Figure 8(a), after 60min
of the refining process, the condensates are grown from
the crucible edge toward the center of the crucible, which
leads to clogging the gas path toward out of the crucible,
affecting the rate of the process. The fluid dynamics for
melt impinging by gas blowing is already discussed and
numerically simulated in refs. [58–60] and Figure 8(c) and (d)
illustrates the gas fluid pattern when blowing in in gas and
vacuum conditions, respectively. As shown in Figure 8(c),
when the gas lance is blowing in atmospheric pressure
conditions, the gas stream spreads over the melt surface.
The exact fluid dynamic of the gas blowing under the
experimental condition of experiment (3) is already simu-
lated by Safarian et al. [30], and the Figure 8(c) and (d)
is regenerated after their simulation results. Figure 8(d)
shows the fluid pattern of gas blowing in the vacuum
condition and indicates that the gas jet makes a fully
impinged point on the melt surface. In the case of vacuum
condition, there is less resistance due to the low pressure
of the bulk gas in the chamber and this makes the velocity
of the gas jet increase, leading to impinging the melt sur-
face. As shown in Figure 8(d), when the gas jet impinges
the melt surface, it splits and bounces back and then there
is no further contact with the melt surface. As it is obvious
in Figure 8(b), the surface area of the impinged region
seems to be considerably smaller than the whole melt sur-
face area and this means that under the conditions of
experiment (5), the contact area of gas and melt is smaller
than that in the other experiments. From the melt surface
photograph presented in Figure 8(b), the radius of impinged
point (cavity) is determined as rcav = 0.00658m. The impinging
of melt surface with gas jets is already modeled in refs.
[61,62] and here we can apply the following equations to
calculate the depth of the cavity formed on the melt
surface.

=r M h1.4065 ̇ ,cav d
0.282

lance (7)

( )= +M m h
ρ gh

θ̇ ̇ 1 sin ,d
t lance

Si
3 (8)

=m m
n

̇ ̇ ,n
t

lance
(9)

=M m θ
ρ gh

̇ ̇ cos ,h
n

Si
3 (10)

=  h M h4.469 ̇ ,cav h
0.66

lance (11)

Figure 12: The schematic illustration of the silica fume formation in
gas refining of Si. (a) The equiaxed growth and (b) nucleation on
surface.

Figure 13: The photograph of the fumes collected from the chamber
after gas refining. (a) In vacuum condition and (b) chamber filled
with Ar gas.
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where rcav is the radius of the cavity or impinged area
formed on the melt surface, and hlance is the distance of

the lance tip to the melt surface. The Ṁd, ṁn, Ṁh, and ṁt
are all dimensionless mass flow rates of the gas stream
blowing out of the nozzle, and a full explanation for
them could be found in the study by Koria and Lange
[63]. nlance is the number of the nozzles on the gas lance
tip, and it is one in this study, θ is the inclination angle of
the nozzle with the lance axis, which is zero in our case,
and ρSi is the density of the liquid Si. All these parameters
are shown schematically in Figure 9. By inserting the mea-
sured rcav = 0.00658m from Figure 8(b) in equation (7), Ṁd

will be obtained, then ṁt, ṁn, and Ṁh will be obtained
from equations (8–10), respectively. Finally, from equation
(11), hcav will be calculated as 0.0298m. The cavity with
the obtained scaled dimensions is shown in Figure 9, and
as seen it has a half ellipse shape. Having the dimensions
of the ellipse, we can calculate the impinged area’s surface
( =S πh r0.5impinged cav cav) as 2.17 × 10−4 m2. Consequently,
the effective A/V ratio is calculated as 2.713m−1. By cor-
recting the A/V ratio in the first-order kinetic model for the
experiment (4) carried out in vacuum condition, the effec-
tive kB value is obtained as 23.3 µm·s−1, which is 1.79 times
of that when Ar was in the chamber, and 1.34 times of the
case when He was in the chamber. Therefore, the effective
kB in vacuum condition shows that when the gas atmo-
sphere in the chamber is removed by vacuuming, the rate
for the vacuum refining process increases intensively. This
indicates the important role of gas phase and is in good
agreement with the result of the experiment (3), where He
was used as chamber gas, providing higher diffusivities for
the gas molecules.

4.5 Silica fume formation in gas refining

During the gas refining experiments with humidified
hydrogen, SiO(g) forms as a product of the silicon oxida-
tion process. The SiO(g) can then react with the humidity
to produce small solid particles of SiO2 and create white
dust on the furnace chamber, known as silica fumes. The
formation of silica fumes from the SiO gas is well dis-
cussed in the literature [26], and it could be described
through the overall reaction:

( ) ( ) ( )+ = +

°

° = −

 SiO H O SiO H ,
ΔG 106.9 kJ.

g 2 g 2 2 g

1,500 C
(12)

The morphology of the silica fumes settled on the chamber
and lance surfaces in various experiments with chamber
atmosphere of Ar, He, and vacuum conditions were studied
by SEM and are presented in Figures 10 and 11. Figure 10

indicates a huge difference between the sizes of the fume
particles in three different experimental conditions. When
He and Ar were used as the chamber bulk gas, the fume
particles, settled on the chamber wall, had spherical mor-
phology, consisting of separate spheres or several spheres
attached. In addition, it is obvious from Figure 10 that the
fume particles are much bigger when the chamber was
filled with He gas compared to Ar and vacuum condition.
The fumes settled on the chamber wall in Ar and vacuum
conditions have relatively smaller sizes than in the case of
He. In the case of vacuum conditions, it can be seen that
some of the fume particles have grown like a comet tail.
Silica fume has applications in concrete production, and the
change in the morphology and size of the particles could be
of interest for further study.

Figure 11(a and b) shows that the morphology of the
fumes settled on the gas lance in case of the He gas is
spherical but compared to the fume settled on chamber
walls (Figure 10a) have considerably smaller particle
sizes. However, in the case of Ar gas, some tubular
morphologies could be seen among the other spheres.
In the case of the vacuum condition, however, the mor-
phology of the fumes settled on the lance is totally dif-
ferent, and the fume is grown in the form of whiskers and
columnar morphologies. We did not find any spherical
particle in the sample collected from the lance of the
experiment with vacuum condition, while the fume settled
on the chamber wall was spherical.

Figure 12 represents the various mechanisms for the
formation of silica fumes. As it is obvious from this figure,
silica fumes could form in the gas phase without any
preferential nucleation site or on the body of the lance,
with a preferential growth direction. When forming in gas
phase, small seeds could be formed in the gas and then
growing equiaxially leading to the formation of spheres.
However, if the silica fume forms by initiation on a pre-
ferential nucleation site, like the lance body, then a direc-
tional growth will form the columnar morphologies and
the whisker.

Considering the nucleation and growth mechanisms
shown in Figure 12, the differences in the morphologies
detected in the fumes could be explained. The larger sizes
of the spherical particles detected in the case of He gas (in
the sample collected from the chamber wall) are in good
agreement with the previous discussion about the higher
diffusivities of gaseous species in He compared to Ar.
Having higher diffusivity, the gaseous species (SiO and
H2O) will reach the surface of the seeds faster. This leads
the formation of SiO2 seeds shown in Figure 10(a) to grow
larger, before settling on the chamber wall. In the vacuum
condition, however, there is lower gas density above the
melt, since the chamber is being vacuumed continuously
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and the pressure is in the range of 5–25 mbar. Then, the
seeds formed in the gas phase on top of the melt will
immediately reach the chamber wall, where they settle
down. Then, similar to the case of Ar atmosphere, the
silica fumes in vacuum condition will have smaller sizes.
In this case, further growth on the spherical particles
settled on the chamber can take place, leading to the
comet tail morphologies detected in Figure 10, and sche-
matically shown in Figure 12. In addition, when doing the
vacuum refining in the vacuum condition, the velocity of
the gas jet flowing out of the nozzle increases intensively
(Figure 8(d)). When the gas jet impinges the melt surface
and bounces back, it still has high velocity and hence will
carry all the silica seeds away from themelt surface toward
the chamber wall. However, the continuous gas stream
over the outer surface of the gas lance provides the
required gaseous reactants (SiO and H2O) for the formation
of the silica whiskers and the columns on the gas lance.
The photograph of the fumes settled on the chamber wall in
the two conditions, vacuum and Ar atmosphere, are shown
Figure 13. As shown on this figure, the fumes collected from
the experiment carried out in vacuum condition are fluffy,
while in the case of Ar the fume is a fine powder.

5 Conclusion

Boron removal from Si for solar applications was studied
in this research. Gas refining experiments were carried
out with H2 and H2–3% H2O refining gas in graphite
and alumina crucibles. The MBMS was applied to char-
acterize the off-gas of the samples in graphite, alumina,
and quartz boats leading to the following remarks:
1. Refining experiments indicated higher rates of the B

removal process in the alumina crucibles compared to
graphite.

2. Boron removal has 33% higher process rate in He atmo-
sphere compared to Ar and 79% higher process rate
when carrying out the process in vacuum condition.

3. MBMS measurements indicated the formation of the
AlBO compound, providing higher process rates.

4. HBO, HBOH (in case of graphite and quartz boats) and
AlBO (in case of alumina boats) were measured experi-
mentally by the MBMS technique.

5. The enthalpy, entropy, and CP values for possible gas-
eous compounds in the H–B–Al–O system have been
studied by DFT and CCSD(T) calculations.

6. The results show that the shape and size of the Silica
fumes will change due to the chamber gas and atmo-
spheric conditions. Silica fume is spherical in the
case of Ar and He, and the particle size is larger in

the case of Ar. In vacuum conditions, they change to
the comet tail morphology.
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Appendix

Table A1 shows the concentration of B measured by ICP-
MS at various times during the gas refining process. In
Tables A2 and A3, fits to the calculated thermodynamic
quantities are presented, based on the M06-2X and CCSD
(T) calculations, respectively. The parameters (a1, a2, …,
a7) are for the NASA polynomial functional form as:

= + + + +

C
R

a a T a T a T a T ,p
1 2 3

2
4

3
5

4 (A1)

= + + + + +
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RT
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4
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5
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6 (A2)

= + + + + +

S
R

a T a T a T a T a T aln
2 3 4

.1 2 3
2

4
3

5
4

7 (A3)

The parameters are given for fits in two temperature
ranges: 298–1,000 K and 1,000–3,500 K.

Table A1: The concentration of boron measured by ICP–MS at various times during the gas refining

Experiment number and conditions Refining time (t, minutes) and B concentration (CB, ppmw)

1 (graphite, H2 in Ar, 1,500°C) t = 0 t = 10 t = 33 t = 50
CB = 15.70 CB = 15.64 CB = 14.59 CB = 14.62

2 (graphite, H2–3% H2O in Ar, 1,500°C) t = 0 t = 40 t = 78 t = 98
CB = 9.21 CB = 3.82 CB = 2.32 CB = 1.32

3 (graphite, H2–3% H2O in He, 1,500°C) t = 0 t = 30 t = 65 t = 100
CB = 11.77 CB = 6.65 CB = 2.1 CB = 0.9

4 (graphite, H2–3% H2O in vacuum, 1,500°C) t = 0 t = 30 t = 55
CB = 11.85 CB = 10.95 CB = 9.44

5 (alumina, H2 in Ar, 1,450°C) t = 0 t = 30 t = 60
CB = 17.18 CB = 15.38 CB = 14.70

6 (alumina, H2 in Ar, 1,500°C) t = 0 t = 10 t = 30 t = 52 t = 62
CB = 17.07 CB = 16.00 CB = 13.14 CB = 12.10 CB = 10.33

7 (alumina, H2 in Ar, 1,600°C) t = 0 t = 30 t = 60 t = 90 t = 120
CB = 14.70 CB = 10.07 CB = 9.26 CB = 7.75 CB = 6.3

8 (alumina, H2–3% H2O, in Ar, 1,500°C) t = 0 t = 20 t = 60
CB = 17.44 CB = 10.62 CB = 3.59
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