Removal of Boron from Silicon by Moist Hydrogen Gas
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New and cheaper refining methods for production of metallurgical silicon are needed to meet
the increasing demands for low-cost, high-quality silicon for the solar cell industry. One
promising refining method for boron is moist hydrogen treatment. In this work, an evaporation
unit has been used to produce wet hydrogen gas, which subsequently has been sparged on top of
silicon melts. The effect of temperature and gas composition on boron removal has been studied.
The main results show that boron is removed from liquid silicon and the removal rate is
controlled by chemical reaction depending on py,o and py,. Water vapor treatment of molten
silicon can alone remove boron. However, in combination with hydrogen gas, the removal rate
is significantly increased. In addition, the rate of boron removal in silicon has been found to

decease with increasing temperature.
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I. INTRODUCTION

TRADITIONALLY, off-spec polycrystalline silicon
from the semiconductor industry, produced through the
Siemens process, has been supplying the solar indus-
try.l! This silicon is both costly ( < $35 per kg, 2009)
and far purer (9 nines) than that what is needed for PV
applications (6 nines).”) To make solar cells less expen-
sive, it has been necessary to develop production
methods for solar silicon that improve cost and effi-
ciency.”! Many methods have been patented the last
decades by companies like Elkem, Fesil/SINTEF, and
Kawasaki/NEDO,* % where the target has been to
produce 6-nines pure solar grade silicon (SoG-Si) at
approximately $15 per kg. These methods have often
been referred to as the metallurgical route compared
with chemical route by the Siemens process.

In the metallurgical route, boron is particularly
difficult to remove because of its high segregation
coefficient and low vapor pressure.’”) From the metal-
lurgical production of silicon (MG-Si), approximately
95 pct of the boron put into the process remains in the
product, and boron is for the most part linked to the
impurity levels in coke (61 pct) and quarts (37 pct).
Carefully choosing the charge materials is, therefore, the
first step in lowering the boron content.®)

To meet the limit of the accepted boron content in
SoG-Si ( < 0.5 ppmw B), a purification step is needed. A
practical way to do this is through plasma refining. "
In plasma refining, the heat of the plasma torch activates
gases such as oxygen and hydrogen on the silicon surface
to produce volatile H-B-O species.'” This method
requires less handling of materials compared with slag
refining.!'*'¥ Still, the process is relatively expensive
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because of the high energy consumption of the plasma
torch. It has, therefore, been desirable to develop new
and cheaper ways for boron removal using reactive
gasses.

In this work, an evaporation unit will be used to add
water vapor to H, gas, which subsequently will be
sparged on top of silicon melts. From these results, the
effect of temperature and gas composition during
gaseous boron removal will be studied.

II. THEORETICAL BACKGROUND

It was already demonstrated in 1956 by Theuerer!'! in

a zone refining reactor that boron could be removed by
treating the surface with moist hydrogen. However, it
was not until the late 1980s and the entry of metallur-
gical production of SoG-Si that reactive gas blowing
was shown considerable interest. Suzuki er al.'® used
plasma to purify 5 g MG-Si on a water-cooled block
and achieved 99 pct removal of boron using an Ar-H,O
mixture. The removal rate was relatively slow because of
the small reaction area. Later, Tkeda es /'’ demon-
strated, using a rotational torch that enlarged the
contact area, that the treatment time could be signifi-
cantly reduced. Subsequent development in the last
decade has led to large industrial-scale plasma experi-
ments carried out within the NEDO project.!'®!

A. Effect of Gas Composition During Gaseous
Boron Removal

The most documented treatment gas for gaseous
boron removal in silicon is water in combination with
an inert gas or hydrogen. Separate treatment with
hydrogen or oxygen has proven to have little or no
effect.!! 1617190 1t has therefore been generally accepted
that boron is volatilized as an oxyhydride. Nakamura
et al"™ showed that the rate of boron removal is
proportional to the water content in the gas during
plasma refining. But this is true only up to a po, where
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silica starts to form excessively on the surface. Alemany
et al" continuously analyzed the flue gases by induc-
tively coupled plasma (ICP)-optical emission spectrom-
etry while increasing po, in the treatment gas, and a
steep drop in deboronization rate was observed visually
as a silica ““skin” formed on the surface.

H, gas increases the boron removal rate significantly
when added to the plasma gas.'® One suggested
mechanism for this is that H, prohibits SiO, formation,
which increases the real reaction area because of less
surface silica. This can, to some extent, be explained by
the Si-H-O phase diagram in Figure 1, which shows
decreasing stability of SiO, with increasing pp, .

It is, however, questionable whether this alone can
clarify the considerable effect H, gas has on the boron
evaporation.

Other treatment gases have also been attempted for
deboronization of silicon, such as HCl and NH,, but
they have proven ineffective.?*->"!

B. Kinetics of Gaseous Boron Removal

It was shown in the previous section that the removal
rate of boron in liquid silicon is strongly dependent of
the chemical reaction between boron, water, and hydro-
gen up to a point where silica formation becomes the
rate-limiting step. The rate (r) of the reaction at
moderate values of pp,o can be written as

r=K"-[B]'[H0]" [H,]" [1]

where k” is the rate constant (s—'), [B] is the concentra-
tion (ppmw), and /, m, and n are the order of the
reaction with respect to the concentration term.

However, when the concentration of water and
hydrogen is kept constant, the rate of boron removal
becomes pseudo-first order (where / = 1)

r = —d[B|/dt =k - [B] 2]
where
k=k"-[HyO]"-[H,]"
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Fig. 1—Si-H-O phase diagram showing the equilibrium between Si(l)
and SiO, at different partial pressures of H,O and H, between
1723 K and 1923 K (1450 °C and 1650 °C).
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By integration the rate equation turns into
In([B]/[B],) = —k - 1 3]

where ¢ is time (s) and [B], is the initial concentration
(ppmw).

Available data in the literature for gaseous boron
removal are reproduced in Figure 2 and show good
correlation with the first-order rate constant.!'¢1%!

If the reaction area (A4, m?) and the volume (¥, m?®) of
the melt are known, the mass transfer (k’, m/s) in the
reaction can be calculated by

K=k (V/4) 4

For the three data set in Figure 2 (1-3), the k’ yields
1.3, 7.7, and 7.0 (m s~ ' x 107°), respectively.

C. The Thermodynamics of Volatile Boron Spices

The commercial available software FactSage 5.0
has in Figure 3 been used to calculate the partial
pressures of gaseous species in the H»-3.2 vol pct H,O-
Si-B system with B/Si ratio 10 x 107 at different
temperatures. Here, the silicon melt is regarded as a
dilute solution with respect to boron and Henry’s law is
obeyed (coeflicient of activity, f([B]) = 1).

HBO(g) has been considered the most volatile boron
substance in the literature,'?*?*! and this is in
agreement with current calculations, as shown in
Figure 3. HBO is approximately two orders of magni-
tude more volatile than the most stable boron oxide
and hydride. However, the partial pressures of the
gaseous boron species in this system are in general so
low that efficient boron removal in practice should be
difficult, according to thermodynamics. As an example,
a 200 g silicon melt with 10 ppmw B treated with 810-L
H»-3.2 vol pct H,O (the amount used in this work)
should at equilibrium evaporate 14 pct silicon and
18 pct boron according to the partial pressures of SiO
and HBO in Figure 3.

(1) & After Suzuki et al.
(2) m After lkeda et al.
(3) © After Nakamura et al.
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Fig. 2—Logarithmic plot of boron concentration vs time during
plasma refining of silicon "¢ '¥!
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III. EXPERIMENTAL

The experimental setup will now be explained in more
detail.

A. Gas Purging Experiments

Three different vapor treatment series (series 1
through 3) have been carried out in this work. The
series consist of 14 different experiments and are
summarized in Table I. Some of the experiments have
been repeated to verify the data obtained (denoted I, II,
or III).

All experiments were carried out with 200 g EG-Si
and with targeted boron content of 130 ppmw except for
series 1 where the concentration was 150 ppmw. In
series 1, two different H>O contents (7.4 vol pct and
3.2 vol pct) were used in combination with pure H, gas
at 1773 K (1500 °C). In series 2, the gas composition
was kept constant (H, + 3.2 vol pct H,O) while varying

——H(g)

—=—H2(g)
—o— BH2(g)
—o— H20(g)
——BO(g)

log P (atm)

—%— HBO(g)

“++++- HBO2(g)

—2—Si(g)

—0—SiO(g)

1,0E-9 . .
1450 1550 1650

Temperature (°C)

Fig. 3—Graphical representation of FactSage (Thermfact/CRCT,
Montreal, Canada) calculations of partial pressure of gaseous species
vs temperature in the H,-3.2 vol pct H,O-Si-B system (B/Si ratio:
10 x 107%). Thermodynamic data are taken from latest NIST-
JANAF.)

the temperature of the melt among 1723 K, 1823 K, and
1873 K (1450 °C, 1550 °C, and 1600 °C). In the last
series (series 3), the temperature and the water content
were kept constant, respectively, at 1773 K (1500 °C)
and 3.2 vol pct, while changing the H,-Ar mixtures.
Finally, experiment number 14 was carried out with H,
gas and no water addition at 1773 K (1500 °C). All the
experiments lasted for 4.5 hours or were ended earlier
because of technical problems, as shown in Table 1. At
the end, the molten silicon was cast into a copper mold.

B. Furnace and Gas Purging Setup

Figure 4 shows a schematic drawing of the 45-kW
induction furnace used in this work. The furnace

Trace heating

Humidifie
To vent Sampling
Tube
(purging
tube
v
Induction | | Ar H,

Graphite crucible heating

with molten metal

Fig. 4—Schematic drawing of a vacuum-induction furnace equipped
with gas purging unit.

Table I. List of Experiments (1 through 14)

Exp. No. Temperature [K (°C)] Vol pct H,O Vol pct Purge Gas Duration (h) Boron Addition

Series 1 1 1773 (1500) 7.4 92.6 pct H, 2 150 ppmw
2 1773 (1500) 3.2 96.8 pct H, 4.5 150 ppmw

Series 2 3 1723 (1450)1 3.2 96.8 pct H, 4.5 130 ppmw
4 1723 (1450)11 3.2 96.8 pct H, 1.5 130 ppmw

5 1723 (1450)I11 3.2 96.8 pct H, 4.5 130 ppmw

6 1823 (1550)1 3.2 96.8 pct H, 4.5 130 ppmw

7 1823 (1550)11 3.2 96.8 pct H, 4.5 130 ppmw

8 1873 (1600) 3.2 96.8 pct H, 4.5 130 ppmw

Series 3 9 1773 (1500) 3.2 96.8 pct Ar 4.5 130 ppmw
10 1773 (1500)1 3.2 24.2 pct H,-72.6 pct Ar 4.5 ~50 ppmw

11 1773 (1500)11 3.2 24.2 pct H»-72.6 pct Ar 4.5 130 ppmw

12 1773 (1500) 3.2 48.4 pct H,-48.4 pct Ar 4.5 130 ppmw

13 1773 (1500) 3.2 72.6 pct Hy-24.2 pct Ar 4.5 130 ppmw

14 1773 (1500) 0 H, 4.5 130 ppmw
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consists of a vacuum chamber and an inductive-heated
graphite crucible (6.4 cm inner diameter), which con-
tains the liquid silicon with a top surface area (A) of
32.2 ecm®. Water vapor was added to the hydrogen-
argon mixture in the humidifier and then the gas was
sparged on top of the silicon using heated quartz tubes.
The humidifier consists of a temperature-controlled
water bath and a dispersion stone. A gas flow of
3 L/min was applied in all the experiments. Quartz tubes
were used to sample the melt every 30 minutes.

Fluent 6.3,*% a commercially available software, was
used to simulate the silicon melt and gas velocity at
1773 K (1500 °C) during sparging with H, gas for the
experimental setup in this work (Figures 5(a) and (b))
(the simulation is two-dimensional, transient, and non-
axisymmetric). The purpose of this was to investigate the
interface area between the gas phase and the silicon melt.
After 4 seconds, the melt is at a steady state and the
impingement of the gas causes small ripples on the
surface. Disregarding the ripples, the melt is relatively
flat. It is, therefore, a good approximation to use the
inner surface area (A4) of the crucible as the reaction arca
in the mass transfer calculations shown later in this work.

C. Analysis Methods

Simple resistivity measurements were used to investi-
gate the boron content in all the samples retrieved from
the refining experiments. The samples were first cast in
epoxy, polished (1000 mesh), and then the resistivity
was measured with a Jandel 4 point probe (Jandel
Engineering, Ltd., Bedfordshire, U.K.) as shown in
Figure 6.

The boron content was then calculated using the
following empirical equation from eight resistivity
measurements per sample!?*);

A, B [5]

P p[l_’_(cp)l.lOS}

2.90e+01
2.75e+01
261e+01
2.46e+01
232e+01
2.18e+01
2.03e+01
1.8%e+01
1.74e+01
1.59e+01
1.45e+01
1.31e+01
1.16e+01
1.07e+01
8.70e+00
7.25e+00
5.80e+00
4.35e+00
2.90e+00

1.45e+00 Crucible

1.5¢cm

| @

where N is the dopant density (cm %), p is the resistivity
(Q-cm), 4is 1.33 x 10" (Q - em™2), Bis 1.082 x 10"
(Q-cm?), and Cis 54.56 (Q~' - ecm ™).

To verify the resistivity measurements, parallel ICP-
mass spectrometry (MS) analyses were carried out on
specimens No. 1 and 2 in series 1 (Table I). The samples
were prepared and analyzed at the Norwegian Univer-
sity of Science and Technology.

IV. RESULTS

A. Silicon Yield

The Si yield was found by weighing the silicon before
and after each experiment. The mass of silicon (mg;) lost,
sampled, and cast for all the 14 experiments are
displayed in Figure 7.

The average loss of mass for the 4.5-hour experiments
is 10.73 pct £ 2.85 pct. The deviations in weight loss
between the different experiments seem random. How-
ever, some silicon may not have been accounted for

Fig. 6—Schematic illustration of the Jandel four-point probe used in
this work to measure resistivity of samples retrieved from the gas
purging experiments.
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Fig. 5—Simulations of the gas velocity (a) and Si-melt velocity (b) in m/s after 4 s for the experimental setup in this work (Fluent 6.3). Thermo-

physical data have been taken from Rhim ez al.”’

METALLURGICAL AND MATERIALS TRANSACTIONS B

VOLUME 43B, AUGUST 2012—S817



|
mg; loss
60 %
mg Sampled
m]
40 % mg,; Cast

20 % -

Percent mg; (of the total added mass)
2]
=2

10 % -

0%

12345678 91011121314
Experiment No.

Fig. 7—Graphical representation of the mass of silicon lost, sam-
pled, and cast for all 14 experiments.

because of splashing during casting and sampling.
Furthermore, the silicon loss from oxidation refining
seems small when compared with the weight loss
reported for experiment No. 14 where no water (oxygen)
was added. The total amount of silicon sampled was
close to 25 g in each experiment.

B. Boron Analysis

The main results from ICP-MS analysis and resistivity
measurements are presented in the next three sections as
series I, 11, and III. The series refer to the experiments
listed in Table 1.

1. Series 1

In Figure 8(a), the ICP-MS results and resistivity
measurements of two experiments in series I (Table I)
are plotted vs time. The data points from the ICP-MS
measurements correlate with the resistivity analysis.
However, the boron content analyzed by ICP-MS is on
average approximately 35 pct higher than the values
obtained from resistivity analysis. In both experiments,
the boron content drops dramatically when the melts are
being treated with moist hydrogen. Furthermore, the
high water content experiment shows significant lower
boron content after 2 hours treatment. The experiment
was terminated at this time because of the extensive
growth of crystalline quarts from the crucible wall. The
effect of water was not pursued more in this work.

2. Series 11

The results from the resistivity measurements of the
refining experiments in series II are plotted in Fig-
ure 8(b). In this series, three different silicon melt
temperatures have been investigated (Table I). In all
the experiments, the refining is highly effective and the
boron content is reduced to well below 1 ppmw after
4.5 hours of treatment. Figure 8(b) also displays with a
dotted line the refining experiments that were repeated
several times. The data points correlate well with
the first experiments that indicate good reproducibility.
The boron yield, as shown by the first data point on the
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graphs, is usually 40 ppmw lower than the targeted
boron content of 130 ppmw. The discrepancy is prob-
ably caused by some preoxidation of the added boron
powder during heating.

3. Series 111

In Figure 8(c), the results from the resistivity mea-
surements of the six experiments in series III (Table I)
have been plotted vs time. In this series, the effect of
hydrogen content in the purge gas mixture has been
investigated. Figure 8(c) immediately reveals that H,
addition increases the removal rate of boron signifi-
cantly. It also shows that boron removal using pure H,
(no water) is slow, proving that boron refining in
practice cannot be done with H, gas alone. In experi-
ment No. 10 (24.2 pct H»-72.6 pct Ar), the boron yield
was expected to be low because of some accidental
preheating in air. An additional experiment was there-
fore carried out, as shown in Figure 8(c), by a dotted
line.

C. Boron Mass Transfer

Figures 9(a) and (b) show logarithmic plots of the
boron content ([B]/[B],) as a function of refining time
((4/V) - 1) for the experiments carried out at different
temperatures (Nos. 3 through 8) and different H,
contents (Nos. 2 and 9 throughl3), respectively. The
amount of silicon lost and sampled previously presented
in Section IV-A have been taken into account. Further-
more, the values for the mass transfer coefficients (k’, m/
s) in Figure 9 have been obtained from the slopes of
each plot. The linearity of the plots shows that boron
evaporation follows first-order rate kinetics, which is in
agreement with published literature for plasma refining
(previously presented in Section II-B).

D. Effect of Silicon Oxidation

In prior plasma gas experiments, it has been reported
that SiO, formation on the surface will have a large
impact on the removal rate of boron. This was not
found in this work. In all the experiments, some
crystalline quartz formed on the crucible wall. Only in
the 7.4 vol pct H,O experiment (experiment 1), the
quartz started to grow horizontally to cover the surface.
That growth may have affected the removal rate to some
extent because of the reduced reaction area. Further-
more, there was no visual increase in SiO, formation
when the H, content was reduced. The theory presented
in Section II-A about H, gas increasing the boron
evaporation by suppressing SiO, formation seems
unlikely according to the findings in this work.

V. DISCUSSION

A. Resistivity Measurements

Resistivity measurements are a cheap and easy
method to investigate the boron content in silicon. In
addition, it will produce results in a relatively short time.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 8—Plotted results from the ICP-MS and the resistivity measurements of the 14 experiments in series I, II, and III (Table I), showing
the boron content in the melt vs time. (a¢) Experiments carried out with different water contents. (b) Experiments carried out at different
temperatures. (¢) Experiments carried out with different H, contents. The error bars in the graphs indicate the standard deviation in resistivity

measurements.

Its application is, first of all, intended for high-purity
boron doped silicon, as used in this work. However, the
probe used for measuring the resistivity should not be
closer to the edge of the sample than four times the
probe size (4 x 0.635 mm. Therefore, the discrepancy
between the ICP-MS and the resistivity measurements in
this work is possibly an ‘“‘edge” effect caused by the

METALLURGICAL AND MATERIALS TRANSACTIONS B

small sample radius (~1 mm). It is believed that this
effect is nearly constant for all the resistivity measure-
ments, meaning that the results are comparable with
each other. Another source of error is grain boundaries
that can contribute to higher resistivity if measured
across. However, it has been reported by others that
the correlation between the boron content found by
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Fig. 9—Logarithmic plot of the boron content ([B]/[B],) vs refining time ((4/V) - t) of experiments carried out at different temperatures (¢) and
different H, contents (b). The numbers (2 through 13) refer to experiments listed in Table I.

chemical analysis and resistivity in boron doped multi-
crystalline EG-Si is good.*”)

B. Kinetics of Boron Gaseous Removal

The kinetics of boron transfer from the silicon melt to
a surrounding gas can be divided into five steps®®:

(a) Transport in the silicon melt

(b) Diffusion through a stagnant boundary layer close
to the interface (liquid side)

(¢) Chemical reaction among B, H,O, and H, at the
interface

(d) Diffusion through a stagnant boundary layer close
to the interface (gas side)

(e) Transport in the gas phase

Transport in the melt and gas phase can always be
considered fast in small-scale experiments where shallow
melts are inductionally stirred and gas sparging is used.
Steps (a) and (e) are not likely to be the rate-limiting
steps. Close to the interface, the movements of gas and
melt are slow and horizontal, and the transport of boron
is dependent of the slow mechanism of diffusion.
Furthermore, diffusion is strongly dependent on tem-
perature and increases roughly exponentially as temper-
ature increases (Arrhenius). However, the temperature
dependents of the boron mass transfer, summarized in
Figure 10, clearly demonstrate that the deboronization
rate of silicon in the current study decreases with
increasing temperature.

This also corresponds with the thermodynamic cal-
culations presented in Figure 3, which predict a decrease
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Fig. 10—Relationship between the mass transfer coefficient (k") of
boron and temperature in silicon treated with H, + 3.2 vol pct H,O.
Trendline is expressed as a second-order polynomial.

in the partial pressure of the boron oxyhydrides with
increasing temperature. It is, therefore, most likely that
the rate is controlled by the chemical reaction among B,
H,0, and H, at the liquid/gas interface (step 3). There
are several findings to support this: First, the removal
rate is affected by the H,O content in the gas as
previously shown in Section IV-B—1. When the water
vapor content is close to doubled from experiment No. 1
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Fig. 11-—Relationship between fraction H, in Ar and boron mass
transfer in silicon treated at 1773 K (1500 °C) with 3.2 vol pct H,O.

to experiment No. 2, the reaction rate (k’) increases from
1.0 x 10° to 1.4 x 10° (calculations based on resistivity
data in Figure 8(a)). This increase corresponds with a
half-order relation of water on the removal rate
(pH,0"?), which had been reported by Theuerer.!'” Sec-
ond, the removal rate drops rapidly when the H, content in
the gas mixture is reduced. This is shown in Figure 11 where
the results from the boron mass transfer calculations are
plotted against fraction H, in the gas mixture.

In Figure 11, it is schematically illustrates that the rate
is dominated by pu,0 above 50 pct H, added, meaning
that H, at this point is in excess. As the H, content is
reduced at constant pp,0, the rate is eventually con-
trolled by the pu,. The slope further suggests that the
effect of H, on the removal rate is first order up to 50 pct
and zero order above. However, more experimental data
are needed to in the future to confirm this relation.

From Figure 11, it is possible that the H, content
should be at least 50 pct to obtain the highest boron
removal rate at 1773 K (1500 °C) when 3.2 vol pct H,O
is used. It is difficult to explain why such a high amount
of H, is needed in the gas mixture compared with the
water content. One possibility is that the dissociation of
H, into free hydrogen (H), which can react to form
HBO, is small. This can explain why plasma treatment is
six times faster than gas blowing (k”: 7.7 x 107 vs
1.3 x 1077, respectively). Because plasma consists of
ionized gases the amount of O and H free to react with
boron is much higher.

VI. CONCLUSIONS

The basic conclusions that can be drawn from this
work are as follows:

1. Boron is removed from liquid silicon by blowing
moist hydrogen on top of the melt.

METALLURGICAL AND MATERIALS TRANSACTIONS B

2. Water vapor treatment of molten silicon can alone
remove boron. However, in combination with
hydrogen gas, the removal rate is significantly in-
creased.

3. It is found that approximately 50 vol pct H; in the
treatment gas is sufficient to maintain a high boron
removal rate at 1773 K (1500 °C) when 3.2 vol pct
H,O is used.

4. Gas treatment with pure Hj has little effect on boron
removal, which indicates that boron is mainly evap-
orated as oxyhydride species.

5. The rate of boron removal in current gas purging
experiments is controlled by chemical reaction
depending on pn,0 and py,.

6. The rate of boron removal from silicon decreases
with increasing temperature between 1723 K and
1873 K (1450 °C and 1600 °C).
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