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ARTICLE INFO ABSTRACT

Keywords: In the production of solar grade silicon (SoG-Si), Phosphorus (P) removal from Si is a challenge as it cannot be
Solar grade silicon (SoG-5i) eliminated effectively by the final key directional solidification step in the value chain of the silicon solar cell
Vacuum technologies. The present research investigates the application of ultra-high temperatures (UHTS) up to 1900 °C
E;ig;;i?g: for the P removal from Si in the vacuum-induction refining (VIR) process. Kinetic parameters such as mass
Kinetics transfer coefficient and activation energy for P removal from Si melt by vacuum evaporation are determined. It is
Mechanisms shown that the P removal kinetics is significantly accelerated with increasing temperature, and about 1800 °C is

a critical temperature in which the process rate is doubled. The silicon loss of the process to reach SoG-Si quality
is formulated, and it is shown that it is lower at ultra-high temperatures, while it is insignificantly increased with
the temperature rise in each temperature regime, and is independent of the melt geometry. The results from
UHTs experiments showed complete phosphorus removal from silicon melts with even as high as P concentra-
tions as 92.71 ppmw in short durations. It is shown that the application of UHTs in VIR process reduces the power
consumption to reach SoG-Si.

1. Introduction

Power production by Photovoltaics is growing, and according to the
sky scenario of shell® [1], 32% of the global power by the year 2070
could be generated by solar energy. Currently, about 90% of solar panels
are produced from Silicon (Si) [2]. The Si used for the production of Si
solar panels must have a purity of 99.9999 (6 N) known as solar grade
silicon, shortly named as SoG-Si [3]. As the silicon produced in sub-
merged arc furnaces from primary raw materials (MG-Si) has a purity of
up to 99%, it needs to be refined to meet the SoG-Si requirements.
Several metallurgical methods are recently introduced for the removal
of impurities from Si, such as slag refining [4], leaching refining [5],
plasma refining [6], solvent refining [7], gas refining [8,9], and vacuum
refining [10-14]. Phosphorus (P) is so important to be controlled in Si
since it is one of the major dopants for making the p-n junction in Si.
Currently, 0.2 ppmw phosphorus could be considered as the acceptable
limit of P in SoG-Si. Vacuum refining is a very efficient process for P
removal from Si, and it is commercialized recently for the production of
SoG-Si [15].

Phosphorus removal from Si by vacuum refining has been the subject
of many researches since the early 1990s [10,16-23]. The thermo-
chemistry and kinetics of P evaporation from Si melt have been studied.
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It is shown that the first-order reaction kinetic model fits well for
studying the vacuum refining process [3,13,19,24-28]. The
rate-controlling steps of the P evaporation from Si have been discussed
before [19,29], and it has been shown that at temperatures up to
1700 °C the important steps are mainly evaporation from the melt sur-
face, and diffusion through the gas phase. Theoretical models for the
diffusion of P and other impurities in the melt, evaporation from melt
surface, and diffusion through the gas phase were developed by Safarian
and Tangstad in Ref. [13] and shown a good agreement between the
analytical model and experimental data. These models have been later
applied by Shi et al. in Ref. [21] to study their experimental results from
a vacuum electron beam refining (EBR) furnace. Recently the effect of
alloying of silicon by Al [14,22] and Fe [30] was investigated, indicating
the acceleration in P removal rate in both of the cases compared with
MG-Si refining.

The vacuum refining of P has been investigated in vacuum-induction
refining (VIR) and EBR furnaces. The maximum temperature of 1700 °C
was applied in the vacuum refining process of Si in the VIR furnace
previously [13,31], while in the EBR higher temperatures, as high as
2247 °C are also reported [11,32]. In comparison, in EBR process the
surface area of the melt pool could not be precisely determined, and
there is a significant temperature gradient over the melt surface from the
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center to the round sides, and the bulk melt is colder than the surface due
to the heat extraction by the water-cooled container. However, in the
VIR process, the temperature is more homogeneous all over the bulk
melt and can be measured directly by thermocouples. It is worth noting
that, in EBR process direct temperature measurement is not possible,
and the researchers estimated the average temperature of the melt-pool
from the extent of Si evaporation [11]; the application of pyrometer is
also recently reported [21]. Regarding the better control of process
parameters in the VIR technique, this research deals with VIR applica-
tion at ultra-high temperatures. Here we define ultra-high temperatures
(UHT) as the temperatures higher than 1.25Ty,, where Ty, is the melting
point of silicon (T, = 1414 °C), and therefore UHTs are higher than
1767 °C. This study is the first experimental work beyond this temper-
ature carried out by VIR. The main objective of this research is to extract
the kinetic data for the process and outline a proper understanding of
temperature effect. Attempts are also made in this work to propose
mechanisms for P removal at ultra-high temperatures. In addition, the
vacuum refining of silicon in large scale needs to attain high enough
mass transfer coefficients and we intend to show in this work that
temperature rise is a key parameter to consider for improving the pro-
cess rate.

2. Experimental procedure

In this research, a mixture of Silgrain® (HQ — micron cut; 0.04 wt%
Fe, 0.09 wt% Al, 0.013 wt% Ca, 0.001 wt% Ti, 25 ppmw P, 30 ppmw B)
and FBR® (8 N purity) silicon was used as the initial material for the P
removal from Si melt. In most the experiments, Silgrain® (40-50 wt%)
was mixed with FBR® granules, and then the mixture was charged into a
dense graphite (Tanso®, properties presented in Ref. [33]) crucible. The
experiments with some details about the practical conditions is listed in
Table 1. In the experiment (E6) a master alloy of Si with P (314.1 + 7
ppmw) was mixed with the FBR®. This master alloy was prepared by the
addition of red phosphorus to Si as we elaborated [19]. The experiments
at T < 1750 °C were done in graphite crucibles with 70 mm inner
diameter. Due to safety issues, it was decided to apply smaller crucibles
(52 mm inner diameter) for experiments at higher temperatures, while
the ratio of the melt surface area (A) over volume (V)was kept consistent
in all the experiments (A/V = 22.64m™!). We tried to measure the
crucibles weight changes before and after experiment, however, in most
of the cases the graphite crucibles burst because of silicon expansion
during solidification. Then a part of the silicon melt was drained off and
reacted with the graphite felt and therefore biased the final weight,
preventing us to calculate the weight change. However, the crucibles of
experiments E7 and E8 survived and we managed to measure the weight
change of these crucibles after the VIR process. Considering the weight
of Si samples taken from melt, 10 + 0.1 g (4.65 wt% in 60 min) and 5 +

Table 1
The practical conditions in experiments.
Exp. Temperature Inner Initial Si ~ Melt Flux of Si
Code Q) diameter of mass (g) surface loss
crucible area® (gm %71
(mm) (mrn2
E1l 1500 70 400 3671.74 N. D.
E2 1600 70 400 3671.74 N. D.
E3 1650 70 400 3671.74 N. D.
E4 1750 70 400 3671.74 N. D.
E5 1850 70 400 3671.74 N. D.
E6 1800 52 215 1974 N. D.
E7 1850 52 215 1974 1.027
E8 1900 52 215 1974 1.7130

# The occupied area by the graphite sheath (with 15 mm diameter) is sub-
tracted from the inner cross area of the crucible for calculating the melt surface
area, in all the experiments A/V = 22.64 m™, N. D: not determined, refer to
experimental procedure section where the difficulties of wight loss measure-
ments are mentioned.
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0.1 (2.33 wt% in 25 min) grams of Si was lost in experiments E7 and E8,
respectively. By dividing the measured amount of the silicon loss over
melt surface area and time of the vacuum refining process, we calculated
the experimental evaporation flux of silicon for the experiments E7 and
E8 as 1.0278 and 1.7130 (gm s~ 1).

The schematic representation of the vacuum-induction furnace
applied in this research is presented in Fig. 1. The furnace is equipped
with a mechanical pump with the pumping speed of 400 L min~! over
the pressure range of 1-30 Pa and the minimum pressure attainable was
>7 Pa in the vacuum experiments. As shown, the graphite crucible is
wrapped with a layer of graphite felt in a mica sheet, to be protected of
contacting with the water — cooled copper coil. A thermocouple (T.C.)
type C was used for measuring and recording the temperature in the melt
during the experiments. The T.C. was put in a graphite well (15 mm
outside diameter, tube with one end closed), fixed to the wall of the
crucible.

After fixing the crucible in the induction coil, the chamber was
vacuumed down to 5 Pa and subsequently filled out by Ar gas (5 N
purity) up to 1000 mbar. This process was repeated three times to make
sure that air left in the chamber is very rare. Then the heating was
started and after melting the material, the first sample was taken from
the melt, then the power was quickly increased to reach the target
temperature (usually less than 1 min), while the chamber was contin-
uously pumped. Several samples were taken from the melt at different
time intervals to track the P concentration change during the VIR pro-
cess. For sampling, a quartz tube (with 2 mm inner diameter and 6 mm
outer diameter) was inserted into the middle of the melt and liquid
silicon was sucked into the tube, then the tube was pulled out. The
sampling time was short, below 30 s, and the thick quartz tube could
tolerate both heat and the compressive forces due to the volume increase
upon the Si sample solidification expansion. These Si samples were
characterized by Induction coupled plasma mass spectroscopy (ICP —
MS, Agilent — 8800 ICP-MS Triple Quad).

Sampler unit

él

Temperature logger

\ Thermocouple Quartz tube

\_ typeC

Graphite crucible

Graphite _
sheath

Copper /
helical coil \

Graphite felt
Mica sheet

Furnace body

Vacuum pump

Fig. 1. Schematic representation of the VIR furnace and the set up with dedi-
cated sampling unit.
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3. Results and discussion

The results of P measurements from the vacuum refining experi-
ments are all presented in Table 2. This table indicates that the P con-
centration is declining in all the experiments by the time and the refining
rate is increased with increasing temperature. The preliminary results
from the experiments done at UHTs (experiment E5) revealed the
extremely faster rate of P removal than the lower temperatures. Thus,
the time intervals for the vacuum refining steps were shortened at these
experiments. Table 2 indicates that the last samples in all the experi-
ments done at UHTs are almost free of phosphorus and below the
detection limit of the ICP-MS. Even for the experiment E6, which
initially contained 92.71 ppmw phosphorus, its P composition reached
to the SoG-Si limit (0.2 ppmw) at 60 min of vacuum refining and it was
free of P after 80 min of vacuum refining. This indicates the great effi-
ciency of VIR process to remove any extent of phosphorus from the melt,
which is more effective at higher temperatures. Considering the results
of experiment E8 in Table 2, it is seen that only 25 min of vacuum
refining was enough to remove all the initial 12.7 ppmw phosphorus
from the melt.

Empirical kinetics and the mechanism of P removal from Si will be
discussed in the following section (3.1). A discussion about required
time for vacuum refining to reach SoG-Si and Si loss during the refining
process will be presented in sections, 3.2 and 3.3 respectively. The
power consumption in VIR process is presented in sections 3.4 followed
by possible methods for implementation of the UHT-VIR in large scale in
section 3.5.

3.1. Rate of P removal

The obtained experimental data presented in Table 2 are applied in
this section to discuss the kinetics of VIR process. In order to find a right
kinetic model which fits to our experimental data, we tried the first and
second order kinetic models, and only the first order model fit well as
previously observed [13]. The first order kinetic model could be intro-
duced by below equation;

P %], A
1 =kp| = |t 1
() =+ (7 @
where [P %], and [P %], denote the initial and instant concentrations of
phosphorus in the melt, respectively. the A/V ratio describes the ge-
ometry of the melt, where A and V are the surface area and volume of the

melt in m? and m3, respectively. Parameter kp in equation (1) is called
the mass transfer coefficient of phosphorus removal from silicon melt
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which is in m-s~!. By plotting the term In([P %], /[P %],) versus the
term (At /V) in the right side of equation (1), and fitting a line to the
data, we can obtain the coefficient kp, for each experiment, as it is
illustrated in Fig. 2. The slopes of the fit lines represent the kp values and
they are given with the R-squared values in Fig. 2. The effect of the
process temperature on the rate of P removal could be observed by
comparing all the kp values obtained in Fig. 2, where for instance kp at
1900 °C is almost 52 times higher than the kp at 1500 °C. Regarding the
kp values at various temperatures, we can determine the process kinetic
parameters of the P evaporation from Si, like activation energy, by
employing the Arrhenius [34] equation which is presented as follows;

pp
kp [m . s’]} =kpexp (f’ T) 2)

where k;, is a constant called Arrhenius pre-exponential factor, Eg” is the
apparent activation energy for the evaporation of P from Si and is in
J-mol™!, T denotes the absolute temperature in Kelvin (K), and R rep-
resents the universal gas constant (8.314 J mol ! K™1). By plotting the

8 7
. * 1900 °C
7 é— - - kp=R720;50p;n6.S-1 + 1850 °C
6 1 £ o m 1800 °C
_ : 4 1750 °C
X 534 1650 °C
e 1600 °C
~ T °
r—01 E k= 19.38 um.s-1 S
X 3 3 R? = 0.95
[al 1 ke= 9.47 pm.s-1
= 2 3 R?=0.98
E E ke= 5.71 pm.s-1
1 1 R2 = 0.99
] p= 2.65 pm.s-1
0 . R?=098
0 0.1 0.2 0.3

AtV-110% (ssm™T)

Fig. 2. First order reaction kinetic model fitting to the experimental data at
various temperatures.

Table 2
The concentration of P (ppmw) in Si samples at various temperatures and times, measured by ICP — MS.
Time (minutes) Experiments code and process temperature (°C)
El E2 E3 E4 ES E6 E7 E8
1500 1600 1650 1750 1850 1800 1850 1900
0 9.50 10.00 8.96 8.73 9.50 92.71 9.12 12.70
5 5.29
10 8.81 9.27 0.76
15
25 <0.10?
30 8.84 8.40 0.18
31 9.05
40 5.55 2.24
45 <0.10%
55
60 7.57 6.20 1.67 0.20 <0.10°
80 3.50 1.17 <0.10* <0.10°
90 0.98
150 5.58 3.10
160 1.69

a. Not detected in ICP-MS, where the detection limit was 0.10 ppmw
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In(kp) values at various temperatures versus the reversed absolute
temperature (T~1) and fitting a line through the data, we can obtain the
process EF* and kj, parameters, as shown in Fig. 3. As seen, all the data
from the experiments below 1750 °C, are on the fit line with a high value
of squared-R. This line will be shortly named LT (low temperature) fit
line across this paper. Selected experimental data from the literature are
also shown in Fig. 3. We can see those experiments that are done in
almost over the same pressure range as of this study, are n good
agreement with the LT while lower pressures [10,23] leads to increase of
the mass transfer coeffects. It is noteworthy to mention that the research
done by Safarian et al. [13,19] was done in the same furnace applied in
this research, while Shi et al. [21] used an electron beam vacuum
furnace for their study. Fig. 3 shows that the apparent mass transfer
coefficient from the experiments at UHTs are much greater than the
lower temperatures and they are not aligned with the extrapolation of
the LT fit line. Therefore, another line is fit to the ultra-high temperature
data with a high value of squared-R and is named hereafter UHT fit line.
This observation is unique in the Arrhenius plot of P evaporation fromSi,
and it has not been observed and reported elsewhere. The interesting
point about the UHT fit line is that it has almost the same slope of the LT
fit line, however it has just been displaced up in position, leading to cross
the vertical axis at a higher point. The asterisk mark on Fig. 3 represents
the mass transfer coefficient of P removal (with the value of 27.13 pm
s1) expected to be obtained by extrapolation of the LT line at 1800 °C.
Considering the kp values presented on Fig. 3, it can be seen that the kp at
1800 °C is 2.6 times greater than of the hypothetical value expected by
the extrapolation of LT fit line. Table 3 represents the estimated
apparent activation energy of phosphorus evaporation from Si (Ef’?) and
the ki, calculated by both the LT and UHT fit lines as the results are given
in Table 3.

In addition, it may be questioned if the kpvalues of UHTs experi-
ments, presented in Fig. 3, are affected by the crucibles size, since
experiments E6 - E8 were carried out in smaller crucibles. To clarify this
question, we need to compare experiment E5 with E7, which are both
carried out at 1850 °C, but the former in big crucible and the latter one
in small crucible. Considering Fig. 3, the LT and UHT fit lines predict the
kpaisso-c to be 37.63 pm s~! and 98.7 pm s~ respectively. Inserting
both of these values into the first order kinetic model, equation (1), and
considering 45 min for the time, it gives the phosphorus concertation
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Table 3
Determined kinetic parameters for the P evaporation from Si in vacuum in-
duction refining.

Temperature range (°C) EPP (kJ-mol ™) In(kp, [m-s7'])

T <1750
T > 1800

239.47
256.84

3.380
5.337

0.87 ppmw and 0.02 ppmw per kp values from LT and UHT fit lines,
respectively. However, Table 2 shows the phosphorus concertation of
experiment E6 is less than 0.1 ppmw after 45 min (which is the detection
limit of ICP-MS), and this indicates the kp in experiment E5 is following
the UHT line and therefore the phenomenon observed in Fig. 3 is in-
dependent of the crucible size and relates to the chemistry of the process.

3.1.1. Kinetic parameters

Here we will study the kinetic translation for the jump in kp in Fig. 3
by reviewing the interpretation of the Arrhenius parameters in equation
(2). We interpret these parameters in analogues to the reactions taking
place in gases presented previously [35]. Fig. 4 represents the reaction
coordinate defined as the collection of motions, such as changes in
interatomic distances and bond angles, that are directly involved in the
formation of products from the reactants. In the next section we will
discuss the mechanisms of phosphorus evaporation and we will show
that phosphorus can evaporate from silicon melt in various forms. Here,
we take the simplest reaction for phosphorus evaporation from melt
surface (P. = P(g)) to discuss the mechanism of evaporation for phos-
phorus species as shown in Fig. 4. During the vacuum refining of Si, the
dissolved P that already transferred to the melt surface forms an acti-
vated complex (P—P*). Having the maximum potential energy at the
climax of the reaction coordinate, the phosphorus enters the transition
state P*. Here we shall preserve a distinction between the activated
complex and transition state, the potential energy of the transition state
is the maximum while it is close to the maximum for the activated
complex. The activated complex represents the phosphorus atoms close
to the maximum potential energy, but the transition state represents
those atoms that are at the climax of the energy curve. Some molecules
entering the transition state might revert to reactants, but those pass
through this state convert to the product (P*—P(,), prior the gas

-7
| B This research
| UHT fit line
] R? = 0.999 _
i ® Shiet. al.
9 + (> 0.05 Pa)
» 1. X Safarian & Tangstad
-10 T (0.56 - 2.86 Pa)
= -11 x X Suzuki et. al.
s ] o (0.027 Pa)
£ 121
] Yuge et. al.
13 | , @ (0.01-0.001 Pa)
- R R< =0.997
1 e 4-53 P
1 LT fit line i )
-14 —f——T——— — T
0.45 0.5 0.55 0.6
10371 (K1)

Fig. 3. Relationship between the mass transfer coefficient of P removal from Si and the reciprocal absolute temperature, data from literature Shi et al. [21], Safarian

and Tangstad [13,19], Suzuki et. al. [23], Yuge et al. [10] are included.
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Transition

—_ state
,/ /
(_P*")
|-~ Activated
complex

B

activation energy characteristic of the
activated complex

P

Fig. 4. The potential energy profile for the monoatomic phosphorus evapora-
tion from Si melt introducing the activation energy, activated complex and
transition state.
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desorption. Therefore, the exponential term exp( —Ey* /RT) in equation
(2) is the fraction of the phosphorus species motions toward the
appropriate positions for evaporation that have enough energy to lead
the reaction. The pre-exponential factor is a measure of the rate of all
motions of phosphorus toward forming activated complex irrespective
of their energy. Therefore, the product of the kj in equation (2) and the
exponential factor exp( —Eg? /RT) gives the rate of successful move-
ments leading to form the transition state P*.

As discussed above, if we consider a single reaction, the kj corre-
sponds to the rate of the formation of the activated complexes. Thus, the
greater kj, represents the formation of more activated complexes at the
melt surface. This may strike the idea that the sudden jump of kp in Fig. 3
could be associated with the increase of the number of the activated
complexes on the melt surface. However, the obtained kp plotted in
Fig. 3 are representing the whole VIR process and there could be several
reactions leading to phosphorus removal. In next section we will discuss
the possible mechanisms of phosphorus evaporation and show how they
can affect the overall kp.

3.1.2. Mechanisms of P evaporation

The main mechanism of P evaporation from Si is known to be by
means of evaporation of monoatomic phosphorus (P(g)) [13,19,31,36,
371, however diatomic (Py(g)) and tetratomic phosphorus (P4g)) are also
mentioned in Refs. [31,36,38]. In this mechanism the phosphorus
evaporates from melt surface by desorption in the form of P(g), P2(g), and
P4(g). Here, we propose another mechanism to be involved by means of
decomposition of silicon phosphides (SiP and SiPy) transitionally formed

200
150 |
100 |
ot
S 50,
Sy
X 0
)
3

50
-100 |
-150 1

a sip, = SiPg d
b SiP) = Sig) + Pyg)

£ SiPy) + Sigy = 2SiPg

d

SiP2(s) + 3Sig) = 2 SizP(g)
SiPs) = Sig + 0.5 P2
SiP2i)= SiP(g) + P(g)

SiP29 = 05 SizPg + 1.5 Pg
SiP2) =Sip+ 2P

= e |- |o

L SiPag = SiPy) + Pig)
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Fig. 5. The changes of the Gibbs energy of decomposition of phosphides, per mole of condensed phosphide (a), the proposed mechanisms for P evaporation from Si
melt surface (b), and the electrical analogy for resistances to mass transfer and the routes for phosphorus to the gas phase at LT and UHT regimes (c).
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on melt surface. Fig. 5(a) shows the standard Gibbs energy change for
various decomposition paths of SiP and SiP; calculated by the thermo-
dynamics software HSC 10 [39]. It is of worth to mention that the sur-
face of liquid metals is in higher levels of energy than bulk liquid due to
the incomplete coordination among the surface atoms [40]. This makes
the phosphorus to be adsorbed more at the liquid metal surface which
could lead to the formation of transitional SiP and SiP, molecules in
short range orders. The presence of the SiP and SiP; in Si-P system is
already discussed by Liang and Schmid-Fetzer [28]. The phase diagrams
presented in Ref. [28] indicate that there is no silicon phosphide in the
infinitely diluted solutions of P in Si. However, this does not invalidate
the hypothesis of transient silicon phosphides formation at the melt
surface since the system is not at equilibrium and P atoms may be more
concentrated at the surface. These molecules could decompose, even-
tually leading to releasing of phosphorus gases (P(g), P2(g), and P4g)). A
series of possible reactions scenarios for the decomposition of the SiP
and SiP, are presented in Fig. 5(a). This figure shows that decomposition
SiP, and SiP (reactions e and i) have negative values of AG® at elevated
temperatures. However, the chemical reactions (c, d, f, g, h) have pos-
itive values of AG° changing to negative values by increasing the tem-
perature over the range of 1725 °C-1875 °C, which yield P(g) or SiyPyg),
and according to Fig. 5(a), there are more thermally activated feasible
reactions when temperatures approaches to 1800 °C, which could
explain the boost up of kp observed about this temperature in Fig. 3.

Fig. 5(b) shows the possible scenarios of P evaporation from Si melt,
which we propose to take place for phosphorus removal in VIR process
at UHT. Totally, all the reactions leading to evaporation of phosphorus
from Si melt could be categorized in three scenarios as follows;

i. Desorption of phosphorus gases: the phosphorus evaporation
could take place by means of desorption of phosphorus gases
(P(g), P2(g), and Py4(g)) from melt surface as shown in Fig. 5(b-i).

ii. Evaporation of phosphorus gases produced by decomposition of
silicon phosphides: the evaporation of phosphorus gases (P(g), P2
(g)» and Py4(g)) by means of decomposition of the transient silicon
phosphides (SiP and SiP;) forming on the melt surface, as shown
in Fig. 5 (b-ii).

iii. Evaporation of silicon phosphides: Phosphorus evaporation from
melt surface in the form of silicon phosphides Si, P, as shown in
Fig. 5 (b-iii).

In the first scenario, phosphorus in the melt boundary layer needs to
reach to the melt surface (P*™) and then form the activated complex (P,
x =1 or 2 or 4). Having enough energy, the P} will transform to gaseous
phosphorus, which is still adsorbed on the surface ( Pf(‘(‘g). Subsequently

the Pi‘(‘g desorbs from surface to form gaseous phosphorus (Pf(‘(‘g —Pyg)-
This mechanism describes the evaporation of phosphorus and is
mentioned already in the literature [13,31]. However, Fig. 5(b-ii) sug-
gests the second scenario for monatomic evaporation thorough the

instant formation of SiP” or SiP, on melt surface. In this mechanism, the

P! could interact with adjacent Si atoms to form SiP” or SiP;, which

can subsequently transform to Si*"f or SixP;‘(‘g
lowed by Pfc‘(‘g—»Px(g) as the last step of the above mechanism. Here it is
urf

noted that SiP, is a transition state for SiP, evaporation. The SixP{g)

and Pf(‘fg, and it is fol-

compounds could also evaporate directly, providing the third mecha-
nism mentioned above (Fig. 5-b).

As we discussed above, three families of mechanisms could partici-
pate in phosphorus evaporation from silicon melt and each of them
could take place through several reactions. Since all the above P evap-
oration mechanisms could take place parallelly on the melt surface, the
total mass transfer coefficient for phosphorus evaporation from melt
surface could be calculated from the equivalent circuit presented in
Fig. 5(c). Considering the electrical analogy in Fig. 5(c), at low
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temperature regimes, there are fewer routs for phosphorus evaporation.
Each of this routes (resistances) shown on the circuit represents a re-
action leading to phosphorus evaporation. The low temperature active
resistances for phosphorus evaporation (like R; and Ry) become smaller
at UHTs regime and in parallel other routes that are only active at UHTSs
take part in the process. The change of AG® for chemical reactions (c, d,
f, g, h) shown in Fig. 5(a) from positive to negative values is the ther-
modynamic evidence supporting this idea. The phosphorus mass trans-
fer coefficient for evaporation from melt surface, kpeurs), is actually the
reversed of the surface resistance (where Rg overall surface resistance) as
shown on Fig. 5(c)), and it becomes smaller significantly at UHTs.

Table 3 showed the process activation energy (E¥) slightly changes
(about 7.22%) at UHTs which could be due to the phosphorus removal
by the parallel mechanisms introduced in Fig. 5. We have to indicate Ef*
is the overall activation energy of the VIR process and is the result of all
the phosphorus evaporation reactions. Fig. 5 shows a part of the phos-
phorus evaporation could be by means of SiP; decomposition. However,
at UHTs the SiP; could find more routs to decompose, leading to increase
in the kp(syrf), which is aligned with the significant increase of kp at
UHTs.

3.2. Required process time to obtain SoG-Si

Now that the kinetic parameters for phosphorus removal from silicon
melt are obtained, we can calculate the minimum time that is required to
do the VIR process to reach the silicon with the phosphorus concentra-
tion that is acceptable for SoG-Si production. For this purpose, we just
need to insert the calculated kp values obtained for each temperature
into the first order kinetic model presented in equation (1) and consider
the acceptable limit of phosphorus concertation in SoG-Si as the final
phosphorus concertation. Then the time to be calculated by equation
(1), will be the required time of doing vacuum refining to reach SoG-Si at
each temperature. Here, we start by rewriting equation (2) in terms of

time as follows;
1 [P%], )
n (3)
36009 ke ([P%}smfs;

fsoG—si [hours] =

where the tsog_si denotes the required time of the vacuum refining (in
hours) to reach SoG-Si, and [P% |g,q_g; is the maximum acceptable
concentration of phosphorus in Si for solar applications, assumed to be
[P% |go6_si = 0.2 ppmw in this paper. The tgog_s; for melts containing
various initial concentrations of phosphorus, from 5 ppmw to 100
ppmw, are calculated and presented in Fig. 6. This figure indicates the
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Fig. 6. The required time to obtain SoG-Si (tsog.si) over temperature calculated
for various melts with different initial phosphorus concertation.
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impact of temperature on shortening the required time to do the vacuum
refining. As it is shown in Fig. 6, the tgog_gsi for melt with [P% ], =
5 ppmw reduces from 30 h to half an hour by increasing the process
temperature from 1425 °C to 1800 °C, which is 60 times faster and of
practical importance. Fig. 6 show a rapid decline at 1800 °C. This is due
to the sudden increase in the kp, shown in Fig. 3. The inset plot in Fig. 6
represents a magnification of the tg,g_g; curves at ultra-high tempera-
tures (T > 1800 °C). Comparing the tsog_s; curves containing 5 ppmw
and 100 ppmw of initial phosphorus, it can be seen that these curves
approach each other at higher temperatures indicating that the refining
time for different melts with various initial contents of phosphorus is
almost similar at ultra-high temperatures. The difference in tgog_s; for
refining of the melts with 100 ppmw and 5 ppmw is 30 h at 1425 °C,
while it is around 30 min at 1800 °C for the both initial compositions,
and much shorter at higher temperatures. This indicates the significant
role of the temperature in the VIR of Si and could be of interest for
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industrial application as at higher temperatures the required time for the
process goes independent of the initial P concentration. In other words,
higher temperatures make the process almost independent of the raw
material quality and hence make the process robust to the various
sources of raw materials.

3.3. Si loss in VIR process

The Si evaporation during the vacuum refining can be calculated by
the theoretical evaporation formula of Hertz — Knudsen — Langmuir
(HKL), presented as follows;

Ms;
[ —a prsiy 5 )

where the JEX denotes the maximum theoretical mass flux of Si evap-
oration, a is the accommodation coefficient (we assume it unity for
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Fig. 7. (a): The flux of Si evaporation and apparent mass transfer coefficient of P in VIR process as a function of temperature. (b): the Lgog.si over various temperatures.
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perfect conditions), pg; is the saturated vapor pressure of Si,
(log p; [Pa] = (—20900-T-1) — 0.565 log T +12.905 [411), and Ms; is
the molar mass of Si. Equation (4) presents the simplest form of HKL
equation for a perfect vacuum condition, and hence the Si
re-condensation to melt surface is assumed to be ignorable. More details
about Hertz — Knudsen equation could be found in Ref. [42]. Thus,
equation (4) gives the maximum evaporation flux of Si from melt sur-
face. An empirical formula for Si evaporation has been presented by
Yuge et al. [10], based on the experiments carried out in VIR furnace and
graphite crucible and over the temperature range of 1450 °C-1650 °C, as
given here:
32000

Bxp[ & ] _ _22
JE [mzs} 1000 exp (8.29 - > (5)

where the Jgixp denotes the flux of Si evaporation. Applying equations (4)
and (5), the flux of Si evaporation as a function of temperature is
calculated as it is illustrated in Fig. 7(a). The apparent mass transfer
coefficient of phosphorus (kp) and the experimental data of Si loss (in
1800 and 1900 °C) are also shown in Fig. 7(a). This figure shows that the
empirical formula for silicon evaporation developed by Yuge et al. [10]
is in good agreement with the Si mass loss in our VIR experiments. Now,
having the Si evaporation flux in hand and applying the following
equation one can calculate the weight percent of the silicon loss during
the experiments as follows;

JsAt

ST

Ls; [Wt.%] = .100 (6)

where the Lgidenotes the silicon loss in experiment until time ¢, and mg; o
denotes the initial mass of the Si melt. Now, for calculating the amount
of Si that is lost until reaching the SoG-Si (assumed to be Si with 0.2
ppmw phosphorus), we need to insert the ts,6_s; into equation (6), which
gives:

100 Jg; [P%],
Lsoc_si [Wt.%) = 2o
50678 [Wt 17] kaSi In ([P%]SOG—Si (7)

where Lsog_si denotes the Si loss in the vacuum refining process asso-
ciated with the required time to do the vacuum refining for reaching
SoG-Si, and pg; is the density of Si melt that (2.5~106 g m’3). Equation (7)
unveils an important feature of the vacuum refining of silicon; it shows
that the Lgog_s;i is independent of the crucible shape (A/ V), and the
initial mass of the melt. Now by inserting the experimental evaporation
flux of silicon (equation (5)) and kp (equation (2)) into equation (7) we
can obtain the following formula to calculate the Lgog_si in wt.%:

0.04 In _[P%l, exp( 4.9 — 916 , T <1800°C
[P%]Sntsi r
Lsoa-sipwr. %)= P% 1107
0.04 In (&) exp (2.95 - —) T > 1800 °C
[P%]S()G—Si T

®

This equation is applied to calculate the Ls,c_si and the result is
shown on Fig. 7(b). It is obvious from Fig. 7(b) that the Lso,g_s; increases
by process temperature until 1800 °C and then suddenly drops at this
temperature, due to the sudden increase in kp already shown on Fig. 3.
Fig. 7(b) also shows beyond 1800 °C, the Lg,c_s; does not change so
much with temperature.

It is worth mentioning that equation (8) is independent of melt
surface area and volume; therefore, it only depends on the initial P
concentration. In other words, equation (8) could be applied to any melt
geometry and crucible shape. The information presented by Figs. 6 and 7
(b) indicates that the vacuum refining at ultra-high temperatures is of
great benefit to make use of the advantages of shorter process time and
less silicon loss. Fig. 6 also indicates the minimum Lg,g-_g; is at 1800 °C,
where the kp has a sudden increase making it a unique temperature in
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the vacuum refining of the Si melt.
3.4. Theoretical power consumption in VIR process

As the significant effect of UHTs on vacuum evaporation of P from Si
were shown in the previous sections, it is important to study the effect of
UHTs on power consumption of the process. Hence, this section deals
with theoretical power consumption of VIR process at various temper-
atures. The total energy required for VIR process Py, could be presented
as:

Preq [kWh] = Ql + AHquion + QZ + (Qcond + Qrad + Qevp) (9)

loss
where Py, includes the energy for heating Si from room temperature to
its melting point (Q;), the fusion enthalpy (AHgsion), the excess heat for
increasing the temperature from melting point to the VIR temperature
(Q2), and the heat loss during the VIR process. Three forms of heat loss
could be assumed for the VIR process, as presented in the parentheses in
equation (9), where,Qconq and Q.4 are heat losses by conduction (via
crucible wall) and radiation from the surface, respectively. Parameter
Qevp is heat loss due to evaporation from the surface. Applying the
FactSage® 7.3 software [43], the Q;, AHgionare calculated as 3.553 x

10~* kWhg ' and 4.968 x 10~* kWhg ™, respectively and Q, is a
function of temperature (regarding the superheat to UHT) as follows;

0,=1.08-10"* T — 0.018 (kWh / g) 10)

Assuming a perfect insulation of the crucible, negligible loss by
conduction, the theoretical heat loss in VIR process could be presented
by the following equation:

Qrad [kWh} = GradS0G—si (1 1)
Qevp [kWh] = QevptSoG—Si (12)

where tsg_s; is the time of VIR process in hour, graq and gev, denote the
heat flows (W) by radiation and mass transfer due to Si evaporation,
respectively. The g9 can obviously be determined by the Stefan-
Boltzmann law;

Graa [W]=AeoT* 13)

where ¢ is the emissivity of Si melt equal to 0.21 [44] and o is the
Stefan-Boltzmann constant with the value of 5.67 x 1078 (Wm 2K~ %). In
dilute solutions of P in Si, the mean loss will be due to Si evaporation
since impurities have much low concentration. Therefore, rate of the
heat loss by mass evaporation from surface could also be calculated by
means of the following equations;

Qevp [W] :JSi A AHevp (14)
AHe,[Jg7'] = —0.1897T + 14319 (15)

where AH,,is the evaporation enthalpy of Si over the range of melting
point to 2273 K (calculated by FactSage® 7.3 [43]). Inserting the
theoretical evaporation flux of silicon JS¥ into equation (14), the heat
loss by mass evaporation could be calculated. Fig. 8(a) represents the
calculated heat flow per unit area for evaporation and radiation as a
function of temperature, which are called the evaporation heat flux
(qevp) and the radiation heat flux (q,,4), respectively. Fig. 8(a) shows that
both ¢4 and g,,, are increased by the operating temperature of VIR
process, and temperature has greater effect on heat loss by evaporation
compared to radiation. The radiation from melt surface is the main
mechanism of heat loss from T, up to 2125 °C where ¢, exceeds the
Gaq> Mmaking the evaporation the major mechanism of heat loss beyond
tis temperature. The total flux of heat loss from melt surface, g, could
be obtained by the summation of ¢,,q tO ey, as it is shown in Fig. 8(a)
and can be calculated as a function of temperature thorough the
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following equation:
Gt kWM 2] =9 % 1077 T* =9 x 107 - T? +0.1452 - T* — 161.56 - T

+ 67309
(16)

As the flux of heat loss is obtained, we can calculate the corre-
sponding required power to do the vacuum refining for obtaining SoG-
Si. Fig. 8(b) represents the relationship between energy consumption
by the above-mentioned mechanisms and the total required power, Py,
and the applied process temperature. This figure indicates that the Q.
and Q, increase by the process temperature, while the Q,,q reduces. This
figure shows clearly the impact of Q.4 is greater than the other pa-
rameters and it controls the P, up to 1800 °C, and its sharp drop at UHT
is leading to significant reduction of P,,. Therefore, UHT vacuum
refining also is very beneficial for reduction of power consumption to
obtain SoG-Si.

(1) Evaporated phophorus species

(2) Phosphorus on melt surface

melt @ ultra-high temperatures

I melt @ lower temperatures

—_

1) ®

\®® ®

~

~

Si melt

Volume heating

3.5. Implementation of UHT-VIR process

The most important challenge in vacuum refining of silicon at
moderate temperatures is the process rate as the mass transfer coeffi-
cient is not high enough and the process implementation must be done
with increasing the melt surface area per unit volume. In the previous
sections we showed that the UHT-VIR process for Si refining provides
very large mass transfer coefficients and so from technical point of view
there is no need to provide large surface to volume ratio. Moreover, the
UHT process shortens the refining time, reduces the Si loss, and even the
overall energy consumption. We propose here possible methods to
implement the UHT-VIR in large scale.

Although different technologies can be applied to do the UHT-VIR
process, we show two viable technologies as schematically presented
in Fig. 9. One technology is like the applied lab method in this study and
literature [13,17,19,45] in which the whole volume of the melt is heated
and stirred by electromagnetic forces, or other techniques. And the other
technology is this volume heating (by induction or resistance tech-
niques) in combination with a surface heating technique. Several

=
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Beam scanning on
ad I 9

the melt surface

®

)
1 ®

®

PP

Volume + Surface heating

Fig. 9. Two typical proposed methods for implementation the VIR in large scale.
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techniques could be candidates for the surface heating such as pancake
induction coils, laser beam heating, electron beam heating (etc.) tech-
niques. The second technique has the advantage of providing high-speed
process, while the melt bulk is in lower temperature, which is more
suitable for the refractories, furnace lifetime, and even lower energy
consumption (for heating the bulk melt). Fig. 9 depicts the surface
heating by laser technique while the melt bulk is kept in lower tem-
peratures. As shown schematically, when the laser beam scans the melt
surface, the temperature increases to UHTs locally at the shedding point,
leading to evaporation of the phosphorus already present melt surface.
In the combined method, having the melt bulk well stirred by induction,
the phosphorus diffusion in melt will not be the rate controlling step. As
shown in Fig. 8 the major part of the power consumption is Q.,q and thus
surface heating will not help to energy efficiency of the process
compared to the volume heating technique.

4. Conclusions

We have studied the P removal from Si by ultra-high temperature
vacuum refining method for SoG-Si production. Empirical kinetics of P
removal from Si, mechanisms of P evaporation, Si loss during the VIR,
required power consumption, and methods for implementation of the
UHT-VIR were discussed. It has been summarized as follows:

i.Effective complete removal of P from Si is feasible at ultra-high

temperatures, starting from certain concentrations of P in Si.

ii. The overall mass transfer of P removal from silicon melt increases

by temperature rise, and there is a sudden increase at the tem-

perature about 1800 °C.

Mechanisms for P removal at UHT was proposed in which the

gasification of P from the dominant monoatomic (at lower tem-

peratures) is changed to both monoatomic evaporation, and

evaporation by means of silicon phosphides formation at the

surface followed by their decomposition/evaporation.

It was shown Ls,g_si increases by temperature and suddenly

drops at 1800 °C due to the sudden increase in kp.

v. The temperature 1800 °C can be an optimum temperature for VIR
since regarding the lowest Si loss, high rate of phosphorus
removal, low power consumption.

iii.

iv.
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