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Abstract 
Radial directional solidification, in which a liquid is solidified toward the radial center, was explored as a technique for 
recycling kerf loss silicon powder into SOG-Si. The purification behavior of the metallic impurities Fe, Al, Ca, Mg, Ti, Mn, 
and Ni was examined experimentally and numerically. Specific resistivity after solidification achieved a range of 0.00029 to 
0.00075 Ωm and an average value of 0.0005 Ωm. From the calculation of the concentration and specific resistivity profiles 
of each element in the silicon sludge, specific resistivity was estimated to be determined by Fe and Ca. The Fe and Al con-
centration profiles in three different directional solidification practices were computed under the same solidification time and 
distance conditions. In radial directional solidification, Fe purification was promoted most strongly close to the solid fraction 
of 0.8 and then rapidly diminished. This purification behavior depended on the lower instantaneous solidification rate in the 
radial direction at the position before the solid fraction of 0.8 and was followed rapidly by a higher solidification rate. Al 
purification in the radial directional solidification practice was slightly different from that in longitudinal solidification due 
to the small difference in the effective distribution coefficient in this calculation situation.
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Introduction

Control of carbon dioxide emissions is one of the most 
effective measures for slowing global warming. From this 
viewpoint, solar photovoltaic (PV) power has attracted atten-
tion as a fossil fuel alternative, and installed PV capacity 
has increased rapidly since the end of the twentieth cen-
tury. Since 80 to 90% of solar cells are made from crys-
talline silicon, it is important to reduce the environmental 
load and manufacturing cost of this material. According to 
Nakato et al. [1], only 0.13 kg of silicon wafer was pro-
duced from 1 kg of metallurgical-grade silicon (MG-Si), 
and the remainder was lost in the course of manufacturing 
solar grade silicon (SOG-Si) from Mg–Si and the subsequent 
wafer production process. Waste in the wafer production pro-
cess consists of scrapped SOG ingots after cutting, kerf loss 
silicon powder in the sawing process, defective or broken 
wafers, etc. [2]. Because both the wafer thickness and wire 
width have been reduced with advances in wafer technol-
ogy, kerf loss silicon is now equivalent to more than 40% 
of the silicon ingot before sawing. Thus, it is important to 
reproduce SOG-Si from the sawing slurry, which contains 
high-purity silicon powder.

Recycling of kerf loss silicon waste has been reviewed 
by several researchers [2–6]. Many methods for separation 
and purification of silicon powder from kerf loss slurry 
exist, including physical separation of silicon, silicon car-
bide (SiC) and lubricating oil by phase transfer separa-
tion [7–9], centrifugation [10], supercritical water [11], 
chemical treatment by etching metallic impurities after 
SiC removal [12], silicon hydrobromination [13], metallur-
gical refining by slag extraction [14], and directional solid-
ification [14–16]. In these practices, the ingot obtained 
by directional solidification can be moved to the sawing 
process while satisfying SOG-Si specifications.

This paper deals with the removal of metallic impurities 
by directional solidification of molten silicon powder after 
separating the SiC and lubricant oil contents in order to 
reproduce SOG-Si. Although many studies have investi-
gated the directional solidification process as a technique 
for purifying MG-Si to SOG-Si [17–24] and have also pro-
vided detailed thermodynamic support [25–27], few have 
examined the differences among directional solidification 
methods.

As shown schematically in Fig. 1, there are three direc-
tional solidification methods, including methods in which 
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the melting pool decreases with time [28] and solidifica-
tion proceeds in either the longitudinal direction ((a) in 
Fig. 1) or radial direction ((b) in Fig. 1), and a method 
called “zone melting,” in which the melting pool is moved 
to a given position ((c) in Fig. 1) [29]. Radial directional 
solidification, in which the silicon melt is solidified toward 
the center in the radial direction, has not been discussed 
sufficiently in previous studies.

In this study, the purification behavior of kerf loss silicon 
powder was examined by radial directional solidification, 
and the three directional solidification practices of longitu-
dinal solidification, radial solidification, and zone melting 
shown in Fig. 1 were compared by numerical analysis.

Experiment

The melting and solidification apparatus used in the radial 
directional solidification experiment was a vertical tubular 
furnace with a  MoSi2 heater (EF-6000, VF-1800-S, Crys-
tal Systems Corporation), as shown schematically in Fig. 2. 

The silicon powder was charged to a height of 0.15 m in 
a  SiO2 test tube (inner diameter: 0.019 m, wall thickness: 
0.002 m, height: 0.20 m) surrounded by an  Al2O3 protec-
tive tube (inner diameter: 0.024 m, wall thickness: 0.003 m, 
height: 0.250 m). The sample tube was hung from an  Al2O3 
bar, and was then set in an  Al2O3 furnace core tube (inner 
diameter: 0.050 m, wall thickness: 0.005 m, height: 0.90 m). 
A thermocouple was set in the center of the outer wall of 
the furnace core tube. The impurity composition is shown 
in Table 1.

The experiment was carried out under an argon atmos-
phere. The temperature was increased at a rate of 200 K/h, 
held at 1923 K in the center of the outer furnace core tube 
wall for 3 h for melting and then decreased at 200 K/h for 
solidification. The holding temperature was determined as 
a minimum temperature of complete melting of the sample. 
After cooling to room temperature, the sample was taken 
out and cut in the radial direction. The specific resistance of 
the cut plane was measured by a resistivity meter with a DC 
4-point probe (K-705RS, Kyowa Riken Co., Ltd.).

Analysis of Purification in Directional 
Solidification

The temperature profiles of solid and liquid phases of met-
als are approximately flat when the thermal resistivity in the 
mold made from inorganic materials like  SiO2 and  Al2O3 is a 
controlling factor in the latent heat transfer of solidification 
externally [30]. Moreover, as the silicon powder was par-
tially melted for the holding temperature of  Al2O3 core tube 
less than 1923 K in this experiment, the silicon temperature 
of the solid and liquid silicon was assumed to be kept at the 
melting point of silicon, Tm [K]. The heat and mass transfer 

Fig. 1  Conceptual diagram of three directional solidification practices

Fig. 2  Schematic diagram of apparatus used in radial directional 
solidification experiment
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in radial directional solidification is shown schematically in 
Fig. 3. Heat transfer in the longitudinal direction is excluded. 
The temperature profiles of the  SiO2 and  Al2O3 tubes, Ar 
atmosphere, and  Al2O3 furnace core tube were schemati-
cally estimated based on their thermal conductivity values, 
although there were no experimental results. The heat of the 
silicon sample is removed to the right direction through the 
 SiO2 and  Al2O3 tubes, argon atmosphere, and  Al2O3 furnace 
core tube, whereas solidification proceeds in the opposite 
side so as to keep the heat balance between the latent heat 
generation and heat transfer rates. The heat balance equation 
of silicon is given by Eq. (1) from the fact that the released 
heat rate from the  Al2O3 furnace core tube to the surround-
ings was kept to be 200 K/h.

 where �Si is the density of molten silicon (= 2.57 ×  103 kg/
m3), ΔH is the latent heat of silicon solidification 
(= 1.79 ×  106 J/kg), rint is the solid/liquid interfacial radius 
[m], t is time [h], and q is the heat transfer rate per height 
[J/(h m)]. Equation (1) is solved under the condition that 
rint = rin at t = 0, as follows:

where rin is the inner radius of the vessel [m].
The solid fraction, fs [–], of silicon at rint is as follows:

The temporal changes in rint and fS are obtained from Eqs. 
(2) and (3) under a given q value. The solidification rate, R 
[m/h], is expressed by Eq. (4).

The solidification rate (=R) in radial directional solidifica-
tion changes with time and becomes larger at smaller rint even 
if the heat transfer rate (=q) is constant, as indicated by Eq. (2).

When the impurities in silicon are assumed to have no dif-
fusion in the solid phase, limited diffusion in the liquid phase 
near the solid/liquid interface and a perfectly mixed state in the 
liquid bulk phase, the solid concentration, Ci,S, of an impurity 
component i is expressed by Scheil’s equation [28].

(1)�SiΔH(−2Πrint
drint

dt
) = q,

(2)rint =

((

−
q

Π�SiΔH

)

t + r2
in

)1∕2

,

(3)fs = 1 −

(

rint

rin

)2

(4)R = −
drint

dt

where ki,eff is the effective distribution coefficient of the i 
component [–] and Ci,0 is the initial concentration of the i 
component [mass ppm]. The ki,eff value is given by the fol-
lowing Burton’s equation [31].

where ki,0 is the equilibrium distribution coefficient [–], δ is 
the diffusion thickness in the liquid phase [m], and Di,L is 
the diffusion coefficient of the i component in the liquid 
phase  [m2/s]. Yuge et al. [21] showed that the δ value was 
0.004 m to explain the Fe purification behavior in molten 
silicon for a zone melting practice with a natural convection 
(no crucible rotation), and it was decreased with the increas-
ing rotation speed of the crucible. Thus, δ of 0.004 m for all 
components was assumed to calculate the effective distribu-
tion coefficient due to no rotation in this condition. In the 
exponential term of Eq. [6], R

3600
 [m/s] was used for matching 

the unit of �

Di,L

 [m/s]. Substituting Eq. (6) into Eq. (5) with 
the own physical property of each component, Ci,S is calcu-
lated for each fS and rint value.

In longitudinal directional solidification, the cross-sec-
tional area of the solid/liquid interface generally remains 
unchanged, as shown in Fig. 1, which leads to the relation-
ship between fS [–] and the height, Zint [m], of the solid/
liquid interface instead of Eq. (3) as follows:

(5)Ci,s = ki,effCi,0

(

1 − fs
)ki,eff −1

,

(6)ki,eff =
ki,0

(

ki,0 + (1 − ki,0)exp(−
R�

3600Di,L

)
) ,

Table 1  Composition of silicon 
powder in experiment (Unit: 
mass %)

Si Fe Al Ca Mg Ti Mn Ni

96.8 1.16 0.054 0.12 0.6 0.028 0.021 0.026

Fig. 3  Schematic diagram of heat and mass transfer in radial direc-
tional solidification
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 where Z0 is the height at perfect solidification [m]. As in 
the case of radial directional solidification, Eqs. (5) and (6) 
are obtained on the assumptions of no diffusion in the solid 
phase, limited diffusion in the liquid phase near the solid/
liquid interface and a perfectly mixed state in the liquid bulk 
phase.

In zone melting, the constant cross-sectional area of the 
solid/liquid interface leads to Eq. (7), and the same assump-
tions regarding solid and liquid diffusion as in the radial 
and longitudinal directional solidification practices make it 
possible to describe Ci,s by Pfann’s equation [29], as follows:

where L is the melting pool thickness [m].
Thus, in the purification behavior of molten silicon in the 

three directional solidification practices described above, the 
solidification rates of longitudinal directional solidification 
and zone melting were constant for a fixed heat transfer rate, 
whereas that of radial directional solidification increased, espe-
cially at the end of solidification, that is, near the central axis.

Results and Discussion

Radial Directional Solidification

As the temperature of the furnace core tube decreases at 
the rate of 200 K/h, the heat transfer rate, q [J/m h], in this 
experiment is obtained from

where �Al2O3, S, and CP are the density of  Al2O3 
(= 3.9 ×  103 kg/m3), the cross-sectional area ( = 8.64 × 10

−4) , 
and the specific heat at a constant pressure and 1500 K 
( = 1.32 × 10

3 J/(kg K)) of the furnace core tube, respectively.
rint/rin is calculated by substituting the q value from 

Eq. (9) into Eq. (2), and fS is then obtained from Eq. (3). 
The relationship between rint/rin, fS, and t is shown in 
Fig. 4. The solid fraction increased in proportion to the 
solidification time, whereas the radius of the solid/liquid 
interface decreased slowly in the initial and middle solidi-
fication periods and then declined drastically approach-
ing the end of solidification. From the temporal change in 
rint/rin, the solidification rate, R, was estimated to increase 
rapidly in the final stage of solidification.

The equilibrium distribution coefficient, ki,0 [–], and dif-
fusion coefficient, Di,L  [m2/s], of the impurities in molten 

(7)fs =
Zint

Z0
,

(8)Ci,s = Ci,0

(

1 − (1 − ki,eff )exp

(

−
ki,effZint

L

))

,

(9)
q = �Al2O3SCP(200) =

(

3.9 × 10
3
)(

8.64 × 10
−4
)

(

1.32 × 10
3
)

(200) = 8.90 × 10
5 J

mh
,

silicon used in the calculation are shown in Table 2. The 
ki,o according to Trumbore [32] was adopted for Fe, Al, 
Mn, and Ni, the value according to Hopkins et al. [33] was 
used for Ti, and the values given by Kawanishi and Yoshi-
kawa [34] were used for Ca and Mg. The values given by 
Tang et al. [35] were used for the Di,L of Fe, Al, Ti, Mn, 
and Ni. Safarian and Tangstad [36] calculated the Di,L val-
ues of Ca and Mg to be 1.51 ×  10–8 and 2.1 ×  10–8  [m2/s], 
respectively, by the use of the modified Stocks–Einstein 
equation. However, as these values were untested by the 
experimental data, we assumed the Di,L of Ca and Mg to 
be 1 ×  10−8  m2/s in this case. The calculated solid con-
centration profiles of the metallic impurities are shown in 
Fig. 5. The rint/rin values of 1 and 0 indicate the start and 
end of solidification, respectively. Ci,S/Ci,0 < 1 means that 
an impurity component i is purified, whereas Ci,S/Ci,0 > 1 
represents that it is concentrated. The range of Ci,S/Ci,0 
≤ 5 is shown in Fig. 5 because the larger Ci,S/Ci,0 values 
at smaller rint/rin were unstably calculated due to excess 
R of Eq. (4) and rapid drop of rint/rin in Fig. 4. During 
purification, each impurity concentration increased with 
the decrease in rint/rin, and purification came to a stop at 
rint/rin < 0.2 due to impurity condensation and the rapid 
increase in the solidification rate, as shown in Fig. 4. 
In the early and middle stages of solidification, Ci,S/Ci,0 
decreased with the decrease in ki,0 in Table 2. The largest 
ki,o and Di,L of Al in Table 2 resulted in the highest Al 
concentration at the early and middle stages of solidifica-
tion and a relatively lower concentration in the final stage.

The specific resistance of an arbitrary spot on the sample 
cut plane was measured twenty times, excluding the area of 
0.3rin in the radius. The relationship between the specific 
resistivity and trial number is shown in Fig. 6. The spe-
cific resistivity values ranged from 2.9 ×  10−4 to 7.5 ×  10−4 
Ωm, and the average value was 5.0 ×  10−4 Ωm. It was about 

Fig. 4  Calculated temporal changes of mass fraction and interfacial 
radius of solid and liquid
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one-twentieth the average resistivity obtained by Kato et al. 
[19] and Yuge et al. [20] who refined metallurgical-grade 
silicon to SOG-Si by a metallurgical purification process 
with two directional solidification practices. Thus, further 
solidification purification is required for SOG-Si.

It is essentially difficult to predict the electrical resistiv-
ity from the impurity concentration because carrier orbit 
should be greatly affected by impurities, the activation rate 
from each component must be considered, and acceptors and 
donors may be compensated, etc. Here, a simplified equation 
of the electrical resistivity was used. The number concen-
tration, C∗

i
, of the impurity component i  [m−3], the electron 

or hole mobility, μ  [m2/(V s)], and the specific electrical 
resistivity, ρ [Ωm], are interrelated, as shown by the follow-
ing equation [37].

where qC is the electric charge [C]. As Fe and Ni are N-type 
impurities and Al, Ca, and Mg are P-type impurities, the 
values of μ are 0.16 and 0.04  [m2/(V s), respectively [37]. 
The specific resistivities of Fe, Al, Ca, Mg, and Ni, which 
form a higher Ci,S/Ci,0 group in Fig. 5, were calculated by 
Eq. (10) and compared with the experimental results shown 
in Fig. 7. The calculated ρ curves decreased with decreasing 
rint/rin due to the larger Ci,S/Ci,0 values. Assuming that the 
experimental ρ corresponds to the minimum ρ in the metallic 
impurities, the elements Fe and Ca determined the ρ values 

(10)� =
1

C∗
i
qC�

,

in this experiment, and the range of rint/rin was between 0.49 
and 0.62. Therefore, contamination control of these ele-
ments is important for effectively purifying kerf loss silicon 
powder. The ρ curve of Al indicated the minimum in the 
first stage of solidification until rint/rin reached 0.8 because 
Al had the highest equilibrium distribution coefficient and 
decreased with the decreasing rint/rin. However, with the pro-
gress of solidification, it became relatively higher than the 
ρ curves of the other impurities as a result of the larger DAl 
and smaller CAl,0 values.

Table 2  Equilibrium 
distribution coefficient and 
diffusivity of impurities

Fe Al Ca Mg Ti Mn Ni

ki,0 [–] 8 ×  10−6 2 ×  10−3 2.9 ×  10−4 2.1 ×  10−4 2 ×  10−6 1 ×  10−5 1.2 ×  10−4

Di,L  [m2/s] 3 ×  10−9 6 ×  10−8 1 ×  10−8 1 ×  10−8 2.5 ×  10−9 4.5 ×  10−9 4 ×  10−9

Fig. 5  Calculated solid concentration profiles of impurities
Fig. 6  Relationship between specific resistivity value and trial num-
ber

Fig. 7  Comparison of solid concentration dependency and specific 
resistivity in experiment and calculation for each impurity
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Comparison of Calculated Silicon Purification 
in Three Directional Solidification Practices

The purification behaviors of silicon in the three directional 
solidification practices described above were calculated and 
compared under the same solidification conditions. The 
radius in radial directional solidification and the height in 
longitudinal directional solidification and zone melting were 
fixed at 0.3 m. The solidification times of 10 and 30 h were 
used for the calculation, corresponding to the average solidi-
fication rates of 0.01 and 0.03 m/h, respectively. The liquid 
pool thickness in zone melting was changed to 0.02, 0.05 
or 0.08 m. Because the kerf loss silicon powder is obtained 
from cutting silicon ingot by steel wire saw and Al has the 
highest equilibrium distribution coefficient in Table 2, Fe 
and Al were used in the calculation as typical impurities.

The comparison of the change in Fe purification in the 
three directional solidification practices is shown in Fig. 8. 
Here, although both radial and longitudinal solidification 
practices have CFe,S/CFe,0 > 1 for fs → 0 as is the case with 
Fig, 5, the range of CFe,S/CFe,0 < 1 was chosen in Fig. 8 due 
to the focus of Fe purification. The upper and lower figures 
indicate the conditions of the average solidification rates of 
0.01 m/h and 0.03 m/h, respectively. At both solidification 
rates, the CFe,S in radial directional solidification was the 
lowest among the three practices at fS < 0.8 and conversely 
became the highest at fS > 0.8. Longitudinal directional 
solidification showed the second highest purification capac-
ity at fS < 0.8, but the CFe,S curve was larger than that of zone 
melting. In zone melting, the Fe concentration remained 
relatively unchanged in spite of having the largest values 
at fS < 0.8, and Fe purification decreased with a decreasing 
liquid pool thickness. The relationship between the solidifi-
cation rate, − drint/dt, mass fraction of solid, fS, and radius, 
rint/rin, of the liquid/solid interface in radial directional solid-
ification is shown in Fig. 9, where solidification proceeds in 
the direction of smaller rint. The instantaneous solidification 
rate became smaller than the average rate close to fS = 0.8. 
In other words, the solidification rate in radial directional 
solidification was the smallest among the three directional 
solidification practices at fS < 0.8, which was caused by the 
small kFe,eff and CFe,S values, as indicated in Eqs. (5), (6) 
and (8).

As in the comparison of Fe in Fig. 8, the calculated Al 
purification behavior was compared for the three directional 
solidification practices, as shown in Fig. 10. Although the 
same purification trend as in the case of Fe was recognized 
in the three directional solidification practices, the difference 
between the radial and longitudinal solidification practices 
was significantly small because the diffusivity coefficient of 
Al is larger than that of Fe, which reduces the exponential 
term in Eq. (6) to close to zero and thus diminishes the dif-
ference of kAl,eff.

Radial directional solidification is effective as a silicon 
purification practice, especially for elements which are eas-
ily affected by the solidification rate, because it is possible 
to maintain a smaller solidification speed until the solid frac-
tion ratio reaches approximately 0.8. The use of radial direc-
tional solidification as the first step solidification purification 

Fig. 8  Comparison of Fe purification in three directional solidifica-
tion practices

Fig. 9  Relationship between solidification rate, mass fraction of solid, 
and radius of liquid–solid interface in radial directional solidification
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process is preferable, as this practice eliminates the impurity 
condensation zone around the ingot center, which makes 
application to SOG-Si ingots difficult. In this manner, a pro-
cess flow for SOG-Si manufacturing using kerf loss silicon 
slurry as a feedstock is shown in Fig. 11, where the first- and 
second-step solidification practices are performed.

Conclusions

The purification behavior of kerf loss silicon powder was 
examined by radial directional solidification and was com-
pared numerically in the three directional solidification 
practices of radial solidification, longitudinal solidifica-
tion, and zone melting.

(1) The metallic impurities Fe, Al, Ca, Mg, Ti, Mn, and 
Ni in the silicon sludge powder were purified by radial 
directional solidification, and the specific resistiv-
ity after purification achieved a range of 0.00029 to 
0.00075 Ωm and an average value of 0.0005 Ωm. From 
the calculation of the concentration and specific resis-
tivity profiles of each element in the silicon sludge, 
specific resistivity was estimated to be determined by 
Fe and Ca in this experiment.

(2) The Fe and Al concentration profiles were calculated by 
setting equal solidification time and distance conditions 
for the three directional solidification practices. Fe puri-
fication in radial directional solidification was promoted 
most strongly close to the solid fraction of 0.8 and then 
rapidly diminished. This behavior depends on the lower 
instantaneous solidification rate at the radial directional 
position before the solid fraction of 0.8 and is followed 
rapidly by a higher solidification rate. Al purification in 
the radial directional solidification practice was slightly 
different from that in longitudinal solidification due to 
the small difference in the effective distribution coef-
ficient in this calculation situation.
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