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AI
lpp-l

Ca

lppml
Ti

lppml
Mg

lppml
Mn

Ippm]

B

lppml
P

lppml
Fe

l%'l

890 500 49 250 l1 2,6 10 = 0,11

Cr
lpprnl

Cu

lppml
Ni

lpp-l
v pp-l Co

lppml

Zn
lppml

C

lvo)

20 t10 49 4B T,6 t9 of

Table 1: GDMS-analysis ol the Si-concentrate (C-content by melt extraction)

"''1,,,*"-'r
i concentrat ]

process step I

(reduction of SiC)

-.4,/^r \/ 1-'bulk'
-- silicon ---''\ ./

process step ll
(refining of Si)

the reducing atmosphere. A vacuum pipe

below the filter creates an additional pres-

sure difference to support the filtration
process if necessary. In preliminary tests,

the box (figure 5) was successfuily tested

with cor-rventional silicon melts.

Parallel to the preiiminary tests of the fil-
ter box with metallurgical grade silicon,
the Si-concentrate was suppiied by project
partners. For the melt trials 250 g ol Si-

concentrate was placed in pure graphite
crucibles (SGL Carbon) of 60 mm inner
diameter and 100 mm height. The cruci-
ble was set in an induction furnace, heated

up to 1500 "C (power input 20 kW) with a

dwell time of t hor"rr in argon atmosphere

of 800 mbar. During the treatment Si start-
ed oozing out of the material in the form
of clusters, because of the different melting
points of the substances.

Fig.6: Melting behaviour of Si-concentrate:

top 30 % SiC containing material, bottom

10% SiC containing material

Figure 6 depicts at the top the result of the

melting tests with standard Si-concentrate.

The high SiC content in the material avoids

the formation of a liquid phase; instead a

kind ofsinter body is obtained. In contrast

Si droplets are formed by using the low SiC

containing concentrate, as shown at the

bottom of figure 6. However a mechanical

separation ofthe Si droplets and the sinter
material is necessary.

Also in further trials with different melting

agent like NarCO. or NarSiO. and different
ratios ofSl-concentrate to flux between 1/1

gas purgrng
vacuum

destillation

purity compared to MG-Si. This materiai

must be refined in the second process step.

Therefore the methods "gas purging" and
"vacuum distillation" are determined. The

result ofthe second process step should be

upgraded metallurgical silicon, which can

be converted into solar grade silicon by use

of crystallisation techniques.

Process step I - reduction of
remaining SiG

Removal of SiG by melt filtration

First a filter box is designed lor the filtra-
tion of silicon melts. The box is equipped

with a separate heating system to avoid

freez,ing, of the melt during filtration. The

mould is made of graphite and surrounded

outside with different high temperature
insulation materials. Furthermore, the

heating chamber is flushed with inert gas

to protect the graphite mould from air
burn and the SiC heating elements against

206 512!U11 l65,Jahrgang I METALL T

UMG-Si

Fig.4: Metallurgical concept of the work for processing the Si-concentrate

I Chemical reduction of SiC by addition of
SiO, in an electric arc furnace.

lSeparation of SiC from the Si-concen-

trate by use of a liquid salt bath.

The product of the first process step

should be bulk silicon with improved

Fig.5: Assembly of the filter box for melt filtration
ol silicon

protective gas

mould

filter

vacuum prpe 
-.-

heating

insulation
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Fig.9: Sel-up for gas purging of Si and CAD sketch of the gas purging system

In addition to the thermochemical simuia-
tion, the process is also simulated in a water

model to determine the optimal gas flow
rate. The aim is the creation of small gas

bubbles. The gas is led through a lance in
the melt. To obtain small gas bubbles the
lance is equipped with a porous disc with
pore size of 40 pm. All materials are made
from quartz glass (Heraeus HSQ 300) to
avoid impurities in the process. As a result
of the simulation, the gas flow rate is set

to 2.2llmin.
The main impurities in the silicon are Al
with 0.68 o/o and Ca with 0.13 % (table 3).

Assuming that A1 is removed as AlrO,
and Ca as CaO from a 1.2 kg Si charge,
0.245 moI oxygen are necessary for total
removal. That means different purging
times are required to provide the amount
of Or. At first, screening trials with 15 min
purging time are conducted to avoid dam-
ages to the lance, especially the connec-
tion between lance and porous filter disc.

Table 4 gives an overview of the trials with
different gas combinations.
Figure 13 depicts the decomposition rate

of the different impurities for all purging
trials with 15 min treatment. In all tri-
als Ca is removed to < 20 7o of the start-
ing concentration. Also Al is reduced in
all trials by approx. 20 o/o. A removal of
Fe, Mn and Ti is not detected. Figure 12

shows the reduction for V7 with 45 min
treatment.
The thermochemical calculation reveals

that reactive gases like 02, H,O and Ci,
firstly reduce the impurities Al and Ca.

By 100 %o yield of the gases 0.245 mol O,

are required for oxidation of Al and Ca.

During 15 min purging, 0.134 mol O, are

added to the melt; for 45 min purging it is
0.495 mol. Figure 14 depicts the removal
efficiencyfor Al and Ca for the cases 100 %o

Fig. 12: Reduction of the impurities by gas

purging (t = 45 min, V =2.21lmin, p = 9.6

bar, T = 1500'C

ture (ratio V,r,o/V,,0",0 = 1/8) are heated
in a graphite crucible (A,= I40 mm, O. =
160 mm, H = 200 mm) to 800'C, stirred
for the dispersion of Si and SiC in the salt
bath, held at temperature for l-3 h (set-

tling phase) and cooied down slowly. A
SEM-micrograph of the product is given
in figure 8. The magnification shows

dark rounded areas embedded in a bright

Fig. 10: Simulation of gas purging by addition of 0r,
T = 1500 oC, p = 0.8 bar

Fig. 11: Simulation of gas purging by addition of Clr,

T = 1500 oC, p = 0.8 bal

matrix. The EDX analysis on the right side

identifies in area (9) NaCI, Si, SiC, in (10)

KCl, for (11) NaCl and in the dark area SiC
(12) and Si (13). Consequently a separation

ofSi and SiC does not take place and so the
process is not suitable for the removal of
SiC from Si-concentrate.

Process step ll - refining of silicon

Refinement by gas purging

The trials are conducted in an induction
furnace (10 kHz, 50 kW) with quartz
crucibles (Heraeus Rotosil OFM 70, O,

= 110 mm, A, = 85 mm, H = 210 mm).
The experimental set up is illustrated in
figure 9.

Prior to the trials the refinement of Si is

simulated by thermochemical calcula-
tions (FactSageTM 5.5, databases FSupsi/

Fact53). The variation of the impurities
in the silicon melt in the case of O, addi-
tion as reactive gas is shown in figure 10.

By addition of HrO, the reduction of the
impurities is analogue to the O, addition,
but lower because of less Or. Figure 11

gives the result for the simulation with
chlorine as reactive gas.

Generally, the simulation shows, that
the addition of reactive gases can reduce

especially Al and Ca, but no influence of
the Fe, Mn, Ti and P content is visible.
The removal of B as HBO is possible but
marginal. This is contrary to information
from literature [7] - [10].
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Table 3r Analysis ol silicon for refinement by gas purging
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Al ["/"] CaloÄl Fe loÄ) Ti l%ol C ["/"]

x 0,440 0,023 0,315 0,042 0,046

(t 0,062 0,004 0,069 0,006 0,014

Table 5: Analysis of silicon for relinement by vacuum distillation
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Fig. 16: Distribution of impurities in the Si-plate, power feed: V1 = 15 mm/min,
V2 = 10 mm/min, V3 = 7,5 mm/min, V4 = 5 mm/min
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Fig.17: Residual content of metallic impurities in
dependency of the power feed

Gonclusion

Figure 18 summarises the concept for
processing silicon sludge from the solar
wafer production. In the first step, a sili-
con concentrate is obtained with7} - 90 o/o

Si. By chemical reduction in an electric arc
furnace, silicon in upgraded metallurgical
quality can be produced. To achieve solar
quality, this material must be refined and
finally crystallised. The crystallisation

step was not conducted in this work, but
is state ofthe art.
A direct recovery of the fine silicon pow-
der from the sludge is not possible. The
main reasons are:

I High content of SiC in the sludge and
in the best case still 10 % SiC in the
Si-concentrate.

I Extreme low grain size of the material (Si

and SiC) of < 5 prm.

I Presences of metallic impurities like Fe,

Cu, and Znform the cutting wire.
For recovery ofthe silicon powder in solar
grade quality, an almost complete sepa-

ration of all other compounds from the
slurry is crucial. Before melt formation of
the material, a surface leaching of the Si

particles is necessary, because all impu-
rities surrounded by the Si particles are

directly solved by the liquid Si phase. A
complete physical separation cannot be

achieved, because a precise separation cut
cannot be made between Si and SiC.
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