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LOW~-COST PURIFICATION OF METALLURBICAL SILICON
FOR PHOTOVOLTAIC APPLICATION
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Abstract : A new, simple, low-cost technique for the preparation of
solar-grade silicon, based on acid-treatment and high-temperature
phosphorus-pentoxide gettering of metallurgical-grade silicon Ffor
removing the harmful metallic impurities 1Is reported. The starting
naterial is pulverized metallurgicel-grade silicon. Purification Is
achieved by continuously boiling the silicon 1In a wmixture of acids
under reflux conditions for about 14 days, replacing the acid by a
fresh mixture every 3-3 days. fron content in the silicon and In the
extracted acids was determined using a spectrophotometric technigue.
Acid leaching was Ffound to be offective In appreciably raeducing the
content of  harmful wmetallic Impurities. Gettering with phosphorus
pentoxide was used to achieve further purification of the acid-treated
silicon. A thick paste of the acid-leached silicon , 5% by wsight of
phosphorus pentoxide and de-ionized water was heated at 1050 & For 4
days In a clean quartz container In ailr. The resulting charge was
treated with hAydroflouric acid to remove the phosphosilicate glass,
and then cleaned and refluxed with agqua regia Ffor several days. The
iron content in the silicon was Ffurther reduced fo 150 - 250 ppao. The
gcid-leached and gettered silicon was used to produce a large area
betrate using melting and unidirectional solidificativn, for sclar
cell]l fabrication. The substrate had a resistiviiy of 0.03 0. cm and was
H-typce, making it very suitable for salar cell Ffabrication.
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INTRODUCTION

Semiconductor-grade silicon is too expensive to be used for the
fabrication of solar cells for terrestrial use. Mstallurgical-
grade silicon (MG-S8i) has a purity of about 98%, and is not
suitable for photovoltaic applications. Several technigues have
been reported for the production of "solar-grade" silicon from
MG-silicen (1}, including treatment of molten silicen by
chlorine or oxygen (2], casting and controlled cooling [3,4],
solvent refining (5], {zochralski crystal growth [6,4) and
combined chemical treatment and unidirectional seclidification
(7.81.

MG-s5ilicon is produced for use in steel and aluminum industries
by the carbon reduction of guartzite in an arc furnace. It is
sold in the form of chunks containing about 98% silicon. Table
{1) shows some of the typical impurities in MG silicon and their
equilibrium segregation coefficient. Metallic impurities have
segregation coefficients that are much smaller thanm unity.
Transition metal impurities, such as iron, aluminum, nickel and
copper are the most harmful impurities in MG-silicon, and they
are known to significantly reduce the minority carrier lifetime
in single crystalline silicon. These impurities, are highly
soluble in liquid silicon (9], thus they mainly accumulate at
grain boundaries in the form of silicides and other compounds
during the solidification of melten MG silicon.

TABLE (1) Typical impurities in MG-silicon

Impurity Al B Cr Cu Fe Mg Mn Ni Ti
Concentration (ppm) 650 1011 19 1500 0.5 40 25 - --

Equilibrium segre- 3x10°% 1.1x107°% 6.4x107% 1.3x10”° 2.0x107%
gation coefficient 0.8 8x10™* 3.2x10°% 1.3x10™*

The pulverization of the cast MG-silicon takes place at the
grain boundaries, therefore the treatment of the pulverized MG
silicon with acids should remove a large percent of these
impurities, and it was reported that 90% of all impurities
except boreon, copper and phosphorus could be removed from MG
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silicon by acid treatment [10], and the treatment of pulverized
MG silicon with aqua-regia, sulphuric acid, ... etc., produced
silicon suitable for microwave devices (11]. The effectiveness
of acid treatment should be increased by crushing the MG silicon
lumps to a size comparable to the size of the individual
pelycrystalline grains. Recently, the preparation of silicen
ribbons from acid-leached metallurgical silicon by a powder—to-
ribbon process [12), and by unidirectional solidification
[13,14) has been reported.

Gettering technigues using phosphorus pentoxide were found
effetive in removing metallic lmpurities in single crystalline
silicon [15-17].

ACID-LEACHING OF MG-SILICON

Pulverized wetallurgical-grade (MG) silicon, purchased from
Union Carbide Co. was the starting material. The nominal size
wag 30 - 80 mesh (0.3 - 0.8 mm), and the nominal 4iron
concentration in the MG-silicon was 0.34%. The MG silicon was
sievad using a 0.3 x 0.5 me metal grid. In a typical rum out
of 2680 g of MG siliceon, 2110 g were > 0.3 mm. About 2 kg of
MG silicon were put in a 3-1 pyrex flask, and 1.2 1 of acid
were added., Heating was started, under reflux conditions, and
continued for 5-7 days. The acid changed color (%o brownish
yellow). The acid solution was replaced by a fresh s=olution,
the silicon was rinsed with de-ionized water, and then heating
was continued. The process was repeated several times until the
acid solution was colorless. This usually took 4 - 5 acid
replacements. Various acid sclutions were tested: agua-regiea,
hydrochloric acid, and a 1 : 1 (volume) sulphuric-nitric acids.
The concentration of iron was measured in the starting MG
silicon, in the acid-treated silicon, and in the extracted acid
solutions, using the spectrophotometric technigue explained in
the next section.

Mgasurement of Iron Concentration

A spectrohoctometric technigque was used to determine the iron
content in the treated silicon and in the extracted acid.
Ferrous lons in aquous solutions are known to form colored
complexes with a number of organic reagents, and the
concentration of iron in a solution can be determined by
measureing the peak of the absorption of these complexes in the
visible region. ({(1,10)-phenanthroline (C,, N, H,) was used as
complex agent for the gquantitative determination of small




E. 16 Dr. R. A. Abderrassoul

concentrations of ireon in solutions [18].

In order to apply this technique, a weighed amount of the acid-
treated silicon was dissolved in an ammonium flouride-nitric
acid mixture (20 g of NH,F in 100 ml of 70% HNO,). The solution
was then neutralized using ammonia, and the pH was adjusted to
2-2.5. Pive mnl of an aguous solution of hydroxylamine
hydrochloride (10% by welght) was then added to the solution to
reduce the ferric ions to the ferrous state. Then 15 ml of an
agquous solution of (1,10)-phenanthroline (0.3% by weight) were
added to form the colored complex (15 ml insures that an excess
of the complexing agent is present}. The color did not develop
until the pH of the goluticon became 6.5. The scluticn was then
diluted in de-ionized water and the optical absorption was
measured at a wavelength of 510 nm., Figure (1) shows the optical
absorption curve of the complex formed by the ferrous ions and
{1,10)-vhenanthroline, determined using a 1x1 cm standard cell,
using a Varian Cary 118 instrument. It is noticed that the curve
has a peak at a wavelength of 510 nm. The height of this peak
ig linearly propertional to the intensity of the iron in the
gsolution, as was verified by preparing a set of "standard"
solutions of known ireon concentrations. Figure (2) shows the
percentage optical absorption vs iron concentration in the
standard solutions.

Phosphorous~Pentoxide Gattering

The acid-treated silicon was mixed with 5% (by weight) P,0; and
de-ionized water, forming a thick paste, which was loaded into
a clean guartz container and heated in air at 70 - 100 °C for
about 16 Hrs until water vaporized and a solid piece was formed,
then the temperature was linearly increased to 1050 °C at a rate
of 100 °C per 24 Hrs, and then kept at 1050 °C fer 4 days. THe
resulting charge was treated with diluted HF acid to remove the
phosphosilicate glass, and then refluxed with aqua-regia for
several days. After that the silicon was thoroughly cleaned with
de—-ionized water and dried.

Silicon Substrate Preparation

Large-area rectangular silicon substrates were prepared from
the acid-leached and gettered silicon. 20 - 30 g of the
pulverized silicon was uniformiy spread on the top of a 15x5
cm graphite plate. The svrface of the graphite plate was
roughened by sand-blasting in order to hold the silicon when
it melts. Unidirectional solidification was used teo produce
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large—grain silicon substrates suitable for sclar cell
fabrication by chemical vapor deposition {19). The silicon was
first melted in a high purity hydrogen atmosphaere, using rf
heating, and then the input power was gradually reduced, and the
H, increased to start solidification of the silicon at the
silicon surface, rather than at the silicon-graphite interface,
to minimize the effect of the graphite plate on the grain
structure of the silicon substrate, and to yield a columner
structiere. Solidification progressed from one end of the
graphite plate towards the other end, until all the silicon
solidified.

RESULTS

Fiqure (3) shows the iron concentration in the extracted
solution, for agua-regia and sulphuric-nitric mixture, as a
function of the extrat number, It is clear that aqua-regia is
far more effective than the sulphuric-nitric mixture, and that
for both cases maximum possible purification is achieved by the
third extract. In order to help the remaining heavy-metal
impurities in the silicon grains diffuse to the surface the
acid-treated silicon was annealed at high temperature (1000 °C)
in 2 high-purity hydrogen atmospher (fiow of 3 1/min) for about
120 Hrs, and then slowly cooled te room temperature. The iron
content in the silicon was further reduced, as is clear from
figure (4), which shows the iron concentration in the acid-
treated, annealed, and gettered silicon. Iron was reducsd from
3969 ppm in the starting MG silicom to 1337 ppm after acid-
leaching and to 539 ppm after gettering for sample (AL-9),
treated with HCl and agqua-regila; to 1704 ppm after acid-leaching
and annealing, and to 785 ppm after gettering once (8 hxs) and
to 387 ppm after a second gettering process (66 hrs), for sample
{Al-8), treated with HCL.

The acid-leached and gettered silicon was used to produce a
silicen substrate on graphite by melting and unidirectional
solidification. The solidification rate was found to be the
factor that determines the morphology of the silicon substrate;
high solidification rates (4-5 cm/min) resulted in a non-planar
silicon surface, with ridges and valleys, while lower
solidification rates (0.5-1.0 cm/min) gave & swmooth planar
surface. The typical grain size was several millimeters in width
and up to several centimeters in length. It was noticed that
when a lower purity silicon was used a lot of junk accumulated
on the surface of molten silicon and the grain size was usually
smaller. The resulting substrate was 0.015 Q.cm, n-type, for
substrates prepared on graphite from the twice-gettered sample
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(AL-8), and 0.03- 0.10 Q.cm p-type for an agua-regia treated-
only, sample (AL~-10), compared with 0.3 @Q.cm p-type for
substrates prepared from semiconductor~grade silicon (undoped),
as was measured by the spreading resistance fechnique.

Iron concentration was also measured as a function of position
in the unidirectionally-solidified silicon substrates using sane
gspectrophotometric technique. The result for a planar and a ncn-
planar substrate is shown in figure {S). The substrates were
preparad by melting and unidirectional solidification of 18g of
acid-treated silicon {sample AL-9) and 0.2g 1% B-doped
semiconductor-grade silicon on a graphite plate. A sketch of the
morphology of the substrates 1s shown in figure (6). The
substrates were saw cut along the lines shown in the figure. The
Roman numerals indicate the samples analyzed for iron content.
It is concluded from figure (5) that the higher iron
concentration compared to the starting silicon is probably to
out-Qiffusion of impurities from the graphite plate during
substrate preparation.

CONCLUSIONS

A cost-effective technique is reported for the purification of
metallurgical-grade silicon for sclar cell application using
acid treatment and phogphorus-pentoxide gettering. The technique
is simple and cheap, and was used to produce rectangular
polycrystalline silicon substrates on graphite by the
unidirectional solidification technigque. These substrates are
suitable for the fabrication of p-n junction solar cells using
chemical vapor deposition.
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Pig. 1. The optical absorption curve of the complex
formed by ferrous ion and (1, 10)-phenanthroline
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