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Abstract. High quantity of slurries, kerf, are generated during ingot wafering and represent up
to 40% of the silicon in weight. The highly pure silicon contained in kerf is contaminated with
organics, metal impurities, water and an oxide layer. The recovery of the silicon could be an
efficient way to reduce costs in the production of solar panels through material and energy
savings. At high temperatures, organic contamination causes the formation of silicon carbide
species that are difficult to segregate during kerf remelting into a pure silicon ingot. Also, during
the fusion of silicon, temperatures up to 1500°C are reached and the mixture of silicon and
water forms oxides and gases that reduce production yields and affect melting conditions. For
these reason, purification and drying steps are required to ensure proper silicon raw material
for remelting into ingots. So far, approaches using strong acidic or organic solvent are used to
reduce contamination by organic compounds. In this study, more environmentally friendly pro-
cesses were applied on authentic kerf waste to purify and dry silicon, to make it suitable as
raw material for silicon ingot preparation. The amount of water and organic compounds were
monitored along the process steps. Using aqueous oxidative processes in combination with
filtration, kerf was cleaned and a total carbon reduction of at least 30% was observed. The
control of humidity enables the convenient conditioning of purified kerf and effective drying
reduced the moisture content to less than 5% wt.
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1. Introduction

In recent years, silicon-based solar cells have become an important part of the renewable
energy mix, not least because they generate no waste during energy production. Almost 94%
of solar cells on the photovoltaic market are made from crystalline silicon [1,2]. In the produc-
tion of crystalline solar cells, around 60% of total manufacturing costs are incurred in the pro-
duction of silicon wafers [3]. The silicon ingots are cut into wafers using a multi-wire saw [4].

When cutting silicon ingots a large amount of slurry is formed which is named kerf. It
contains highly pure silicon contaminated with organic molecules from the lubricants used for
cutting, metal impurities from the wire, an oxide layer created in contact with oxygen and water
[5] (Fig. 1).
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Figure 1. Schematic representation of kerf composition

The creation of waste during cutting is not only an environmental disadvantage, but
also an economic one, as it increases wafer manufacturing costs with slurry disposal costs.
The silicon contained in this sludge is valuable and can be recycled. This aspect has been
studied in recent years and depending on the intended use of the kerf (reusing the silicon in a
metallurgical form, as a conductor in battery anodes [6] or reactive sintering composites
ceramics [7] etc.) chemical [8,9], physical [10,11] or metallurgical [12,13] purification can be
carried out.

In the present case, we aim to recycle kerf into metallurgical silicon. An issue with
organic contamination is the formation of silicon carbide species at high temperatures, that are
very stable and difficult to seggregate during the remelting into pure silicon ingot. Also, when
temperatures reach up to 1500°C for the fusion of silicon, the mixture with water can form
oxides and gases that reduce production yields and affect melting conditions. Moreover, the
decomposition of water into dioxygen and dihydrogen causes risks of explosion. For this
reason, a drying step is required to ensure a water content in purified kerf.

Organic impurities are generally polymers derived from ethylene glycol. Efficient ways
to reduce the contamination in such organics have been described using notably advanced
oxidation processes to reduce the size of the polymer chains by oxidative cleavage [14].

In this study, a diversity of environmentally friendly oxidative processes, including
chemical and physical processes, were applied to silicon kerf to assess the processes effi-
ciency. In addition, steps of conditioning and drying are developed to enable the use of dried,
purified silicon in a suitable form for subsequent purification process.

2. Materials and Methods
2.1 Materials

The kerf used in this study comes from COMTEC SOLAR.

The treatments assessed in this study imply the use of hydrogen peroxide (H202, 30%
wt.) up to a final concentration of 240 mM for oxidative treatment, sodium and potassium per-
sulfates and a Fenton’s reagent prepared with FeSO4 and H20.. Ultrasonic treatments were
conducted in water with various ultrasound frequencies including low (20, 37 and 80 kHz) and
high (547 and 680 kHz).
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2.2 Process and Analytical Methods
2.2.1 Kerf Cleaning

The removal of impurities was performed in a stirring tank with a string blade at room temper-
ature. The kerf was diluted to represent 30% of the total weight. Once the mixture looks homo-
geneous and after a minimum of 30 minutes, the mixture is filtered using vacuum filter at la-
boratory scale (less than 5 kg) or press filter at semi-industrial scale (up to 15 kg). An excess
of oxidant was used for each test to achieve the following molar ratio: 4:1 oxidant/silicon atom.

2.2.2 Kerf Conditioning and Drying

For kerf conditioning, the control of humidity was managed by manual addition of electro-de-
ionized water. For the drying step, we used a tank that can be heated up to 130°C with a
heating envelope. For usual drying, the temperature was set between 80 and 130°C.

2.2.3 Analytical Methods

To assess the percentage of water contained in kerf, a complete drying in a ventilated oven at
110°C was performed. Water mass percentage H was calculated by comparing water mass
contained in kerf (difference between the mass before and after ventilated oven drying) and
the initial kerf sample mass as presented by the following equation:

H (%) _ Mkerf before drying— Mkerf after drying )

MkEkerf before drying

The amount of organic compounds in the kerf was assessed by elemental carbon anal-
ysis. Kerf samples were manually crushed with a mortar and dried in a ventilated oven at
110°C. The analysis was performed by Eurofins® using inductive gas analysis.

MALDI-TOF MS (matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry) was conducted in positive linear mode on solid and liquid samples using linear posi-
tive mode at Université Grenoble Alpes.

3. Results and Discussion

3.1 Kerf Cleaning

In this work, the kerf cleaning focused on the reduction of carbon impurities. The tests were
carried out on a laboratory scale and then scaled up to a semi-industrial one.

The first results we obtained concern the treatment of kerf in four stages. The first step
is manual crushing that increased the carbon contamination in the kerf. Manual crushing was
performed by crushing the kerf with a stainless steel mallet. The kerf crumbles under the stress
applied by human action, without any jolting. Other mechanical crushing techniques are cur-
rently developed to avoid additional carbon contamination. The following steps deal with a first
water rinsing and filtration that reduce carbon contamination by 18%, and secondly an oxida-
tive treatment which involves washing with hydrogen peroxide (240 mM) and filtration that re-
duced carbon contamination by 17% (Fig. 2). These simple processes prove the possibility to
reduce the carbon contamination by a third.
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Figure 2. Carbon concentration in kerf sample after each process step

The reduction of organic contamination reduces the probability of silicon carbide for-
mation during the melting of purified kerf to form silicon ingots. Complementary advanced ox-
idizing treatments have been tested to remove organic contaminants and involve water, ace-
tone, hydrogen peroxide, sodium persulphates and the Fenton mixture of iron (Il) sulphate and
hydrogen peroxide. Ultrasound was also used to test its physical and chemical effects on the
carbon content of kerf.
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Figure 3. Carbon concentration in kerf samples after various oxidizing processes

A reduction of more than 40% compared to the initial value is observed in the case of
washing with aqueous mixtures containing hydroxyl ions (notably Fenton process) or sulphates
(process involving persulphates) as shown on Figure 3. The reduction in carbon content should
be taken into account when improving processes, but the risks associated with the use of
substances such as hydrogen peroxide and persulphates could be a deterrent when choosing
an industrial scale-up.

A comparison of the organic compounds removed and degraded from the surface of
the kerf (upper diagram) with the organic compounds still present in the kerf (lower diagram)
was carried out using MALDI-TOF mass spectrometry and is shown in Figure 4. The cleaning
and oxidative processes enabled the polymer chain size to be reduced from 35 to less than 5
units.
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Figure 4. MALDI-TOF mass spectra of residue after filtration (fop) and filtrate (bottom), respectively.

3.2 Kerf Conditioning and Drying

After filtration, kerf contains between 42 and 50% wt. of water which is too high to be processed
into a silicon ingot. It is also important to obtain regular molds of a certain size to ensure a
continuous, reliable supply to the melting process.

For these reasons, kerf conditioning was developed that was able to prevent the ag-
gregation of small particles thanks to humidity control. No numerical data can be shown here
because of the lack of monitoring possibilities during the run. A drying step follows and consists
of heating the purified material up to 130°C to reduce water content to an average of 5%.

A global scheme of the process is shown in Figure 5. It appears that a total carbon
reduction of at least 30% was observed (Fig. 4), reaching a final value of 0.95% wt. and aver-

age content in water of 5% wt
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Figure 5. Global scheme of kerf cleaning, drying and conditioning processes

4. Conclusion

The production of spherical silicon pellets containing less than 10% water and 0.95% carbon
in weight was demonstrated through the cleaning and drying of authentic raw kerf. The pellets
will further be used to demonstrate the feasibility of kerf remelting into silicon ingot as part of a
European project. Studies already underway will provide us with more data on the possible
reduction in organic contaminants. Further studies will be developed to consider the reduction
of metallic and oxide layer contamination to improve the yield and purity of silicon ingots.
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