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Abstract: Silicon was recovered from solar cell Si scraps
through 42.5 mol% Si0,-42.5 mol% Ca0O-15mol% Al,O3;
slag refining. The motion behaviors of Si;N, and SiC were
observed in situ and real-time using a high-temperature
laser confocal microscope, and the recovery of Si through
slag refining was carried out at 1,500°C for 30 min. Results
indicated that both SiC and Si3;N, inclusions were concen-
trated in the slag, and this work provides a clear frame-
work for recycling and reusing solar cell Si scraps.
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1 Introduction

Photovoltaic (PV) technology is an important source of
clean energy generation [1], and its market is dominated
by Si-based solar cells. PV technology is rapidly devel-
oping under the dual pressure of environmental pollution
and energy crisis, resulting in high demand for Si feedstock
and increased costs [2]. However, in the multicrystalline Si
(mc-Si) directional growth and Si wafer sawing processes,
approximately 30-50% of Si are lost as Si scraps and sawing
waste [3,4], which are contaminated by metallic impurities
and a large number of inclusions such as SiC and Si;N,.
Consequently, this wastes Si resources and further damages
the environment. It is imperative to recover the Si from Si
scraps and sawing waste for sustainability.

Many methods employed to separate SiC and Si;N, inclu-
sions from Si scraps and sawing waste include directional
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solidification, filtering method, electromagnetic separa-
tion technology, and slag refining. During the directional
solidification [5,6], C shows a low segregation coefficient
in Si [7], which is accumulated in the liquid Si. Once the C
content exceeds its solubility limit, SiC is then precipitated
in Si ingot. The engulfment of SiC can be improved if the Si
growth rate is slow, but the processing time is prolonged,
resulting in more C introduced into the Si melts from the
atmosphere and heating elements in the furnace. Zhang
and Ciftja [8] applied the filtering technique to remove
SiC and Si3N,, inclusions from Si scraps using foam filters.
The large inclusions were successfully eliminated, but
some SiC inclusions smaller than 10 um still remained in
the refined Si. The electromagnetic separation technology
[4,9,10] was first proposed by Kolin in the 1950s [11] and
then developed as a promising method to separate non-
metallic or less conductive inclusions from melts. Damoah
and Zhang [9] studied the effect of a high-frequency elec-
tromagnetic field on SiC removal from molten Si, and 99%
of inclusions were separated from the Si matrix and accu-
mulated on the top, bottom, and sidewalls of Si. Addition-
ally, Jiang et al. [10] also found similar results concerning
the electromagnetic separation of SiC, where the addition
of Al promoted the removal of SiC. However, the move-
ment of small particles was mainly governed by the liquid
melt flow [12], so it is difficult to remove the small particles
in the electromagnetic separation process. In addition to
decreasing metallic impurities, the slag refining process
is particularly useful in removing inclusions. Wang et al.
[13] proposed separating inclusions from molten Si using
molten slag. Our group measured the wettability between
SiC and SiO,-Ca0-MgO, confirming that the contact angle
of slag/SiC was smaller than that of Si/SiC [14]. Yang et al.
[15] applied slag refining to recover 79.25% of Si from the
diamond wire saw Si powder waste. Therefore, the slag
refining is of great interest to separate inclusions and
recover Si waste, but many aspects of this technique
remain unexplained.

The present work investigated the SiC and SisN,
inclusions within Si scraps and observed the inclusion
motion behavior in situ and real-time using a high-tem-
perature laser confocal microscope (HT-LSCM). New
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experimental results on the effects of SiC and Si;N, inclu-
sions removal are discussed.

2 Experimental methods

2.1 Raw materials

Si scraps (size: 0.5-2mm) were used as raw materials,
which were cut from the top of mc-Si after the directional
solidification process, followed by crushing treatment. It
contained significant amounts of SiC lumps and SizN,
rods.

The slag reagents used in the present study are all
analytical grade, including Al,O5;, CaO, and SiO,. Each
regent was weighed at the desired mass and mixed, fol-
lowed by grinding for 30 min to form a homogeneous
composition of 42.5 mol% SiO,—42.5 mol% Ca0-15 mol%
AlL,0s.

2.2 Experimental procedure

2.2.1 Observation of SiC and SisN, inclusions motion
behavior

Observing SiC and SisN, inclusions motion behavior in situ
and real-time was carried out using a HT-LSCM (YONEKURA
MFG. Co., LTD, VL2000DX-SVF18SP). Details of the equip-
ment were reported in ref. [14]. 0.04 g Si particles and
0.04 g 42.5mol% SiO,~42.5mol% CaO-15mol% Al,O; slag
powders were charged into a MgO crucible (LD. = 6 mm),
which in turn was placed on a Pt holder (Figure 1). The
temperature was measured by a B-type thermocouple, which
was in contact with the Pt holder.

The sample was heated to 1,500°C at 400°C-min~!
under an Ar atmosphere and then maintained for 30 min.
When the slag melted, the motion behavior of SiC and SizN,
inclusions were observed using the confocal microscope,
and the photos were recorded as a function of time.

2.2.2 SiC and Si3N, separation from Si scraps via slag
refining

SiC and Si3N, inclusions were separated from Si scraps
via slag refining using a resistance furnace under an Ar
atmosphere. The Si scraps and 42.5 mol% Si0,—42.5 mol%
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Figure 1: Schematic of the sample and sample holder in HT-LSCM.

Ca0-15mol% Al,O5 slag with a mass ratio of 16:32 g were
first charged in a high-purity graphite crucible (100 mm
height and 30 mm inner diameter) and then placed inside
the furnace. The temperature was measured using a B-type
thermocouple and maintained at 1,500°C for 30 min. After
the slag refining, the sample was withdrawn from the fur-
nace and cooled in the air.

Moreover, the sample was cut vertically and then
coated with Au film after the experiment, which was fol-
lowed by SEM analysis.

3 Results and discussion

3.1 SisN, and SiC motion behavior

A small piece of Si particle was found on the top of the
slag through the confocal microscopy, in which some
black inclusions were distributed, as shown in Figure 2(a).
Shifting the focus plane to the upper surface of the Si
particle, the motion behavior of SiC and Si;N, inclusions
in Si and slag phases was observed during the heating
process. The melting temperature of 42.5 mol% SiO,-42.5
mol% Ca0-15 mol% Al,Os slag was approximately 1,335°C,
calculated utilizing FactSage 7.1 software (equilibrium
module; FToxid database), and it first melted as the tem-
perature increased. When the temperature rose over 1,400°C,
the Si started to melt (Figure 2(b)—(d)). As the amount of
melted Si increased, the inclusions began to move freely
(Figure 2(e)), and some inclusions collided to form a large
inclusion cluster (Figure 2(f)—(g)). Once the inclusions in the
melted Si approached and contacted the Si/slag interface,
they were immediately absorbed and removed by the slag
(Figure 2(h)). Similarly, inclusions were also trapped in
molten slag (Figure 3). Previous results [14] indicated that
the wettability of slag/SiC is better than that of Si/SiC, and
the wettability of slag/SisN, can be viewed as perfect based
on the present results.
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Figure 2: Motion behavior of SisN, and SiC inclusions in molten Si in the slag refining process. (a) Solid Si, (b)-(d) Si started to melt,
(e)—(h) inclusions moved and trapped in the slag.

3.2 SisN, and SiC removal through slag
refining

Figure 4 shows the cross-sectional view of backscattered
electrons images (BEI) of Si after slag refining. Several
representative regions are chosen in Figure 4(a) and

/slag enlarged as shown in Figure 4(b)—(e). The Si block is
L interface placed above the slag which contains some dispersed Si
; : droplets (Figure 4(a)). More SiC and SisN, inclusions indi-
cated by black arrows are accumulated in regions A and B
Figure 3: Motion behavior of SizN, and SiC inclusions in slag during (Figure 4(b) and (c)), while only few are distributed in
the slag refining process. region C (Figure 4(d)). The findings demonstrated that

v

Inclusions
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Figure 4: (a) Cross-sectional BEI image of the Si after slag refining and (b—e) enlarged BEI images of regions A-D in (a).
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Figure 5: Schematic of Si recovery from solar cell Si scraps through slag refining.

the slag refining process was effective at removing SiC and
Si;N, inclusions. However, some SiC still existed in region D
(Figure 4(e)), arranged as a layer in the inner side of the
graphite crucible. No slag was found in region D, and the
graphite crucible directly contacted the molten Si and intro-
duced C into Si. The formation of the SiC layer is believed to
be due to the chemical reaction between molten Si and
graphite crucible, as expressed by equation (1).

Si(l) + C(l) = SiC(s). )

According to the experimental findings, the sche-
matic of Si recovery from solar cell Si scraps through
slag refining is shown in Figure 5. This process involves
multiple steps: (1) the slag melts and surrounds the Si
particles containing SiC and SisN, inclusions. (2) With
the increase in the temperature, the Si melts, and the
inclusions begin to move freely. Meanwhile, the Si dro-
plets gather together. Once the particles encounter the
slag/Si interface, they could be absorbed by the slag
due to the excellent wetting behavior of SiC(SisN,)/slag.
(3) Several dispersed Si droplets melt together, and inclu-
sions are captured in the molten slag. After slag refining
treatment, the Si can be recovered from solar cell Si
scraps.

4 Conclusion

The motion behavior of SiC and SisN, in Si and slag
phases were observed in situ and in real-time using HT-
LSCM, and they can be captured by the slag when they
encountered the Si/slag interface. After slag refining,
more SiC and Si;N,, inclusions were removed from molten
Si. The application of slag refining to solar cell Si scraps
can substantially reduce SiC and SisN, inclusions and
finally recover Si.
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