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ARTICLE INFO ABSTRACT

Keywords: Considering the boom of Si solar cell installation, it is necessary to establish a process for recycling of Si from
End-of-life Si cells (EoL-5i) End-of-life photovoltaics (PVs). Silicon in the PVs is synthetically doped and coated by various elements and
Valcuur?n refining hence dedicated methods will be required for recycling of Si, back to the SoG-Si. In this research, recycling of Si
Sf) ar-st from the shredded solar cells is studied by means of vacuum refining process. In this research the rejected solar
Si feedstock . . g ) . .
Recovery cells after the firing step are treated by acid etching techniques to remove the Al back layer and the Ag finger on
Evaporation the front side of the cells, providing a product called de-metallized Si fragments. The vacuum refining experi-

ments were carried out on demetallized Si fragments. Results showed the demetallized Si contained presence of P
(11.67 ppmw), B (1 ppmw), Ca with up to 0.28 wt%, Ag (96 ppmw) and Sn (136 ppmw), while other metallic
impurities were lower. We have shown that Sn, Ag, O, N, and Mg can be removed from the Si melt via short
vacuum refining, while a complete removal of Ca and P required longer times compared to the mentioned im-
purities. Because vacuum refining process is not limited by thermodynamic equilibrium, a full removal of all the
volatile impurities at extended times is expected and then this process has a high chance for returning the
recovered Si to the solar grade requirements.

nitride the EoL-Si contains different impurities than those in the primary
Si produced by submerged arc furnaces. Therefore, the EoL-Si should be
regarded as a new source for the Si material and new refining techniques
should be developed for the recovery of Si. It is worth to mention that in
addition to high quality Si recovery, other elements such as Ag and Al
should be regarded when dealing with the EoL-Si, and a full recovery of
Ag shall be included in the process due to resources shortcoming of silver
and its high price. The architecture of a standard c-Si cell is schemati-
cally shown in Fig. 1, and clear SEM images can be found in Refs. [8,9].
As shown, these cells are consisted of a silver contact finger on the top
surface of Si, the anti-reflex coating (ARC, SiNy) and the emitter layer,
the Si wafer, back surface field layer (BSF), Al-Si layer (eutectic layer),
and the porous screen-printed Al back layer.

Various projects [6,10] have been implemented on the recovery of
the EoL-PVs and up to now solutions are given for recycling of the glass
[11-13], recovery of the silver [14-21], but still there is no scalable
method for the recovery of Si from PVs and rebuilding the solar cells.
Various techniques and technologies have been applied for the recovery
of the materials from c-Si cells and about 178 patents were filed in

1. Introduction

Photovoltaic (PV) panels are being installed with a high pace and the
accumulated installed capacity in the world is just passed 1 TW, which is
enough to power the whole Europe [1,2]. Silicon based PV panels
comprise a major part of the market (90-95%) and considering a life
span of 25-30 years, huge amount of PV wastes is forthcoming. The first
wave of EoL-PV panels is expected to be from Japan and Germany [3].
Forecasts stand for 8 million metric tons of PVs ending their life by
2030s and 80 million tons by 2050 [4]. This translates in lots of PV
wastes including glass, Si, silver, Al, ethylene vinyl acetate (EVA), etc.
[3,5-7]. There are various numbers reported in literature for Si fraction
in PV panels, but by considering the lower reported value of 3 wt% [4]
and higher reported value of 6.27 wt% [5], we can expect 2.45 to 5
million tons Si. The silicon wafer in the solar cell has received dedicated
chemical treatments, to get purified and is also coated and doped by
other elements to provide the p-n junction [4]. Considering the
conductive tapes, dopped layers, the passivated silicon oxide and/or
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Nomenclature

PVs Photovoltaics

Demetallized Si A Si product from c-Si solar cells that is etched by

acids for removal of the Ag finger and Al back layer

end-of-life photovoltaics, standing for the PVs after

their service time.

c-Si cells Crystalline Si solar cells

EoL-Si  The c-Si cell separated from the PV panel

SoG-Si  Solar grade Si, a Si which has a minimum purity of 6 N

PV-Si A silicon suitable for making c-Si solar cells. This
product might have some impurities like P and B, in the
level that they can compensate their negative effects

ARC Anti-reflection coatings

BSF Back surface field contains a region which is higher
doped at the solar cell’s rear surface

EoL-PV

Front layer

(SiN, - SiOx)\

Heavily doped layer

: Front surface dopin
&\\/Awm.m s /il (emitten) Big
BSF layer

(4.5-5 pm) Si

Eutectic layer
Back contact layer (2.5-3pm)
(Al = 17% Si)

Fig. 1. The schematic representation of a conventional c-Si cell showing the Al
back contact layer, eutectic layer, back surface field (BSF), Si wafer, n* emitter
layer (P doped), SiNy and SiOy front layers, and Ag fingers.

between 1976 and 2016 [3]. The most applied methods for the recovery
of the elements have been mechanical treatments for crushing the cells
and chemical approaches [3]. Acid leaching technique has already
found to be useful for the removal of the Al back layer and the Ag contact
fingers [10,17-21]. Other approaches like valorization of Si for anode
materials applications in the Li-ion batteries [22] and synthesis of silica
nano particles [14] has also been studied.

When it comes to recycling of the Si from EoL-PVs, the challenge is
dealing with the diffused layers (emitter and BSF layer) as well as the
SiOy - SiNy coatings. The etching approach does not work for the ARC
layer and if etching is applied for the removal the emitter and BSF layers,
it leads to considerable Si loss. The vacuum refining process however
can fix these challenges and refine the EoL-Si with a lower Si loss.
Vacuum refining (VR) of primary Si for removal of its intrinsic impu-
rities, particularly phosphorus (P), has been studied since 1990s [23-26]
leading to promising results, however, it has not been studied for re-
covery of Si from secondary sources like EoL-Si. During the course of
vacuum refining the volatile impurities (with vapor pressures higher
than Si) will evaporate and leave the melt [27]. Recent industrial ap-
proaches in production of solar silicon by recovery of the Si kerf has
shown minimum record of carbon footprint, 5 kg CO2 equivalent
emissions per kg of Si, while carbon footprint for standard Siemens
method is higher than 100 kg CO,. Recovery of Si from PV panels to a
grade suitable for PV cells will save a lot of energy and reduce the carbon
footprint of solar Si production [28]. Hence it is fair to expect a low
carbon footprint and low power consumption process to produce solar
cells via the recovery of Si from EoL-Si.
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2. Experimental procedure

In this section, the details of the experimental work carried out on
refining of Si are elaborated.

2.1. Starting material

The starting material used in this study was supplied by LOSER
Chemie. Fig. 2(a) shows the isolated fragments of the Si solar cells. These
shards carry the Ag front finger (the white lines on the blue facets), the
diffused P layer, and the back layers. The Al back contact and silver
fingers are removed by the LOSER chemistry process, which uses the
treatment technique of aluminum chloride solution in the case of the
aluminum [19] and for a second step the organosulfonic acids for the
silver, providing a product shown in Fig. 2(b). As evident in Fig. 2(b), the
treated Si pieces (known as demetallized Si in this study) still have the
blue facet, indicating the remaining SiNy layer.

2.2. Vacuum refining experiments

Vacuum refining experiments were carried out in a vacuum induc-
tion furnace. The details of the experimental setup is elaborated previ-
ously [29]. In order to evaluate the melting behavior of the input
material, 30 g of the demetallized Si fragments was charged into a small
graphite crucible (inner diameter 35 mm, IG-15, specifications can be
found in Ref. [30]). The process was carried out in Ar atmosphere and
before starting the process the chamber was vacuumed down to 7 Pa and
flushed by Ar (6 N) for three times. The sample was heated up to 1500 °C
and after holding for 10 min at that temperature the power was shut
down and the crucible was let to cool down by itself. After the melting
process, the crucible was cut in half and the solidified Si was studied by
SEM-EDS technique. The refining process was also carried out in the
same furnace, but in bigger crucibles (inner diameter 70 mm and height
of 150 mm, grade IG-15, with the impurities Fe: 26, Ca: 6ppmw, V: 40,
Al: 14, B: 3, and Ti: 33 ppmw). For the vacuum refining experiments 400
g of demetallized Si was charged in the crucible. A thermocouple Type C
was applied for measuring the temperature during the experiment.
Heating process was started by switching on the induction at a fixed
frequency of 10.8 kHz. By reaching to around the melting point of sili-
con, the melting process started and after about 10-15 min all material
was melted. All the heating and melting processes were carried out at
1050 mbar pressure of Ar atmosphere. At this point a sample was taken
from the melt using quartz tube samplers (the details of the sample
taking from melt are already elaborated in Refs. [31,32]) to measure the
melt composition before the refining process. Then the chamber was
vacuumed, and it was observed that when approaching the lower
pressures much fume evaporated from the sample in crucible and by
reaching pressure less than 100 mbar, lots of sparkles started erupting
out of the crucible. The fume formation and sparkles eruption took place
for almost 5 min and over the temperature range of 1500-1700 °C. Then
the pressure in the chamber was reached to less than 100 Pa where the
fume and sparkles were disappeared. The chamber was pressurized by
Ar at this point and when reaching to the 1040 mbar Ar, another sample
was taken from melt to check how this fume and sparkles formation
affected on the melt composition and subsequently the experiment was
stopped.

After cleaning the chamber from the fumes settled on the surfaces,
the pre-refined material was then crushed and put in new crucible. The
same procedure was carried out for setup preparation and the pre-
refined material was melted in the crucible in Ar atmosphere, and
then temperature was increased to 1800 °C, subsequently the chamber
was vacuumed. This time no fume and sparkles were observed and once
the pressure reached to 100 Pa, it was taken as the onset time of the
vacuum refining process. during the vacuum refining process, the tem-
perature was held consistent and after 30 min, the chamber was pres-
surized by Ar for taking sample from the melt. Having three steps of
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Fig. 2. (a): broken c-Si solar cell shards, with front side and back side. (b): the demetallized Si after being gone through the LOSER Chemie procedure for removal of
Ag finger and Al back coating.

vacuum refining (and 90 min in total) we stopped the experiment and 2.3. Materials characterization
the rest of melt in the crucible was left to cool down, then the crucible
was cut in half for further visual inspections. The silicon samples taken from the melt were digested in a mixture of

HNOs3 and HF acids at room temperature, and then the obtained solution

Contact finger

Back laye

Silicon cell

Fig. 3. The cross section of a c-Si cell under SEM and the corresponding EDS maps showing the distribution of various elements.
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samples were analyzed by Agilent 8800 Triple Quadrupole ICP-MS (ICP- considered for evaluating the refining process. The oxygen and nitrogen

QQQ) with SPS 4 autosampler and quantified against standards from content of the samples, however, were measured by the inert gas fusion
inorganic ventures and ''°In as internal standard. Three replicas were analysis method (IGFA, model ON836 made by LECO®, USA). The so-
digested and measured by ICP-MS and the average numbers were lidified refined silicon in the graphite crucible was cut in half and then
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EHT=1000kV  Signal A= QBSD
WD=97mm  Mag= 118KX
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Fig. 4. SEM images of the demetallized Si fragments after acid etching by the LOSER Chemie process for removal of the silver contact finger and Al back layer.
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sample were taken from the surface of the solidified ingot for Scanning
Electron Microscopy (SEM, Zeiss Ultra 55, field emission).

3. Results and discussion
3.1. Characterization of the demetallized Si pieces

A photograph of the demetallized Si was already shown in Fig. 2(b),
indicating that demetallized Si fragments have a blue facet, being the
characteristic of the silicon nitride layer over the textured Si surface.
This indicates the demetallized Si pieces have kept the silicon nitride
layer even after the acid etching process. The SEM images of the
shredded Si cells before the leaching process are presented in Fig. 3. The
corresponding EDS maps showing the distribution of various elements
are presented and they indicate that the back side layer is mainly Al, and
the silver contact finger contains many impurities including Sn, Ni, P,
Ca, Fe, and Co.

Fig. 4(a) shows the demetallized Si fragments after the leaching
process. As obvious on the figure, these fragments have usually a length
maximum 400-500 pm. A single Si fragment after the acid leaching is
shown at higher magnifications in Fig. 4(b) where the front textured
surface on this Si fragment is obvious. Fig. 4(c) also shows the back side
of an acid treated Si fragment cell, which contains impurities. From
Fig. 4(c) it seems that the Al layer is fully removed from the Si pieces, but
it is the BSF layer that is still left on it. This image indicates the back
oxide layer is not perfectly removed from all the Si pieces. The corre-
sponding EDS maps of the same fragment is also presented in Fig. 4(d-1)
indicating that the impurities on the back side of the Si piece contain Cu,
Al, and O elements. The EDS maps show that aluminum oxides and
copper oxides are still present on the backside and almost no other major
impurities could be detected on the backside of the leached Si pieces.
Many other impurities were included in the mapping (Ca, Ag, P, B, Mg,
Ti), but they were not found as is obvious in Fig. 4(m, n). It can be
concluded that the leaching process has been successful for the removal
of the Al back layer and silver contact finger, but not completely suc-
cessful for the removal of the BSF layer.

3.2. Melting of demetallized Si fragments

When melting the demetallized Si fragments, it was observed that the
melt had a different specifications compared to the primary Si sources
we already used for vacuum refining experiments, such as: Silgrain®
[29], Ferrosilicon [33], FBR silicon alloyed with red phosphorus [34], a
mixture of Silgrain® and Aluminum alloys [32]. When melting the
demetallized Si fragments, we observed high amounts of fumes were
formed in the crucible and out to the furnace chamber. Fig. 5(a) shows
the solidified silicon has gotten a semispherical shape upon solidifica-
tion, indicating that the graphite crucible was not wetted by the Si melt.
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According to literature [35,36] graphite is supposed to be wetted with Si
and a contact angle about in between 15 and 25° is expected, depending
to the graphite type. Therefore, the non-wetting observation may be due
to a thin slag/oxide layer over the molten silicon, which is obvious in
Fig. 5(b) on the solidified sample surface.

Fig. 6(a) represents the SEM image from the cross section of the
solidified Si surface, where the surface oxide film is obvious. Fig. 6(b)
depicts the surface of the Si at higher magnification and the corre-
sponding EDS elemental mapping showing the distribution of the ele-
ments Ca, O, Al, Si, and P. Comparing the EDS elemental mapping in
Fig. 6, it can be concluded that Ca-Si-O are staying together in the
surface slag film. In addition, there is also an inclusion over the surface
contain Ca-Al-O containing P. For the case of Al, this element is also
dissolved in the Si, as it is expected from solutions thermodynamics
point of view. The chemical composition of the as-received demetallized
Si is presented in appendix (Table A-1 and Table A-2) showing high
content of O and Ca. The oxygen content of the demetallized Si and the
other impurities (specially Ca) reacted to form a thin slag layer over the
Si melt. Although, Fig. 6 shows the thickness of this layer is micrometric,
but it might have important effects on the physio-chemical properties of
the system, as we observed, it prevents the wetting of graphite crucible
by the liquid Si. Another important effect might be impurity absorption,
P was dissolved in the Ca-Al-O inclusion shown in Fig. 6. The formation
of slags from dissolved Ca and Al impurities in Si melt doing the
oxidative ladle refining (OLR) process of metallurgical Si melt was dis-
cussed by Bjgrnstad et al. [37,38]. Although, in the case of demetallized
Si there is no oxygen blowing into the melt, the high content of the
oxygen in the beginning material can associate with the metallic im-
purities and form the surface slag film. The slag formation will be dis-
cussed deeply in section 3.5.

3.3. Pre-refining and vacuum refining experiments

Having the experience from the melting experiment, the pre-refining
experiment was done in a bigger graphite crucible filled by 400 g
demetallized Si. The purpose of the pre-refining was to decompose the
surface oxide layer and then provide a melt surface free of slag so the
impurities could evaporate from the melt. Fig. 7(a—c) shows the crucible
from above at elevated temperatures before, during, and almost at the
end of the melting step, respectively. As shown in the figure, much fume
formed during the melting process preventing good photography of the
experiment, yet it could be recognized that the melt surface is not clean
and a skim is observed on the melt, Fig. 7(a—c). Once the melting process
was over, there was no solid Si pieces stuck over the graphite crucible
wall, a sample was taken by plunging the sampler into the melt in 15 mm
depth. Subsequently, the chamber was vacuumed, and the power was
increased to start the pre refining process. It was observed that as the
pressure reduced to lower than 100 mbar, the fume generation

Fig. 5. The demetallized Si melted in Ar atmosphere and graphite crucible, (a: cross section, (b) surface of the solidified Si from above.
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Surface Slag/Oxide film
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Silicon

EHT =29.00kv  Signal A=QBSD Date 4 Feb 2022
WD=122mm Mag= 330X

Silicon

Fig. 6. SEM images from the cross section of the as melted demetallized Si and the EDS elemental mapping for Si, Al, O, Ca, and P.

intensified, Fig. 7(d-f), many sparks got thrown out of the crucible Fig. 7 effusion at a pressure about 1 mbar, some seconds after this step the
(d). At this point the temperature was 1740 °C and then it was held fume generation and spark eruption were stopped. Top view of the melt
consistent. By further reduction of the pressure in the chamber, the indicated bubbling, with simultaneous sparks formation, see Fig. 7(g).
fuming became much faster and at lower pressures (20-25 mbar), the When the pressure reached down to almost 1 mbar, sparking stopped
fume got an effusion shape. Fig. 7(f) shows the very last part of the fume and there was no fume anymore to effuse out of the crucible, the
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Melting of EoL-Si

Pre-refining step
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Fig. 7. Experimental observations of the melt and crucible at various status, (a): demetallized Si heated up to red hot temperature, (b): start of the melting process,
(c): melting completed, (d-h): the pre-refining step at reduced pressures, (i): the solidified Si after pre-refining step, (j): the pre-refined Si re-melting, (k): the melted

pre-refined Si, (1): melt surface of the silicon after the vacuum refining.

bubbling over the melt surface stopped as well and a stagnant melt
surface was recorded, as shown in Fig. 7(h). The figure indicates that the
melt surface has two different parts, the darker side indicates there are
still some oxide/impurities over the melt surface. Up to this stage lots of
condensate was formed and sampling was not possible. Therefore, the
experiment was stopped, and the melt was cooled down and solidified in

the crucible. The melt that has gone through this pretreatment will be
known as the pre-refined melt. Fig. 7(i) shows the crucible after the
solidification and the pre-refining process and as can be seen there are
many Si droplets splashed over the upper parts of the crucible wall. The
crucible was crushed, and the solidified Si was separated, re-charged
into a new graphite crucible, and was heated up in the furnace. Fig. 7
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(j) shows the pre-refined Si lumps right before the melting starts. Once
the sample was melted, some solid particles were observed floating over
the melt surface, Fig. 7(k), at this point a sample was taken from the melt
to measure a representative composition of the pre-refined silicon.
Subsequently the vacuum refining process was started by vacuuming the
chamber and increasing the temperature up to 1800 °C. The vacuum
refining process was carried out for 90 min, while samples were taken
from the melt every 30 min. Fig. 7(1) shows the final state of the melt
indicating the melt surface is clean.

3.4. Impurities removal

The average values of the impurities are plotted in Fig. 8 during both
pre-refining and vacuum refining steps. Considering the concentration
and the nature of the impurities presented in Table A-1 and Table A-2,
we can sort the impurities of the demetallized Si into three sub-
categories, as follows.

e Metallic impurities: major impurities (>100 ppmw, Ca, Ag, Sn) and
minor impurities (<100 ppmw Ti, Cu, Ni, Al, Fe, Cr, V, Mg).

e Dopant impurities: P and B.

e Dissolved gasses: O and N.

The most abundant impurities in the demetallized Si are oxygen
(0.37 wt%), Calcium (0.28 wt%), and then Nitrogen (0.11 wt%). The
considerable amount of oxygen could be due to the surface oxidation of
the silicon shards during the leaching and acid treatment processes
carried out to remove the Ag and Al from the Si surfaces. We already
showed in Fig. 3 that the printed silver finger contains many impurities
and hence it can be the source of all these impurities in the melted Si.
Although the main part of the silver contact layer is removed by acid
leaching [10], it is expected that some Ag and other impurities from the
silver paste are diffused to the Si bulk during the firing step being done
over 600-700 °C for providing the contact of screen-printed silver with
the Si substrate. Hence the high content of the Ca could originate from
the silver paste. Another possible source for Ca might be small pieces of
glass, and also CaMgSiO4 impurities from the back side Al layer [9], left

4000
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in the material. The Al and Cu, however, were detected on back side of
the demetallized Si, Fig. 4, and hence with having 100 ppmw, could be
originated from the back layer of the silicon solar cells. Nitrogen,
however, is expected from the SiNy anti-reflection layer that is over the
front surface of the Si solar cells. Phosphorus comes from the n* emitter
layer (P diffused layer) for making the p-n junction and B is the doping
element in the P type solar cells.

Fig. 8(a) depicts the changes in the concertation of most abundant
impurities, Ca, O, and N elements over the pre-refining and vacuum
refining processes. This figure indicates that the concentration changes
for the Ca, O, and N elements in the melt have correlation. Once the Si is
melted in the crucible, the concentration of the Ca, O, and N in the melt
reduces considerably while after the pre-refining step increases. The
concentration of N also reaches zero in the melted Si and after the pre-
refining process increases again. As we mentioned in the experimental
section, the chamber is fully vacuumed and flushed by Ar before
experiment, therefore the increase in the O and N content in the melt is a
characteristic of the melt and cannot be due to any extrinsic issue.
Considering the slag/oxide film that forms over the melted Si, Fig. 5(a
and b) and the SEM images shown in Fig. 6, a good correlation can be
seen between the formation of the slag layer over Si and the decrease in
concentration of Ca, O, and N elements in the melt, and its disappear-
ance from the surface and the increase of the O and N concentration in
the melt. This is valid for the rest of metallic impurities in the melt, with
the exception for P and Mg. In section 3.5 we interpret the results.

It is worth to mention that when taking the last sample from the melt,
a shorter sample taker was used and during the sample taking process,
the quartz tube barely reached to the surface of the melt. Therefore, the
last sample was taken from surface of the melt and hence it can be seen
that some of the impurities (Ti, Ni) have higher concentrations, but O is
considerably higher.

The concentration changes of the major metallic impurities (Ag and
Sn) in Fig. 8(b) shows their concentrations are almost the same in the as-
received Si and the melted material. As it is obvious in Fig. 2, the silver
screen is printed over the PV cell and the contact finger is printed in form
of parallel lines on the Si solar cells, therefore only few of the crushed
pieces contain the silver contact finger. Therefore, when taking sample
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Fig. 8. Change of Impurities’ concentration in Si melt in various steps of refining process.
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from the as received demetallized Si pieces, a homogenous sample from
the material is not guaranteed, and there is a high chance to have more
of the pieces without the Ag contact finger on. This might explain the
reason that the Ag and Sn concentrations is slightly higher in the melted
Si compared to as-received Si. The same the other impurities, after the
pre-refining process the Ag and Sn concentrations have increased in the
melt. Subsequently, during vacuum refining the concentrations of both
Ag and Sn reduces dramatically and as it is obvious in Fig. 8(b), after
only 30 min, Ag is fully removed from the melt, while Sn requires 60 min
to evaporate completely. The dopant impurities (P and B), however,
behave differently than the metallic impurities, Fig. 8(c). Phosphorous
concentration reduces continuously during both pre-refining and vac-
uum refining processes. In addition, the B content is steady all over the
refining process, which was expected since it is not supposed to evap-
orate during vacuum refining neither can be absorbed efficiently by the
Si-Ca-O slags. From Fig. 8(d), it is obvious that the same as the major
impurities, the concentration of the minor metallic impurities first re-
duces by melting the Si, and subsequently increases after the pre-
refining process, but their concentrations are not significantly changed
over the course of vacuum refining. The only two minor impurities that
can be removed from the melt are Al (partially removed) and Mg (fully
removed in the pre-refining process). The rest of the minor metallic
impurities, however, does not evaporate from the melt and their con-
centration is almost steady over the vacuum refining time.

The presented results in this section showed that vacuum refining led
to the removal of considerable amounts of Ca and its concentration
reduced from 2803 ppmw to 539 ppmw, and a full removal of Ag, Sn,
and Mg was observed under applied conditions. Evaporation of various
elements from the Si melt can be studied theoretically by calculating the
volatility coefficient (o;) for each element, as done previously [27]. The
higher the value for volatility coefficient, the better the removal of the
element from Si melt in vacuum refining process [32]. The o; over
temperature range of 1414-2000 °C as follows: ap> app > 0pgg >0icq >0ag
> Olgn > 047 > Ocy. The experimental results are in good agreement with
these theoretical calculations, as for the case of Ag and Sn with almost
the same concentrations in the melt, Ag was fully evaporated in 30 min
and then Sn was gone in 60 min of vacuum evaporation. Although Ca has
a higher ¢, value, but due to its high concentration in the melt longer
times of refining is required. However, the sudden increase in the con-
centration of the elements after the pre-refining process requires further
interpretation and it will be discussed in section 3.5.
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3.5. Interpretation of the vacuum refining results

The obtained results from the vacuum refining process can be
interpreted using the required thermodynamic calculations with FactS-
age [39] software. The first thing that needs to be explained is the
sudden increase of the impurity concentrations after the pre-refining
step. Especially for the case of the O and N we showed once the mate-
rial is melted their concentration reduces dramatically in the melt and
then again increases after the pre-refining step. The in-situ photography
of the pre-refining experiment and the images of the melted Si (Fig. 5)
indicated a thin slag/oxide layer formed over the Si, which gets
decomposed and evaporates during the pre-refining step. Considering
the high content of the Ca and O in the material, one can assume the
formation of a slag layer in the CaO-SiO; system floating over the Si
melt.

Using FactSage software and inputting the measured amounts of Si,
Ca, and O, an equilibrium assessment has been done. The rest of the
impurities were not considered in the calculations since they will be
solute elements in the slag and Si system and considering their low
concentration an exact calculation requires the right thermodynamic
database. The stable phases under the experimental conditions (1 bar)
are liquid Si, liquid slag (slag A#1), and solid SiO, and CaSiO3 phases,
depending on the Ca and O contents in the Si raw materials, as shown in
Fig. 9. For obtaining Fig. 9(a and b), the chemical composition of the as-
received Si (with 0.28 wt% Ca) was used for the thermodynamics cal-
culations, and therefore these figures represent the calculated melt/slag
compositions in the melted Si, and at various temperatures. However,
for the calculations of Fig. 9 (c and d), we used the chemical composition
of the melt after the pre-refining process (0.11 wt% Ca). Fig. 9(a) shows
the existence of solid CaSiO3 and SiO; particles over the melt once the Si
is melted and then by the increase of the temperature, a slag (slagA#1,
2.3 g) will form in the system. According to Fig. 9(b) the CaO content of
the slag A#1 reduces with increasing temperature, while the Ca content
increases in the melt, which means Ca mass transport to Si melt via CaO
dissociation/reduction with increasing temperature. To evaluate the
melt compositions of the pre-refined Si, the melting of 300 g of deme-
tallized Si was simulated, and it yields 1.4 g of solid SiO5 and approxi-
mately 0.5 g of liquid slag A#1 (Fig. 9(c)). However, at temperatures
higher than 1650 °C the solid SiO2 becomes unstable and liquid slag A#2
appears in the system. However, at elevated temperatures and beyond
1800 °C the content of both liquid slags in the system start to decline and
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SiO(g) forms in the system. In another word, by increasing the temper-
ature, SiO; in slag react with liquid silicon and form SiOgg. Fig. 9(d)
represents the slag/melt composition for the pre-refined Si and indicates
the CaO content of the slag reduces by elevating temperature which
accompanies by the increase of Ca in the melt. Up to here, we can see
that the Ca concertation in the melt has a correlation with the CaO
content of the slags.

The same equilibrium calculations were carried out considering the
Ca and O content of the demetallized Si at the reduced pressure of 1
mbar, to calculate the stable phases in equilibrium with liquid Si in
vacuum conditions. The results in Fig. 10(a) indicate no slag or solid
silicon oxide phases stable at this pressure. All the O content of the
material is transferred to the gas phase in form of SiO gas. The gas phase
in addition to SiO contains lower levels of Ca vapors at elevated tem-
peratures (T > 1900 °C).

The thermodynamic calculations presented here, can explain all the
phenomena observed in the melting process of the demetallized Si
including the slag/oxide layer formation over the melt and the fume and
sparking phenomena observed during the pre-refining process. The
thermodynamic evaluations are in good agreement with the in-situ ob-
servations shown in Fig. 5(a and b), where a thin slag layer over the
melted Si was obvious. Both the slags and the solid SiO; will float over
the surface of Si melt which prevents the crucible to be wetted by Si
melt, and hence provides a hemisphere shape for the unrefined melted Si
in the crucible.

Based on the thermodynamic assessment of the system, approxi-
mately 0.67 wt% of the melted Si will convert to the slag and solid SiOy
(almost 2g from 300g) which floats over the Si surface. This slag film can
absorb some impurities, as shown schematically in Fig. 11(a). This figure
also indicates when the slag/oxide layer exist on the Si melt, there is no
wetting between the graphite crucible and the melt, leading to the
convex shape of the melt in crucible. However, during the pre-refining
step, this slag layer will get decomposed at lower pressures to form
SiO¢g). Fig. 11(a) also shows the SiO(g) formation is accompanied by
bubbling in the melt and once the bubbles burst over the surface, small
droplets of melt/slag will be thrown away of the crucible. By the
decomposition of the slag layer, those impurities that are collected in the
slag/oxide layer will return to the melt, as shown in Fig. 11(b). We
indicate here that after the pre-refining process the slag layer is mainly
gone and one cannot assume the solid SiO; to be present in the system,
but this figure indicates that there is still high content of the O left over
the melt surface. When doing the vacuum refining for P removal, we
already have shown that the rate of the process will be controlled mainly
by the evaporation at the melt surface and diffusion in the gas phase.
When comparing the rate of phosphorus removal from the demetallized

8
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Fig. 10. Thermodynamics calculations showing the stable phases in equilib-
rium with liquid Si (no slag is stable at this pressure).
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Si melt with other clean melts like Silgrain® [29] and FBR® silicon
alloyed with P [34], Si-P alloy with 92.7 ppmw phosphorus at 1800 °C,
only 80 min was required to remove phosphorus to below 0.2 ppmw.
However, according to Fig. 8(c), over the course of the vacuum refining
process, P content of the Si melt reduced from 10.1 ppmw to 3.4 ppmw,
standing for 66.3 wt% P removal after 90 min of refining at the same
temperature. For the case of B, the concentration slightly increases in the
pre-refining step (from 1 to 1.25 ppmw) and then is almost steady over
the course of the vacuum refining. Having the surface oxide film over the
melt, and the inclusion that we already showed in Fig. 8(a), the evap-
oration of elements will have a lower rate compared to the melts with a
perfectly clean surface. We already mentioned the last sample was taken
from the melt surface and it was shown in Fig. 8(a) that this sample
consists of considerable amount of oxygen. This might explain why the
rate of P removal from Si was considerably slower than the clean melts
[27,29,31-34,40].

Based on the thermodynamic calculations presented here, the
following reactions can be suggested for the formation of the slag layer
over the melt:

xCa0 + ySi0, = (xCa0.ySi0,) 1

Slag
where x and y are stoichiometric coefficients for CaO and SiO; in the
slag. then during the pre-refining step when the pressure of the chamber
is decreased, the SiO; will decompose thorough these steps:

(SiOz) = Si(l) +20 2

slag

Si +0 = SiOy 3

Where the reaction (3) explains that each SiO5 introduces one Si and two

dissolved oxygen (O) into melt, and then one Si and O are required to
associate to form SiO gas. Therefore, the overall reaction for the
decomposition is:

Si0, = SiO() + O Q)
Which explains the decomposition of 1 mol SiO5 (present in slag layer or
in form of S4 or S6 solids), introduces 1 mol O to the melt and this can
explain the increase in the oxygen content of the melt after the pre-
refining step. Additionally, the CaO content of the slag also can
decompose with the same mechanism to form Cag) as follows:

CaO=Cay + 0 5)

Ca= Ca(g) (6)
Where Ca is the dissolved Ca in liquid Si. The reactions (4) and (5)
indicate that by decomposition of the SiO»,—CaO slag system, the con-
centration of dissolved oxygen in melt increases, and this can explain the
oxygen increase in the melt after the slag decomposition in the pre-
refining step. This oxygen will then be removed by the end of vacuum
refining experiment though the formation of SiO) and by carbon
monoxide formation:

C+0=CO )
Where C is the carbon dissolved in Si melt from graphite crucible,
associating with the dissolved oxygen to form CO. As long as there is
oxygen in the Si melt, one can assume a think surface oxide film over the
melt, slowing down the evaporation kinetics of the impurities from Si.

4. Vacuum refining for recycling of EoL-Si

This research showed vacuum refining is a proper process for the
recovery of Si from EoL-Si. Results showed N, Ag, Sn were completely
removed, while more than 68.4% P, 52.5% Ca, and 37.5% Al were
removed (as shown in Fig. 8). Phosphorus removal to acceptable levels is
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Fig. 11. The schematic figures representing the surface oxide/slag layer over the molten silicon. (a): the surface oxide film in atmospheric pressures containing
impurities, (b): the decomposition of the oxide film at lower pressure by formation of SiO(g) bubbles.

necessary since it is the doping element and if remained in the Si, will
lower the solar cell efficiency, and more removal is possible as has been
experienced [29]. Vacuum refining did not work for the removal of B,
Fe, Ti, Ni, Cr, but these elements (except B) will be effectively removed
in the subsequent directional solidification step in the keychain of the Si
solar cell production as their concentrations is low. Table 1 shows the
segregation coefficient (K) value for the remined metallic impurities,
collected from Ref. [41]. The obtained impurity concentrations of Si
after vacuum refining, and the expected impurity level in Si to be ach-
ieved after directional solidification are shown in the table. The initial
concentrations of the impurities in the demetallized Si and after the
vacuum refining is presented in Table 1. By considering the equilibrium
segregation coefficient for each element and Scheil equation [41] (the
details of calculations can be found in the supplementary file), the
remained amount of each element after a single directional solidification
is calculated for two scenarios.

(a) Starting directly from demetallized Si without vacuum refining
(b) After vacuum refining of the demetallized Si

Table 1 shows without vacuum refining of demetallized Si, it is not

possible to reach the SoG-Si, specially due to having high contents of
elements P, N, Ca, and B, however after applying the vacuum refining

Table 1

process, all the elements are in the acceptable range of impurities
mentioned in Ref. [42]. It is worth to mention here that any remained
amount of P, Ca, and N, can be removed fully from the melt at longer
times of vacuum refining. However, for the case of B, if removal of B
from 1.3 ppmw to less than 0.1 ppmw is required, the gas refining
process will be best candidate [43,44]. Gas refining is also able to
remove B thoroughly. The other solutions for B, could be mixing of the
recovered Si with new SoG-Si to dilute the B content or make PV cells by

Minor metallic impurities X
(Ti, Ni, Cu, Al, Mg, Fe, Cr, B) 1.45%

0.14% Phosphorus J

J Removable by VR

Cannot be
removed by VR

60.35% J
Dissolved gases
(N and O)

v

Major metallic impurities ’
(Ca, Ag, Sn)
38.06%

Fig. 12. The pie chart showing the extent of various impurities type in the
demetallized Si and the required treatments (VR: vacuum refining).

An estimation of remained impurities in Si ingot after the refining and directional solidifications process (VR: Vacuum refining, DS: directional solidification).

As-received After Vacuum Equilibrium segregation

Without VR and after

Meeting SoG-Si With VR and DS Meeting SoG-Si

Impurity material refining coefficient [41] DS (10% top cut) feedstock limits [42] (10% top cut) feedstock limits [42]
element -
ppmw ppmw K ppmw ppmw

Fe® <E—02 18.52 8.00E-06 <E-02 Yes <E-02 Yes
Cu’ 8.16 66.40 8.10E-04 <E-02 Yes <E-02 Yes
Ti" 7.63 108.20 2.00E-06 <E-02 Yes <E-02 Yes
A 0.09 2.80 4.00E-06 <E-02 Yes <E-02 Yes
Cr' 0.09 3.30 1.10E-05 <E-02 Yes <E-02 Yes
Ni* 20.00 47.90 1.30E-04 <E-02 Yes <E-02 Yes
B? 0.90 1.30 0.80 0.85 Yes 1.23 Yes
Al 45.33 46.6 3.10E-02 3.58 Yes 3.68 Yes
Ag 87.50 <E—02 1.7E-05 <E-02 Yes <E-02 Yes
P 11.33 5.60 0.35 7.19 No 2.16 Yes
N 1110.00 64.00 7.00E-03 2.10 No 0.12 Yes
Ca 2803 373.00 1.60E-03 12.24 No 2.33 Yes

# The concentration of these elements increased by contamination from crucible (see graphite crucible specification used in this research).

11



A. Hoseinpur et al.

the compensation technique, or keeping required amount of P in Si so
these two elements can compensate each other’s effects [14,15,45].
Fig. 12 shows a pie chart categorizing the impurities and showing which
one can be removed by which process. The figure indicates all the im-
purities in the demetallized Si is 0.7920 wt%, from which 0.7794 wt%
(standing for 98.55% of all impurities) are the volatile impurities that
can be removed by vacuum refining, indicating on the importance and
efficiency of this process for the recovery of SoG-Si from EoL-Si.

Fig. 13 represents a process for the valorization of the EoL-Si to
produce PV-Si (a Si product appropriate to be used in photovoltaic),
including the vacuum refining and directional solidification. As shown
on the figure, the evaporated Ag and Sn can be later recovered from the
fumes of the process through various approaches. Assuming the oxygen
removal by means of SiO(g) formation, then it can be calculated that for
the removal of 0.367 wt% oxygen from the melt, 0.64 wt% Si of the
silicon will be converted to SiO(g), making a silica equivalent to the 1.01
wt% of the melt. By considering a full evaporation of Ca, Ag, and Sn
(equivalent to 0.301 wt% of the melt), about 9 kg fumes will be
generated per metric ton of EoL-Si which will be rich in Ag and Sn, with
the concentrations of 2.48 wt% and 3.2 wt%, respectively, and can be
used for recovery of these elements. The theoretical power consumption
for vacuum refining of Si is already presented in Ref. [29], and it is
shown for refining of a Si containing 10 ppmw P, 2.5 kWh per kg of Si is
required.

5. Conclusions
In this paper vacuum refining process was tried to recover solar Si

from the demetallized Si cell. Promising results are achieved, and the
following remarks can be summarized from the research.

Si from EoL-PVs
|

Acid Etching
(removal of Al back
layer and Ag fingers)

'

Vacuum and Gas
Refining

Directional
solidification

l

SoG-Si
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e The demetallized EoL-Si contains high content of N, O, and Ca im-
purities in 1000-3500 ppmw level.

e Source of impurities are accused to be the remained BSF oxide layer
and the impurities from the silver contact finger, being diffused to
the Si surface in the firing step.

e Once the demetallized EoL-Si was melted, a slag/oxide layer was
formed over the Si melt and this layer was successfully decomposed
in the pre-refining step at reduced Ar pressures.

e Vacuum refining of the input Si at 1800 °C led to the complete
removal of N, Ag, Sn, and more than 68.4% P, 52.5% Ca, and 37.5%
Al over the applied time, which later can be removed at longer times.

e A process candidate for the recovery of EoL-Si using vacuum refining
and directional solidification was proposed.

e A flue gas and then a condensate is generated through the initial
stages of vacuum refining, and it may be a secondary source of Ag
and Sn.
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Appendix
Table A-1
The impurities concentration in the as-received EoL-Si and in the samples taken from melt, using ICP-MS technique.
Sample
B Mg Al P Ca Ti v Cr Fe Ni Cu Ag Sn
As-received demetallized EoL-Si 1.0 28 30 12 2804 5.7 <0.096 <0.096 <0.02 12 5.3 84 121
0.9 24 63 10 2998 12 <0.091 <0.091 <0.02 24 10 90 129
0.8 49 43 12 2607 5.2 <0.082 <0.082 <0.02 24 9.2 87 123
As melted EoL-Si 1.0 11 21 10.5 829 14 <0.04 0.34 1.0 13 38 164 172
1.1 6.3 29 11.1 739 14 <0.06 0.39 1.2 13 35 161 168
<6.8 34 624 7.5 <0.07 0.32 5.3 6.8 17 71 96
Pre-refined 1.3 <5.9 37 10.4 964 59 0.86 1.6 14 20 48 144 195
1.2 <52 77 9.8 1150 85 1.3 2.3 11 33 80 230 294
<5.3 111 1294 110 1.6 3.0 14 40 110 298 385
Vacuum refined 1.3 <5.9 37 7.7 818 71 1.3 1.8 8.7 26 55 1.0 31
30 min 1.2 <5.2 48 7.5 825 79 1.4 2.3 11 31 63 1.1 35
<5.3 76 952 96 1.7 2.6 12 38 91 1.5 44
Vacuum refined 1.3 <6.1 39 4.3 633 80 1.8 2.2 12 32 56 <0.06 0.66
60 min 1.2 <5.2 41 5.4 641 84 1.9 2.3 11 32 55 <0.05 0.67
<5.0 50 678 92 2.1 2.5 13 36 62 <0.05 0.73
Vacuum refined 1.3 <5.3 45 4.0 535 106 2.7 3.2 17 45 63 <0.05 <0.03
90 min 1.3 <5.7 47 2.8 555 107 2.8 3.0 15 50 67 <0.06 <0.03
<5.9 48 529 112 2.9 3.7 24 49 69 <0.06 <0.03
Table A- 2
Oxygen and nitrogen content of the samples measured by IGA method (* this sample is biased and the
reason is elaborated in the text).
Sample name Oxygen (wt.%) Nitrogen (wt.%)
As-received EoL-Si (demetallized) 0.367 0.111
Melted EoL-Si 0.0325 0.000
Pre-refined 0.273 0.0289
Vacuum refined 30 min 0.193 0.0415
Vacuum refined 60min 0.079 0.0196
Vacuum refined 90 min* 0.118* 0.0064*
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