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Eco-friendly method for reclaimed silicon wafer from photovoltaic
module: from separation to cell fabrication

Jongsung Park®, Wangou Kim®, Namjun Cho®, Haksoo Lee® and Nochang Park®

A sustainable method for reclaiming silicon (Si) wafer from an end-of-life photovoltaic module is
examined in this paper. A thermal process was employed to remove ethylene vinyl acetate and the
back-sheet. We found that a ramp-up rate of 15 °C/min and an annealing temperature of 480 °C
enabled recovery of the undamaged wafer from the module. An ecofriendly process to remove
impurities from the cell surface was developed. We also developed an etching process that precludes
the use of hydrofluoric (HF) acid. The method for removing impurities consists of three steps: (1)
recovery of the silver (Ag) electrode using nitric acid (HNO3); (2) mechanical removal of the anti-
reflecting coating, emitter layer, and p—n junction simultaneously; and (3) removal of the aluminum
(Al) electrode using potassium hydroxide (KOH). The reclaimed wafers showed properties that are
almost identical to those of commercial virgin wafers: 180 um average thickness; 0.5 and 3.7 Qecm
minimum and maximum resistivities, respectively; and 1.69 us average carrier lifetime. In addition,
cells fabricated with the reclaimed wafers showed an efficiency equivalent to that of the initial cells.

Introduction

Photovoltaic (PV) energy now holds an important position in
the renewable-energy market. The annual PV installation
around the world in 2014 is 38.7 GW." More than 10 GW
connected to the grid for PV in the EU in 2013.% PV installation
is greater than that from fossil fuel (7.5 GW) and coal (1.9
GW).% With the growing number of installations for PV systems
and the limited availability of resources, the end-of-life (EolL)
management of PV modules is becoming increasingly urgent.3
Proper EoL management of PV modules offers a sustainable
solution to problems of resource availability, economic
feasibility, and EoL environmental risks.” The cumulative
amount of PV waste in 2017 is estimated to be 870 tons, and
the total amount of PV waste is estimated to increase by
1,957,099 tons in 2038.° These numbers make the
management of waste electrical and electronic equipment
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(WEEE) toward sustainability an interesting challenge.6 The
recent decision made by the EU Commission to include PV
panels in the new WEEE directive follows these expectations,
in an effort to limit the negative impacts.7 On the basis of this
principle, PV manufacturers, and distributors have the legal
obligation to ensure take-back and recycling of their discarded
products within European borders.® PV modules contain
valuable metals such as silver, copper, tin, and the hazardous
material, lead.” Lead causes serious illnesses in humans
because of its toxicity.g' 10 Accordingly, it is also important to
remove lead in PV modules although it is exempted from the
regulation for hazardous substances. Since the industry needs
to continue reducing the price of PV module for it to be
sustainable in a competitive PV market, the cost of compliance
must be minimized.'* This requires the optimization of both
material recovery and reclamation of wafers. Metals may be
recovered by using the current technologies.n‘lz’13

Recycling can ensure the sustainability of the supply chain
in the long term™ by enhancing the recovery of energy and
materials embedded in PV modules and by reducing CO,
emissions, energy payback time (EPBT), and greenhouse-gas
payback time related to the manufacture of PV modules.*

The average price of polysilicon (p-Si) is approximately
$20/kg in January 2014." The drop in its price has stopped
because of increasing demand; prices have even increased
slightly compared with those in January 2013." This increase
resulted in changes to the different cost elements in module
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production. This is a drawback for module manufacturing,
because it increases the pressure to reduce the cost further. p-
Si and wafers remain the most expensive materials in
modules.” p-Si and wafers have a significant impact on the
total price, with the module-conversion price share comprising
over 30%. Recycling technology of PV modules can reduce the
manufacturing cost by enabling the use of reclaimed wafers,g'
'8 which can reduce the energy consumption in Si purification
and wafer manufacture. Reclaimed wafers may be obtained
from EOL modules as a type of broken or unbroken wafers.
Broken wafers are crushed into powder form used for ingot
production19 or are applied as a biogenic silica source for
ashing of rice hulls.?® In order to be used for solar cells, broken
wafers are normally refined into semiconductor feedstock of
over 99.9999% purity through the Siemens process, which is
estimated to account for 75% of the total production energy
for crystalline Si PV modules.”* However, this refining process
is not necessary for achieving minimum purity for unbroken
wafers. Instead, they require a process for removing impurities
remaining on the wafer surface, such as the metal electrode,
anti-reflection coating (ARC), and p—n junction. To remove
such impurities, hydrofluoric (HF) acid treatment,22 which is
harmful to humans and to the environment, is used.
Consequently, development of a process that does not use HF
is one of the motivations behind the present study.

The use of reclaimed wafer enables reduction of the EPBT
of PV modules. Through calculations, M.J. de Wild-Scholten®®
found that the EPBT for a mono-Si PV system for a commercial
rooftop PV is 1.96 year. Processes that contribute to the EPBT
consist of production of silicon feedstock, ingot, wafer, cell,
module, mounting, and inverter. Among these processes,
those for feedstock, ingot, and wafer contribute over 60% to
the EPBT. If the energy for these processes is reduced by using
reclaimed wafer, then the EPBT can be significantly reduced to
less than 1.96 years. Energy consumption is also closely related
to the manufacturing cost. In their calculation of the EPBT of
PV modules containing recycled materials, M. Goe et al.®
found that the EPBT decreases as the recycling rate increases
at a given module efficiency. In general, a 3-5% change in the
recycling rate produces a reduction in EPBT equivalent to a 1%
change in module efficiency. Therefore, exhaustive recovery of
Si materials has the potential of reducing the module cost and
EPBT.

In order to evaluate the economic feasibility of PV recycling,
Choi et al.? developed mathematical models to analyze the
profitability of recycling technologies and to guide tactical
decisions for optimal location of PV take-back centers
necessary for the collection of EoL products. Their results show
that the market price of the reclaimed materials is an
important factor in the profitability of the recycling process.
They illustrate the importance of recovering glass and
expensive metals from PV modules. As of 2011, the average
market price of glass, aluminum (Al), copper (Cu), and Si are
estimated to be $0.07/kg, S$2/kg, S$7/kg, and $2.5/kg
respectively.4 However, that of reclaimed wafer is estimated to
be $35/kg (assuming 22.7 g/wafer and $0.8/wafer). These
results indicate that reclaimed wafers are more valuable than
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the other materials are. The following technologies are
required to recycle PV modules™ & 2% 2528,

(1) Recovery of glass and metals such as Ag, Al, Cu, Pb, and Sn
(2) Recovery of broken wafers

(3) Glass—ethylene vinyl acetate (EVA)/EVA cell separation

(4) Recovery of unbroken wafers and technologies for the
removal of impurities such as the metal electrode, AR coating,
and p—n junction.

Kang et al’ reported a procedure for recovering Si and
glass. They used toluene for glass recovery. The sample was
immersed in organic solvent at 90 °C for about 2 days. They
recovered Si by using H,0, HF (acid concentration: 48%), HNO;
(70%), H,SO, (97%), and CH3;COOH (99%). The results show
that a high yield of silicon with 99.999% purity could be
obtained.

G. Granata et al.” investigated the recycling of broken
wafers by physical operation, which consists of crushing by
two rotors, thermal treatment, crushing by two rotors, and
hammer crushing.

A method to thermally remove components in glass—
EVA/EVA cell separation was developed in 1998 by the
research group of Frisson.?® Similarly, E. Klugmann-Radziemska
etal.” performed glass—polymer separation by using a thermal
process. However, the thermal process is not discussed in
detail in their paper. From the thermal process, they obtained
unbroken wafers, which were used to produce new silicon
solar cells. Despite that they have no SiN, ARC, the new cells
have very good energy conversion efficiency (13—15%). Frisson
et al.”® also fabricated solar cells using reclaimed wafers. They
obtained the same results for reclaimed and virgin wafers
(around 16%).

To achieve the required purity of the reclaimed wafers,
conditions for chemical treatment need to be precisely
adjusted. To this end, L. Frisson et al.”? used 15% hydrofluoric
(HF) acid treatment followed by treatment with a 4:1
H,S0,/H,0, solution at 80 °C. E. Klugmann-Radziemska et al.®
used 83.33 ml of HNO; (65%), 50 ml of HF (40%), 50 ml of
CH3COOH (99.5%), and 1 ml of Br, within the range of 70—
80 °C.

Existing remanufacturing processes are based on chemical
etching, an industrially feasible approach that provides low
technical barriers for startup. However, these methods require
processes and special equipment for
chemicals such as HF and fluorosilicic acid.”® These chemicals

multilevel chemical
are also harmful to humans and to the environment. Methods
for removing
chemicals have not been reported yet, as summarized in Table
1.

impurities without the use of such toxic

The objectives of the research reported here were to: (1)
avoid the use of hazardous substance such as HF, (2) reduce
the usage of chemicals such as HNO3, H3PO,, and (3) develop a
low cost, low energy process for Si wafer by the use of
reclaimed wafer. In the present study, we focused on module
separating methods based on a thermal process to obtain
unbroken wafers from a PV module. The effects of annealing
temperature and ramp-up rate on module separation, as well
as the separation mechanism, were investigated. In order to

This journal is © The Royal Society of Chemistry 20xx
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eliminate the use of HF, we developed processes for chemical
etching and mechanical removal to remove impurities. The
validity of the process was confirmed by comparing the
qualities of reclaimed wafers with those of commercial virgin
wafer. A solar cell was fabricated, and its electrical properties
were compared with those of the solar cell using virgin wafers.

Table 1. Various methods for removing impurities on wafer
surface.

Method Etching Treatr’pent Undesirable Ref.
target solution problems
HF + H,S0,4 9
NH; + HF + »7
CH3COOH + Br,
HF + HNO; 28
ARC
Chemical ’ Acid ¢
i p—n HF + HNO; + H,0 cld waste, 28
etching . . Toxic
junction
H,SiFs + HNO; + H,0 28
H,SiFs + HNO; + -
CH3;COOH
HF, NaOH 29
Experimental

Preparation of PV module

PV modules containing multicrystalline Si solar cells (SH-
1680MN, Shinsung Solar Energy, South Korea) with 156 mm x
156 mm dimensions (length and width) and 200 um thickness
were used for the study. Their initial energy conversion
efficiency (Eff.) was in the range of 16.5-17.0%. The cells were
interconnected by using Cu ribbon wire (2.0 mm x 0.15 mm)
plated with 62Sn36Pb2Ag solder.
laminated with low-iron glass of 3.2 mm thickness, 3.2 mm
length, and 180 mm width, with an EVA sheet of 0.35 mm
thickness, and with Tedlar/PET/Tedlar back-sheets of 0.35 mm
thickness. The EVA sheets and back-sheets were laminated by
heating them to 150 °C for 12 min.

The solar cells were

Table. 2 Test conditions of thermal process

Annealing temperature Ramp-up rate Holding time
(°C) (°C /min.) (min.)
350, 400, 450, 480 15 30
480 5, 10, 15, 20, 30 30

Thermal process for separating the modules

PV modules were divided into two groups to investigate the
effect of annealing temperature and ramp-up rate on the
separation of the module. Annealing temperature is the
maximum temperature for the thermal process, which is

This journal is © The Royal Society of Chemistry 20xx
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important for determining the decomposition temperature of
EVA. The thermal process was carried out with each of the two
samples. PV modules were placed in a furnace (SRB30, Labtech,
South Korea) and heated at the annealing temperature under
ambient conditions. One group was heated to four annealing
temperatures in a furnace at a fixed ramp-up rate (15 °C/min).
The other group was heated to 480 °C at five ramp-up rates, as
shown in Table 2. In order to quantify the ratio of unbroken
wafers (Si..ii,) after the thermal process, the total weight of
the sample and the largest piece of broken solar cells were
measured on a digital balance (CP2245, Sartorius, Germany).
Determination of the Si,.y is discussed below.

Weight of the largest solar cell piece

x 100

Siratio (%) =

Total weight of solar cell

Since the mechanical strength of a solar cell is much weaker
than that of tempered glass, it is much easier for the gases to
escape from the solar cell. The cell is subjected to mechanical
stress caused by the gases from EVA. In order to minimize the
effects of the stress on the solar cell, a fixture shown in Fig. 1
was designed and employed. Two types of load conditions
were applied to the module. One group was heated with
fixture (fixture) and the other without fixture (non-fixture). In
case of non-fixture, the module was heated in a furnace
without fixture. The figure shows a design drawing and actual
images of the fixture that we employed. To release the gases,
5 mm grooves that were 5 mm apart were created. The
grooves help release quickly the gases from the cell caused by
EVA decomposition.

Upper plate

Fig. 1 Schematic images of the fixture design drawing (upper),
upper plate (left), actual image (right)

Chemical etching and mechanical processes

J. Name., 2013, 00, 1-3 | 3
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The recovery process consisted of three steps: (1) removal of
Ag electrodes using 60% (HNO3) at room
temperature; (2) mechanical removal at 20 revolutions per

nitric acid

minute (RPM) for 20 min using green fine silicon carbide
powder (#600), which assists grinding of Si in the removal of
the ARC, emitter, and p—n junction; and (3) simultaneous
removal of the grinding damage on the front surface of the cell
and the Al electrode from the rear side of the cells by using
45% potassium hydroxide (KOH) at 80 °C. The first etching step
(HNO3) was conducted for 120 s. Chemical etching and
mechanical removal processes were performed with five
samples obtained from the thermal process. To grind the front
surface of the cell, the cell was affixed to a ceramic chuck and
then ground on a grinding machine for 20 min at 20 RPM. The
third etching step (KOH etching) was conducted for 10 min.
The etching steps were carried out under conditions optimized
through previous experiments.30 A schematic of the processes
is shown in Fig. 2.

eramic chuck
Degraded c-Si solar cell

HNOs OH
Ag etching SiN, PN Junction removal Aletching
} ) P-type water

Fig. 2 Schematic diagram of a process of removing impurities
remaining on the wafer surface

Characterization of reclaimed wafer

The thickness of the reclaimed wafers was measured with a
digital indicator (ID-H0530, Mitutoyo, Japan). Their resistivity
was measured by using a four-point probe (CMT-SR1000N,
Advanced Instrument Technology, USA). Scanning electron
microscopy (ESEM-FEG XL30, FEl, Holland) with energy-
dispersive X-ray spectroscopy (System Six, Noran, USA) was
employed to analyze the The
concentrations of phosphorus (P) and aluminum (Al) atoms in
the measured by
spectroscopy (SIMS, IMS 7f, Cameca, France). Microwave
detection of photoconductance decay (u-PCD, WT-2000,
Semilab) was performed to measure the carrier lifetime of the
reclaimed wafers.

surface  impurities.

wafers were secondary-ion mass

Fabrication of solar cells using reclaimed wafers

4| J. Name., 2012, 00, 1-3
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For surface texturing, the reclaimed wafer was dipped in an
alkaline solution. To form an n+ layer structure, the wafers
were treated in a tube furnace (SJ2, Sungjin-semitech, South
Korea) using a POClI; liquid source. Phosphosilicate glass (PSG)
was removed with a 10% HF solution. The SiN layer was
deposited on the emitter by plasma-enhanced chemical vapor
deposition (UT0506, Ultech, South Korea). The Ag/Al paste for
the metallization process was formed by using an auto screen
printer (SJ120, SJINNOTECH, South Korea) and then fired at in a
lamp-heated belt furnace. The p—n junction of the cell was
isolated by laser grooving. Typical characteristics of the cells at
a light intensity of 1 SUN were measured by using a solar
simulator (WXS-1555-L2, Wacom, Japan).

Results and discussion

The effect of annealing temperature on module separation

Fig. 3 shows that the Si., increased with annealing
temperature. However, the Si, ., in the case of nonfixture was
below 5% at all annealing temperatures. We achieved 100%
Siratic When we annealed the module for 30 min at 480 °C,
which is the end point of the second decomposition of EVA.2?

100

BANon- fixture
u Fixture

80

60

40

20

Si a0 (%0) after thermal process

350 400 450

Annealing temperature (°C)

480

400°C

Fig. 3 Unbroken wafer ratio with and without fixture (upper)
and image (lower) after thermal process at a fixed ramping-up

This journal is © The Royal Society of Chemistry 20xx
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rate of 15 °C/min with fixture. Four kinds of temperatures
were applied for annealing: 350, 400, 450 and 480°C

100

@ANon- fixture
m Fixture

Si rado (Y0) after thermal process

5 10 15 20 30
Ramp-up rate (°C /min.)

Fig. 4 Unbroken wafer ratio with and without fixture (upper)
and image (lower) after thermal process at 480 °C with fixture.
Five kinds of ramping-up rates were applied: 5, 10, 15, 20,
30 °C/min.

ARTICLE

ordinary carbon—carbon bonds in the beta position relative to
tertiary carbons. The major products of decomposition are
propane, propene, ethane, butene, hexene-1, and butene-1.**

1.0 - -~ —EVA
2 —Back sheet
)
£ 0.6 1
=
)
= 04 -
20
§ A e S e
0'0 1 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 5 Weight loss of EVA and back-sheet as a function of
temperature

Although EVA was completely separated from the solar cells
when we annealed the module at 450 °C, some cracks formed
in the cell and thus decreased the Si.ij, to 60%. Below 450 °C,
the EVA sheet and back-sheet did not fully decompose and
were thus inseparable from the solar cells.

The effect of ramp-up rate on the Si,.i, is shown in Fig. 4. The
figure shows that the Si.,, reached 100% at 15 °C/min.
However, in the case of nonfixture, the Si,., was below 5% at
all ramp-up rates. At rates higher or lower than 15 °C/min, the
Siratic decreased. At low ramp-up rates, however, various parts
of the solar cells were damaged.

Weight-loss behaviors of the EVA sheet and back-sheet (Fig. 5)
were analyzed by thermogravimetric analysis (TGA-4000,
Perkin Elmer, USA). The EVA sheet and back-sheet lost weight
through various steps. EVA experienced 30 and 90% weight
loss at 370 and 480 °C, respectively.

Primary decomposition from 260 °C to 370 °C released acetic
acid at this stage.e'2 Second decomposition occurred from
370 °C to 480 °C. Initiation reactions in the second
decomposition involve scission of tertiary carbon bonds or

This journal is © The Royal Society of Chemistry 20xx

These gases may be removed by appropriate equipment such
as an electrostatic precipitator or a fabric filter.>® The results
demonstrate that EVA decomposition was nearly completed at
480 °C. The back-sheet lost 10, 30, and 95% of its weight at
370, 480, and 560 °C, respectively.EVA resembles a gel and
remains stable at low ramp-up rate. EVA in gel-like form
continuously emits gases, steadily producing mechanical stress
in the cells and initiating cracks at weaker parts of the cells,
which eventually spread out. Therefore, careful control of the
ramp-up rate is necessary.

The major cause of cell breakage is the gases generated by EVA
decomposition.31 These gases accumulate between EVA and
back-sheet. EVA is much less likely to damage the cells because
it easier for the gases to escape through the back-sheet as it
decomposes; this process leads to more escape pathways for
the gases. However, the gases between the cell and glass can
affect cell breakage. According to TGA analysis, the first
decomposition of both the back-sheet and EVA started at
about 260 °C. The gases in this stage escape through

Non-Fixture

OO OO a poboocodoo
—_— -, =

Back-sheet

Fixture

(a) 260-370°C

(b) 370-480°C

Fig. 6 Module separation procedures during thermal process.
Cell breakage process (upper) in case of non-fixture and
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mitigation method (lower) of cell breakage by using fixture
during thermal process

the EVA sheet and back-sheet (Fig. 6(a)) or become trapped
between the glass and cell. As the temperature increases, the
decomposition of the back-sheet and EVA accelerates, and gas
generation accelerates.> The gases result in a high pressure
between cell and glass and tend to occupy the cell (Fig. 6(b)),
leading to cell breakage in the case of non-fixture. Application
of force to the cell prevents release of the gases from cell, as
shown Fig. 6. In addition, in order to obtain a cell that has no
crack, it is important to draw gases from EVA and back-sheet
out. If there are no grooves at the upper plate, the gases have
to move through the gap between upper plate and back-sheet.
However, the residue after decomposition makes the gases
difficult to escape. The gases trap between cell and fixture. It
makes stresses between cell and fixture, which result in the
crack of the cell. Therefore, the grooves in the fixture help the
gases released from EVA and back-sheet to escape effectively.
This result suggests that the Si solar cell may be separated
from the module without damage when the proper load is
applied.

The results of chemical etching and mechanical processes

The first step of the recovery process is removal of Ag
electrodes on the front surface of the cell. The electrodes may
be removed with the ARC, emitter, and p—n junction by
mechanical removal. This one-step process can thus make the
recovery process more simple and efficient. However, we
employed HNO; etching for two reasons: (1) prevention of
cracks on wafers due to the height difference between the top
of the Ag electrodes and the top of the wafer surface and (2)
recovery of Ag from the Ag electrode. As the Ag electrode
stands high above the wafer surface, cracks can form on the
front surface of the wafer when a grinding wheel presses
down on the wafer.

Tilted front

Fig. 7 SEM images of the front surface of the wafer after
mechanical removal (upper), and after KOH etching (lower)

Journal Name

after mechanical grinding. This is because of the process
required to recover Ag from wastes after grinding. For these
reasons, HNO; etching process was employed for the first
etching process. This reaction may generate toxic fumes of
nitric acid, which has significant effects on the environment,
such as acid rain and photochemical smog,34 as well as harmful
effects on human health. Therefore, this process must be
conducted in the fume hood. In addition, the waste after
mechanical removal can be used as raw material for silicon
refining.e'5

Fig. 7 shows a SEM image of the top surface of the ground
wafer subjected to HNO; etching and mechanical removal. The
figure shows that the wafer surface is uneven. The roughness
is caused by green silicon carbide fine powder, which was used
to make grinding efficient. However, it left grinding damage on
the front surface of the cell. This damage may be removed by
KOH etching process,36 which simultaneously etches the Al
rear contact. The mechanical process enabled removal of
impurities on the cell surface. Our previous study30 even used
3 liters of 49% HF solution to remove impurities for 50 Si solar
cells. This process decreased the total amount of chemicals
used in the present study of 50% relative to that in our
previous research (Table 2).30

Table 2. Type and amount of chemicals used in previous and
current research.

- 30
Our previous research Current method

Chemical 9%  60%  90%  49%  60%  30%
HF  HNO; Hs;PO, HF  HNO;  KOH
Amount 3L 111 14L  N/A 7L 7L

In addition, recovering Ag from the front electrode before
grinding is more convenient than recovering it from wastes

6 | J. Name., 2012, 00, 1-3

Fig. 7 also shows the front surface of the wafer subjected to
KOH etching followed by the mechanical removal process. The
purpose of this process is to remove the Al rear contact, back
surface field, and grinding damage caused by the grinding
process. As seen in the figure, the front surface after KOH
etching was uniform. The surface of the wafer was nearly
identical to that of a commercial wafer after saw damage
removal process using KOH. Therefore, grinding damage was
removed thoroughly by the etching process. In order to
dispose KOH liquid which was generated during Al etching, we
added H,SO, to KOH liquid wastes to form AI(OH);, and
K3S04(aq)- Subsequently, AI(OH)z() and K,SO4(,q) Were separated
by filtering, and then Al(OH); was heated to form AI203.37
Table 3 lists the final thickness and resistivity of the reclaimed
wafers after KOH etching. In order to apply current fabrication
processes for crystalline-Si (c-Si) solar cells, securing a suitable
final thickness of reclaimed wafers is important. Therefore, we
sought to achieve a final thickness of 170-180 um for the
reclaimed wafers. As can be seen in Table 3, the average final
thickness of the reclaimed wafers was approximately 180 um.
Since the thickness could be controlled by mechanical removal,
the reclaimed wafers showed nearly the same final thickness.
These results indicate that the recovery process has high
reproducibility and accuracy.

This journal is © The Royal Society of Chemistry 20xx
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One of the important properties of initial wafers is their
resistivity. To evaluate the quality of the reclaimed wafers, we
measured their resistivity and compared it with the resistivity
of virgin wafers. The minimum and maximum resistivities of
the reclaimed wafers were 0.6 and 3.7 Qecm, respectively. The
average resistivity of commercial virgin wafers lies in the range
of 0.5-3.0 Qecm. Therefore, the resistivity of the five
reclaimed wafers was close to that of commercial virgin wafer.
SIMS analysis was conducted to determine the P concentration
on the front and the Al concentration on the rear side of the
reclaimed wafers. In most commercialized c-Si solar cells, P
atoms diffuse to the front surface of the p-type wafer to form
a p—n junction and an emitter layer. Therefore, we can verify
whether mechanical removal thoroughly removes the emitter
layer by measuring the concentration of P atoms on the front
surface of the cells.

Table. 3 Thickness and resistivity of reclaimed wafers after
chemical and mechanical processes (Thickness tolerance is +
10 um)

ARTICLE

Fig. 8 SIMS analysis results P concentration on the front
surface (upper) and Al concentration on the rear surface of the
reclaimed wafer (lower)

Commercial #1 #2 #3 #4 #5

Similarly, the concentration of Al atoms on the rear surface
may be measured to determine whether the Al rear electrode
and back surface field (BSF, barrier block minority carriers that
flow to the rear contact) are perfectly etched. To make a
reclaimed wafer from the solar cell, the emitter, p—n junction,
Al rear electrode, and BSF must be removed. This requirement
means that P and Al atoms should not be detected by SIMS

measurements.
0.87-1.67 ps

0.90-2.34 ps 0.87-2.04 ps

5 1 ) 5

Fig. 9 Images of carrier lifetime of reclaimed wafers.
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Top and bottom panels of Fig. 8 respectively show the P
concentration on the front surface and the Al concentration on
the rear surface of the reclaimed wafers. They indicate that
throughout the penetration depth of the wafer, P and Al
atoms were hardly detectable on the front and rear surfaces,
respectively. Therefore, the emitter layer, p—n junction, Al rear
electrode, and BSF were completely removed by the combined
mechanical removal and chemical etching process.

The carrier lifetime of the reclaimed wafers was measured and
then compared with that of commercial virgin wafer. The
carrier lifetime of most commercial solar-grade crystalline
wafers without any surface passivation is in the range of 0.5-3
us.38 Mapping results for the carrier lifetime for the reclaimed
wafers (Fig. 9) show that the carrier lifetime of the reclaimed
wafers is in the range of 0.87-2.34 ps, which is close to that of

commercial wafers.

Fig. 10 Image of an reclaimed wafer obtained by the recovery
processes (left) and remanufactured solar cell with reclaimed
wafer (right).
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Fig. 10 (left) shows an image of the final reclaimed wafer. The
obtained reclaimed-wafer had a smooth and uniform surface
and resembled a commercial virgin wafer. We fabricated Si
solar cells using reclaimed wafers, as shown in Fig. 10 (right).
The initial Eff. value is in the range of 16.5-17.0%. Even if the
Eff. of Si solar cells varied with the structure, fabrication
method, and manufacturing recipe, we achieved 16.6-16.9%
Eff. by using the reclaimed wafers.

Conclusions

In the present study, we demonstrated processes to obtain
reclaimed wafers from PV modules. We applied a thermal
process to remove EVA and the back-sheet, and we found that
the gases released from EVA decomposition during the process
damaged the wafers in the PV module. To prevent the damage,
we designed and employed a fixture to release the gases.
Various ramp-up rates and annealing temperatures were
tested to obtain the highest Si,.;i,. We achieved 100% Si,.;j, at
15 °C/min and at an annealing temperature of 480 °C, which is
the end point of the second decomposition of EVA and the
back-sheet. We also developed a method for removing
impurities, which we combined with mechanical removal and
chemical etching. To obtain reclaimed wafers from the
separated cells, Ag and Al metal electrodes were etched with
HNO; and KOH respectively. The ARC, emitter layer, and p—n
junction were removed mechanically. After the mechanical
process, the front surface of the cell was damaged; however, it
was removed during the KOH etching process. We were thus
able to achieve a uniform and smooth surface. The final
thickness of the reclaimed wafers was 180 um, which is
sufficient for use in current processes for solar cells. In
addition, the minimum and maximum resistivities of reclaimed
wafers were 0.6 and 3.7 Qecm, respectively, and their lifetime
was 0.87-2.34 ps. These values are almost equal to those for
commercial virgin wafers. Finally, we applied a standard
manufacturing process for Si solar cells using the reclaimed
wafers and achieved an Eff. value of 16.6—16.9%.
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