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A B S T R A C T

This study presents the re-fabrication of a crystalline silicon (c-Si) solar cell using a Si wafer reclaimed from the
solar cell of an end-of-life (EoL) module, and an evaluation of its performance. A 6-in. commercial solar cell was
used in the etching process by wet chemical process in order to investigate the optimal mixing ratio of a mixture
of HNO3 and HF. The silicon nitride (SiNx) and aluminum (Al) back contact on both sides of the solar cell were
not completely removed at a high ratio of aqueous HNO3, and the precipitation of Ag particles on the surface of
Si wafer were deposited at a high ratio of aqueous HF in a mixed acid solution. The optimum etching condition
for the recovery of the c-Si wafer was applied to the EoL module, which consisted of 4″ solar cells. The
photovoltaic (PV) performance of the re-fabricated 4″ solar cell was measured by conventional solar cell
processing, which shows the best results reported so far. The higher boron (B) concentration and reflectance of
the re-fabricated solar cell reduced cell efficiency by 0.6% compared with the commercial 6″ solar cell. However,
it has sufficient potential for use in the PV industry.

1. Introduction

Photovoltaics (PVs) involve the use of sunlight as a clean and
sustainable energy resource, which is the most representative of
renewable energy sources [1]. Global PV capacity has been increasing
steadily over the last fifteen years, reaching 177 GW by 2014 (with the
addition of 38.7 GW in 2014 alone), i.e. at least ten times more than
the figure recorded in 2008 [2]. The continuing development of the PV
industry has led to a high portion for crystalline silicon (c-Si) solar
cells, and c-Si modules have been widely installed worldwide. The
market share of global c-Si PV modules is assumed to have remained
unchanged at around 85–90% [3]. Despite a dramatic rise in the
installation of PV modules, they cannot be used any longer than about
25–30 years because they incur such damages as cracks in the cells,
delamination, EVA discoloration, burn marks, potential induced de-
gradation, and so on [4], which results in their being discarded despite
the environmental issues. Therefore, the recycling of PV modules has
received considerable attention as a proper way of treating end-of-life
(EoL) PV modules [5–7]. There are numerous reports on the recycling
of EoL PV modules [8–12], and even the European Union announced

the Guideline 2012/19/EU in order to fix the regulations on the
disposal of EoL PV modules [13]. In accordance with this guideline,
EoL PV modules are officially regarded as waste electrical and
electronic equipment (WEEE), which means used PV modules must
be collected and recycled [14]. c-Si solar cell modules are composed of
low iron glass, an aluminum (Al) frame, a solar cell, an encapsulant
(generally EVA), a back-sheet, and a junction box, in order of mass. Of
these components, the Al frame and junction box can be mechanically
dismantled more easily than the other components. However, recover-
ing of unbroken solar cell from PV module is very difficult. Therefore,
advanced thermal process is required in order to recover the unbroken
solar cells [15]. The recovery of c-Si wafers from unbroken solar cells is
considered worthwhile because the c-Si wafering process accounts for
more than 65% of the production cost of solar cells [16]. As such, it is
possible to manufacture PV modules at a lower cost by using the c-Si
wafers reclaimed from EoL solar cells. However, conventional wet
chemical processes involving more than two steps are required in order
to remove certain solar cell components – such as the anti-reflection
(AR) layer, emitter layer, and the front and back contacts – and to
recover c-Si wafers from EoL solar cells, as well as many chemical
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solvents and rising processes [17–19]. In this research, a mixture of
acid solvents was used to recover the mono c-Si wafer by varying the
mixing ratios of the solvents. The mixing ratio of acids is the most
important parameter for efficiently removing functional layers on both
sides of a c-Si solar cell, because each acid has a different chemical
reaction with each of the different materials in the cell. Finally, the
optimum process condition for the recovery of c-Si wafers was applied
to the EoL module consisting of 4″ solar cells. In addition, the PV
performance of the re-fabricated 4″ solar cell was measured by
conventional solar cell processing, which shows the best results
reported so far.

2. Experimental procedure

2.1. Acid leaching

6″ mono c-Si commercial solar cells with three bus bars were used
in an optimizing study of the acid leaching condition. The chemical
etching process for recovering c-Si wafers from solar cells consisted of
only one step, i.e. the simultaneous removal of the front and back
electrodes, AR coating, and emitter layer. The solar cells were
immersed in a mixture of 20 wt% HNO3 and 20 wt% HF for 6 min at
room temperature. As shown in Table 1, the mixing ratios of HNO3 and
HF were varied at 92:8, 83:17, 67:33 and 50:50, and named as samples
A, B, C and D. The temperature increased up to around 100 °C during
the chemical reaction because the chemical process led to a strong
exothermic reaction. Also, the stirring effect was generated by the
formation of a lot of bubbles in the bath during the chemical reaction
between solar cell and mixed acid solution. A rinse in deionized water
was required after etching process.

In order to recover unbroken c-Si solar cell from the 4″ EoL
module, we employed a method reported in a previous work [15].
Then, the optimal experimental condition was applied to a 4″ solar cell
recovered from an EoL solar cell in order to reclaim the c-Si wafer. A
scanning electron microscope (SEM; Hitachi S-4700) and an energy
dispersive X-ray spectroscope (EDS; Horiba EMAX 7200-H) were
employed to investigate the surfaces, thickness, and residual elements
of the reclaimed c-Si wafer. The concentrations of boron (B) and
phosphorus (P) of the reclaimed wafer were measured using a glow
discharge mass spectrometer (GDMS; Thermo VG 9000).

2.2. Re-fabrication of solar cells

The B-doped (100) p-type c-Si wafer reclaimed from an EoL solar
cell had an area of 100×100 mm2 (4 in.), a thickness of 240 µm, and
resistivity of 0.5–3 Ω cm. The wafer was textured in a mixed solution of
KOH:isopropanol at 88 °C and etched by ~4 µm on each side. Then, the
emitter was formed via a gaseous diffusion from a phosphorous
oxychloride (POCl3) source in a tube furnace. After thermal diffusion
and the subsequent phosphosilicate glass (PSG) removal in an HF
solution, sheet resistance of ~50 Ω/sq was measured using a 4-point
probe. An AR coating (SiNx:H) was deposited via plasma-enhanced
chemical vapor deposition (PECVD) using silane, ammonia, and argon
gases. The thickness of the AR coating was 760–770 Å, and the
refractive index was 2.1 at 630 nm. This coating also functioned as
the surface passivation layer. The front and back electrodes were
formed via a screen-printing method using silver (Ag) and Al pastes,
respectively. After printing with the metal paste and drying, the wafer

was co-fired in an IR lamp-heated belt furnace in order to form the
ohmic contact between the metal and the semiconductor. Because the
wafer was doped on both sides, edge isolation was applied using a
532 nm Q-Switched Nd:YVO4 laser. The current-voltage characteristic
of the re-fabricated solar cell was obtained using a solar simulator
(McScience K210 LAB160). In this paper, COM and REC indicate a 6″
commercial mono c-Si wafer-based solar cell and a 4″ reclaimed mono
c-Si wafer-based solar cell from an EoL solar cell, respectively. For
comparison, the two wafers were treated by same cell processing.

3. Results and discussion

3.1. Behavior of acid leaching

The chemical etching behaviors of the front and back surfaces of the
Si wafers reclaimed from 6″ solar cells, according to the various mixing
ratios of HNO3 and HF, are shown in Fig. 1. It shows the different
surface characteristics in accordance with the experimental conditions.
In Fig. 1(a) the Si surface is exposed with a dark grey color, which looks
darker than a general Si wafer; in addition, the Al electrode seems to
remain on the etched wafer. Meanwhile, in Fig. 1(c), (d), (g) and (h) the
etched wafer seems to be stained with something. In addition, Fig. 1(d)
and (h) show that the surface of the wafer was changed to a brown
color. On the other hand, Fig. 1(b) and (f) show that both the front and
back surfaces of the Si wafer were exposed. In order to investigate the
different surface characteristics of the samples, as shown in Fig. 1, the
front and back surfaces of the etched Si wafers were analyzed by SEM,
as shown in Fig. 2. Fig. 2(a) and (e) show that there were detached
layer and surfaces round metallic particles, respectively. Fig. 2(c), (d),
(g) and (f) show very small particles on the surface of the etched wafers.
On the other hand, Fig. 2(b) and (f) show the etched wafers with a
relatively smooth and clean surface. In order to more clearly confirm
the trace materials on the surface of the etched wafers, EDS analysis
was carried out, the results of which are shown in Table 2. In Table 2(a)
and (e), the nitrogen (N) and Al (except for Si and oxygen (O)) are
considered to be traces of SiNx and the Al back electrode. Generally,
SiNx and Al were etched by aqueous HF acid according to reactions (1)
and (2) [20].

Si3N4 + 16HF → 2(NH4)2SiF6 + SiF4 (1)

2Al + 6HF → 2AlF3 + 3H2 (2)

This means that the amount of aqueous HF acid in the mixed
solution was insufficient to remove the SiNx and Al electrode. For this
reason, both the N and Al remained on the etched wafer, as shown in
Table 2(a) and (e). The Ag as front electrode was dissolved by aqueous
HNO3 acid according to reaction (3) [21]. The Si wafer was etched by
aqueous HNO3 and HF acids according to reaction (4) [22]:

4Ag + 6HNO3 → 4AgNO3 + NO + NO2 + H2O (3)

3Si + 4HNO3 + 18HF → 3H2SiF6 + 4NO + 8H2O (4)

On the other hand, the Ag element on the etched Si wafers was
analyzed, as shown in Table 2(c), (d), (g) and (h), except for Si and O. It
confirmed the SEM images, in which Ag particles were observed on the
entire surface of the etched wafers, as shown in Fig. 2(c), (d), (g) and
(h). This is because the Ag particles were chemically formed on the
surface of the Si wafer in an HF/AgNO3 solution [23]. In a solid state,
the Ag was dissolved according to reaction (3), while the revealed Si
wafer by aqueous HF acid was etched in a mixed solution according to
reaction (4). Accordingly, the deposition of Ag on the Si wafer can be
occurred by the following reactions [24].

Si + 6F → SiF + 4e (Si /Si) = −1.24V−
6
2− − 4+ (5)

Ag + e → Ag(Ag /Ag) = 0.799V+ − + (6)

Table 1
Experimental etching conditions in a mixture of HNO3 and HF solution.

Sample A B C D

Mixing ratio (HNO3: HF) 92: 8 83: 17 67: 33 50: 50
Etching time 6 min
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Overall reaction is:

4Ag + Si + 6F → 4Ag + SiF+ −
6
2− (7)

From the above reaction, Ag deposition could occur on the entire
surface of the Si. It is well known that the electronegativity of Ag is
greater than that of Si, it could be attraction electron from Si to become
negatively charged [25]. Consequently, Ag particles are deposited on
the c-Si wafer during the chemical etching process. On the other hand,
Ag was not detected in the result of EDS analysis, as shown in
Table 2(b) and (f). This is due to the suitable ratio of mixed acids. In
other words, the Ag particles deposited on the surface of the Si wafer by
reaction (7) were dissolved by a sufficient amount of aqueous HNO3 in
the mixed solution. As the ratio of aqueous HNO3 in the mixed solution
decreased, the amount of detected Ag showed a significant increase.
However, an excessive amount of aqueous HNO3 in the mixed solution
was not etched the SiNx and Al electrode. The amount of Ag detected on
the front side was greater than the amount on the back side of the Si
wafer, as shown in Table 2, because most of the Ag was present on the
front surface of the solar cell as front electrode.

3.2. Re-fabrication of new solar cell

Fig. 3 shows pictures of the recovered solar cell, the Si wafer

reclaimed by the chemical etching process, and the re-fabricated new
solar cell. The suggested optimization etching process enables the
etching of the 4" EoL solar cell. The thickness of wafer has an effect on
the PV performance. However, it is well known that the efficiency of Si
solar cell is not dependent on the thickness if the wafer thickness is
more than 200 µm [26]. The thickness of the reclaimed Si wafer was
around 240 µm. For this reason, it was not necessary to consider the
effect of the wafer thickness on the PV efficiency. The c-Si wafer

Fig. 1. Pictures of the etched wafers with various mixing ratios of HNO3 and HF: (a) and (e) 92:8; (b) and (f) 83:17; (c) and (g) 67:33; (d) and (f) 50:50.

Fig. 2. SEM images of the etched wafers with various mixing ratios of HNO3 and HF: (a) and (e) 92:8; (b) and (f) 83:17; (c) and (g) 67:33; (d) and (f) 50:50.

Table 2
Results of the EDS analysis of the etched front and back surfaces of samples A, B, C and
D.

Sample A B C D

Front surface (a) (b) (c) (d)
N 6.65 – – –

O 2.84 3.25 2.57 8.24
Si 90.51 96.75 83.85 50.94
Ag – – 13.58 40.82

Back surface (e) (f) (g) (h)
Al 18.94 – – –

O 26.18 2.55 2.60 4.26
Si 54.88 97.45 92.52 72.55
Ag – – 4.88 23.19
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obtained from the chemical etching process was applied to the
commercial solar cell fabrication process; and the new solar cell was
fabricated based on conventional solar cell processing. The PV perfor-
mance of the re-fabricated 4″ solar cell was significantly improved,
rising from an original rate of efficiency of 14.8% to a higher rate of
17.6%.

3.3. Light I-V curve

There are many factors that influence the efficiency of a solar cell.
Fig. 4 shows the I-V curves of the COM and REC, whose short-circuit
current density (Jsc), open circuit voltage (Voc), fill factor (FF), and cell
efficiency η( ) are summarized in the inserted table. Even though the
COM and REC were fabricated by same cell processing, the results
revealed different levels of cell performance. The Jsc and Voc values of
the REC were slightly smaller than those of the COM. Therefore, the
cell efficiency of the REC was slightly lower (i.e. 0.6%) than that of the
COM.

Jsc is due to the generation and collection of light-generated
carriers. In general, it depends on the optical properties and the
collection probability because other factors, such as the number of
photons and the spectrum of the incident light, remain more or less
constant. For this reason, when comparing solar cells made of the same
type of material, the most critical parameters are the optical properties;
the transmission and/or reflectance and collection probability; the
surface passivation and/or minority carrier lifetime in the base [27].
Among these parameters, surface passivation has little effect on the
efficiency of both the COM and REC due to the use of the same
conventional cell processing. This means that the low Jsc of REC can be

caused by the transmission and/or reflectance and the minority carrier
lifetime in the base.

Voc is the maximum voltage available from a solar cell, which
occurs at zero current. Voc corresponds to the amount of forward bias
in the solar cell. It is dependent on the amount of recombination in a p-
n junction, and increasing recombination increases the forward bias
current [28]. Consequently, high recombination increases the forward
bias diffusion current, which in turn reduces Voc. In order to confirm
the cause of the lower Jsc and Voc value of the REC compared with the
COM, the quantum efficiencies were measured.

3.4. Quantum efficiency (QE)

QE is the ratio of the number of carriers collected by the solar cell to
the number of photons of a given energy incident in the solar cell. The
QE for most solar cells is reduced by the recombination effect. The
same mechanisms which affect the collection probability also affect the
quantum efficiency. To confirm the lower value of Jsc and Voc in the
REC compared with the COM, the external and internal QEs are shown
in Fig. 4. The external QE of the REC was smaller than that of the COM
at a short wavelength of < 500 nm, as shown in Fig. 5(a). Generally, the
external QE of a Si solar cell includes the effect of optical losses such as
transmission and reflection. This can be attributed to the high surface
reflectance of the solar cell. Fig. 6 shows the measured reflectance and
the SEM images of the textured surface of the COM and REC. As can be
seen in Fig. 6, the REC has a higher reflectance than the COM of
approximately 5 % at a short wavelength. It is well known that the deep
and large textured pyramidal structures have a low average specular
reflectivity [29]. For this reason, the reflectance of the COM is lower
compared with the REC, as shown in Fig. 6. This differences between
the textured pyramidal structures can be explained the by post-
treatment of the Si wafer. In other words, the surface of the REC Si
wafer has different characteristics compared with the COM because of
acid leaching in the mixed solution. This phenomenon leads to different
surface texturing in conventional cell processing. For this reason, the
reduction of the REC's external QE at a short wavelength is caused by
high reflectance near the surface. As mentioned previously, optical loss
is a very important parameter because it influences the Jsc in the solar
cell's characteristics. Therefore, it is good agreement that the Jsc of the
REC is lower than that of the COM.

The purpose of internal QE is to distinguish between electrical and
optical losses, since internal QE represents the QE of the solar cell
concerning only those photons which actually generated excess charge
carriers [30]. Both the COM and REC were shown to have identical
behavior on a long wavelength, as shown in Fig. 5(b). At a short
wavelength, however, the IQE result of the REC decreased slightly
compared with the COM, which is attributable to an increase of surface
recombination and to inclined carrier collection in the emitter region

Fig. 3. Pictures of the overall process of chemical etching-based 4″ c-Si solar cell from EoL solar cell: (a) EoL solar cell; (b) Reclaimed c-Si wafer; (c) Re-solar cell.

Fig. 4. Light I-V curves of the COM and REC.
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[31]. The Voc of a Si solar cell is well known to be directly related to the
minority lifetime of the Si wafer. For this reason, the Voc value of the
REC was lower than that of the COM. To understand this phenomenon,
the resistivity and minority carrier lifetime were evaluated with the
COM and REC wafers, as shown in Table 3. The REC wafer was
observed to have lower resistivity and minority carrier lifetime
compared with the COM wafer, which is usually caused by a high
dopant concentration in the bulk Si wafer [32].

3.5. Dopants in the solar cell

We analyzed the dopants in the Si wafer – such as P, and B – by
GDMS. P dopant was not detected both the COM and the REC.
However, the B dopant concentration of the REC was higher than that
of the COM in the Si wafer, as shown in Table 4. The high B
concentration in the p-type Si is known to lead to a low carrier lifetime.
As an explanation for the decrease of the minority carrier lifetime, the
dopant plays a key role in the recombination activity within an
operating solar cell [33]. The effective lifetime calculated via the

Shockley-Read-Hall mechanism showed a considerable decrease as
the dopant density in the Si wafer increased [34]. The calculated
effective lifetime decreased considerably from 1000 μs at 1×1016 cm−3

doping to 600 μs at 3×1016 cm−3 doping, with a donor concentration of
1×1015 cm−3 [35]. This means that such a variation in the minority
carrier lifetime could be caused by sensitivity to the presence of defect
levels in the band-gap. In other words, this phenomenon is caused by
an increase of the recombination center due to the high B dopant
concentration [36]. As a result, the higher B concentration results in
lower Voc, Jsc values and efficiency in the solar cell.

In conclusion, the higher B concentration and reflectance caused by
the small textured pyramidal structures of the REC reduces cell
efficiency by 0.6 % compared with the COM. However, the REC has
sufficient potential for use in the PV industry.

4. Conclusion

Various mixing ratios of HNO3:HF were applied in the process of
etching the Si solar cells for the recovery of a Si wafer, i.e. 92:8, 75:25,
67:33 and 50:50 at volume fraction. The SiNx and Al back contact on
both sides of the solar cell were not completely etched at a low
concentration of aqueous HF acid, and the existence of Ag particles
on the surface of Si wafer was detected using EDS analysis at a low
concentration of aqueous HNO3 acid in a mixed solution. A Si wafer
that Ag was not detected by EDS analysis could be efficiently obtained
under the condition of a mixed acid solution of HNO3 and HF at a ratio
of 83:17. The recovery of the Si wafer from a 4″ EoL solar cell under the
optimum etching condition was conducted, and then a 4″ c-Si solar cell
was fabricated conventionally using the reclaimed Si wafer. The PV
performance of the 4″ solar cell was evaluated to have a high efficiency
of 17.6 %, i.e. a rise of 18.9 % compared with the original efficiency of
the solar cell. The REC shows lower Voc and Jsc values and lower cell
efficiency than the COM because of the high reflectance and the high
concentration of B dopant.
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Fig. 5. External and internal quantum efficiencies of the COM and REC.
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Fig. 6. Reflectance of the COM and REC: The inserted pictures show SEM images of the
textured surface: (a) COM (left) and (b) REC (right).

Table 3
The resistivity and minority lifetime of the COM and REC wafers.

COM REC

Resistivity (ohm.cm) 2.9 0.72
Minority lifetime (μs) 50.4 7.95

Table 4
Concentration of dopants in the COM and REC wafers measured by GDMS.

Dopant Concentration (atoms/cc)

COM REC

B 5.0E15 1.0E16
P < 4.5E15 < 4.5E15
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