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Efficient resource recovery and reutilization are important for overcoming the immense challenges associated
with waste photovoltaic module management and the limited raw material supplies, but these processes are
significantly impeded by the low recycling efficiency and poor profitability of current technologies. Here, an
integrated crystalline silicon cell regeneration technique is proposed by skillfully combining the sequential
processes of nondestructive silicon cell recovery, wafer prepurification, one-step ultrapurification and texturing
using metal-assisted chemical etching (MACE), and intrasystem reutilization of recovered materials. High-purity
and intact silicon wafers are successfully recovered, and various anti-reflection textures including the intriguing
dual-scale micro/nano structure are controllably constructed simultaneously by applying a single-step MACE
process. The favorable thickness (165 pm), resistivity (1.02-2.28 Qecm) and carrier lifetime (1.12-2.47 ps) of the
recovered silicon wafers, along with their ultralow reflectivity (5-15%) compared with commercial silicon
wafers, make them excellent viable options for high-efficient photovoltaic module production. A rough economic
assessment reveals that this integrated strategy presents a lower production cost than that of a conventional
recovery process or the price of silicon wafer from industrial production process, and the fully recovered Al
frame, tempered glass, Cu ribbons, and high-purity Ag and Al powders can be reused within the system for solar
cell regeneration and as catalysts for MACE, resulting in economic viability and high resource sustainability.

of PV modules (Weckend et al., 2016). This large number of EoL PV
modules pose new environmental risks and threatens human health

1. Introduction

Global warming and the fossil fuel crisis are strong motivators for the
development of clean and renewable energies, and the emerging
photovoltaic (PV) technology is suggested to be one of the most prom-
ising alternatives (Oteng et al., 2021). Numerous studies have been
devoted to the improvement of the power conversion efficiency of PV
technology (Singh et al., 2021), and a large amount of PV modules have
been installed in recent decades (IEA 2000-2040). Accordingly, the
resource supply risk for raw materials, including the silicon (Si) and
related metals, is increasing due to the large increase in installations,
which has already restricted the sustainable development of the PV in-
dustry (Guo et al., 2021). In addition, more than 45,000 tons of
end-of-life (EoL) PV modules were generated in 2016, and this number
will dramatically increase to 1.7-8.0 and 60-78 million tons by 2030
and 2050, respectively, due to the limited service lifetime (25-30 years)
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(Nain and Kumar, 2021) but provide potential opportunities to the raw
material, such as Si and valuable metals (e.g., Ag, Cu, Pb, Al, Sn) (Jung
et al., 2016; Chen et al., 2021). Therefore, developing technologies to
recycle waste PV modules is imperative.

Recovery and reutilization is one of the most attractive strategies to
offset the environmental impact and convert waste PV modules into
sustainable resources for the PV industry (Farrell et al., 2019; Heath
et al., 2020). Therefore, many efforts have been focused on resource
recovery from EoL PV modules, especially the recovery of crystalline Si
(c-Si) from c-Si-based PV modules, which dominate the major market
share (Song et al., 2021). Currently, some methods, such as chemical
dissolution (Kim and Lee, 2012) and thermal decomposition (Tammaro
etal., 2015), are proposed to remove the adhesive ethylene-vinyl acetate
(EVA) that remains after separating the valuable Al frame from the PV
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module; thus, tempered glass, Si cells and Cu ribbons can be further
recovered. Subsequently, solar grade Si can be reclaimed followed by a
chemical etching purification process and reinjected as raw materials for
solar cell manufacturing, which contributes to the circular economy.
However, Si is usually recovered in the form of fragments or powders,
which can only be reused for Si ingot production, inducing high eco-
nomic and environmental costs. In other words, such recovery methods
result in insufficient profitability to maintain the process sustainability,
which necessitates seeking a cost-effective, sustainable and benign op-
tion. Methods to recover intact Si wafers with direct reuse features for
new solar cells refabrication in commercial PV module production line
have thus been proposed as an ideal recycling mode (Xu et al., 2021;
Deng et al., 2019). Skipping the process of Si ingot production and wafer
cutting can save approximately 40% of the cost of PV module production
(Liu et al., 2019). Nonetheless, there is still a major challenge for the
current technologies: regenerated solar cells from recovered Si wafers
tend to exhibit a decreased conversion efficiency (Shin et al., 2017; J.K.
Lee et al., 2018), which is not acceptable for the current competitive PV
market. Therefore, developing a novel technology that combines
nondestructive Si wafer recovery and power conversion efficiency
upgrading is of critical importance to this ideal mode but is still
challenging.

The power conversion efficiency of Si solar cells is mainly deter-
mined by their electrical and optical properties, including the quality of
the Si wafers (e.g., intrinsic purity, thickness), the metal electrodes,
surface passivation, and the light-trapping ability of the surface struc-
ture (Ye et al., 2014). For nondestructively recovered Si wafers, it is
difficult to enhance electrical properties by improving their intrinsic
purity unless they are fused to reproduce the Si ingot. In addition, im-
purities on the reclaimed Si cell surface should be removed by chemical
etching to obtain pure Si wafers. This process is traditionally vigorous
and uncontrollable, easily leading to a sharp decline in wafer thickness
(Jung et al., 2016; Kang et al., 2012; Klugmann-Radziemska et al., 2010;
Wang et al., 2012; Huang and Tao, 2015; Huang et al., 2017). Conse-
quently, a regenerated solar cell usually exhibits relatively low power
conversion efficiency, despite the newly processed metal electrodes and
surface passivation (J.K. Lee et al., 2018). In contrast, modifying the
recovered Si wafers with a surface texture featuring excellent
light-trapping capability is a smart way to achieve comparable or even
higher power conversion efficiency than those of new wafers. Si wafers
with low reflectivity, named black Si (B-Si), can be easily obtained
through surface texturing (Oh et al., 2012; Savin et al., 2015; Liu et al.,
2014; Peng et al., 2010). Among B-Si fabrication methods, the
metal-assisted chemical etching (MACE) method has attracted wide-
spread attention since it is rapid, simple and controllable, and it fits the
current commercial production line (Yhc et al., 2020; Huo et al., 2020).
In particular, MACE is a top-down wet chemical etching approach to
texturing microscale or nanoscale structures, such as pyramids (Wang
et al., 2014; Cao et al., 2016), nanowires (Lin et al., 2019; Chang and
Sakdinawat, 2014), and nanoporous Si (Wang et al., 2018; Yuan et al.,
2009), in the presence of metal catalysts (e.g., Au and Ag nanoparticles
or film), oxidative agents (e.g., HoO2, KMnO4, K2Cr07) and HF. Addi-
tionally, a more complex micro/nano composite texture can also be
formed using multistep etching processes (Ye et al., 2014; Fang et al.,
2015; Wilshaw et al., 2017). All of the above surface structuring
methods produce excellent light-trapping ability with low reflectivity,
thus contributing to a higher power conversion efficiency. If the MACE
method is applied to construct a satisfactory texture for the reclaimed Si
wafers, the performance of these wafers can be at least comparable to
that of new wafers. However, to the best of our knowledge, this
endeavor has not yet been explored.

Building on our newly developed solvothermal swelling coupled
with thermal decomposition (SSTD) method (Xu et al., 2021), a novel
technology for EoL c-Si PV module recycling and upgrading is proposed
for the first time, which integrates an SSTD process for nondestructive Si
cell recovery, a sequential acid etching for Si wafer prepurification, a
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newly extended MACE method for ultrapurification and simultaneous
ultralow reflectivity surface texture fabrication, and intrasystem reuse of
reclaimed materials. Through this technology, desirable and highly pure
Si wafers with intact structure, minimally reduced thickness and
excellent light-trapping ability (R = 5-15%) are successfully obtained.
The properties of the reclaimed Si wafers are characterized and evalu-
ated for new solar cell manufacturing and packaging, which encourages
regenerated solar cells with higher power conversion efficiency than
that of new commercial solar cells. In addition, this technology shows
remarkable advantages in reducing production costs and exhibits
closed-loop recycling by fully recovering the tempered glass, Al frame,
Cu ribbons and even the highly pure Al and Ag powders from the PV
modules for intrasystem reutilization, making the process economically
viable and sustainable.

2. Experimental section
2.1. Experimental procedure

The commercial multicrystalline Si (mc-Si) module, including an Al
frame, tempered glass, two EVA layers, Si cells (156 mm x 156 mm, p-
type), Cu ribbons, and a backsheet, as shown in Fig. 1a, was used in this
study. In the PV module, Si cell is the core component for photoelectric
conversion and is consisted of Ag electrode, anti-reflection coating
(ARC), n-type Si, p-type Si, Al back surface field (BSF), Al-Si alloy and Al
electrode (Fig. 1b).

Given the structure of the PV module and Si cell, a systematically
integrated process was proposed here for recycling and upgrading the
EoL c-Si-based PV module. As illustrated in Fig. 1c, the Al frame was first
separated mechanically from the spent c-Si PV module obtained from
the PV power station. The Si cells were then recovered nondestructively
from the remaining PV module via the SSTD method, which was re-
ported in our previous study (Xu et al., 2021). By demonstrating that
pressure derived from the gas that is generated from EVA decomposition
and trapped between the Si cells and the tempered glass during thermal
treatment was responsible for Si cell damage, we suggested swelling the
EVA in hot and pressurized organic vapors to convert the dense structure
of the EVA into a loose structure to form a gas release channel before
thermal treatment. Specifically, the swelling temperature was 190 °C,
the processing duration was 2 h, the organic solvents was a mixture of
toluene (0.2 M) and ethanol (0.2 M) and the pressure was kept within
1.2-1.4 MPa by measurement; the following thermal decomposition was
conducted at 500 °C for 0.5 h. Consequently, 86.11% of Si cells in a
commercial PV module can be reclaimed without any damage, which
was approximately an order of magnitude higher than that of a direct
thermal decomposition method, suggesting that the SSTD process is a
feasible, facile and controllable method for layer separation and
considerable nondestructive resource recovery from EoL c-Si PV
modules.

The each nondestructively recovered Si cell was then immersed in
3.5 L HCl, HNOj3 and HF solution to remove Al electrode, Ag electrode
and ARC sequentially. Different acid concentration, immersion time and
temperature were used to select an optimal impurities removal condi-
tion. After that, the remaining Si cell was etched in a 3.5 L solution,
containing various concentrations of Cu(NOs)2, AgNO3, HF and HyO for
5 min at room temperature for ultrapurification and simultaneous sur-
face structure fabrication. The residual metal nanoparticles were then
completely removed using HNOj3 (30 wt.%) ultrasonically at room
temperature for 15 min and a mixture of HCl/H202/H20 (1/1/6) at
80 °C for 20 min. Afterwards, a post-treatment by dipping the Si wafers
in a mixed solution (3.5 L), containing 0.2 M KOH and 10 vol% isopropyl
alcohol (IPA) was applied to modify the rough surface structure at 50 °C
for 90 s. The obtained Si wafers were finally rinsed with ultrapure water
and dried by nitrogen.



X. Xu et al.

&

4 ”a,,,

Ag electrode
ARC

n-type silicon
p-type silicon
Al BSF

Al-Si alloy L

Al electrode —=

Resources, Conservation & Recycling 182 (2022) 106284

Fig. 1. Schematic illustration of the typical structure of a (a) c-Si-based PV module, (b) Si cell, and (c) the integrated process for EoL c-Si-based PV module recycling

and upgrading.
2.2. Analysis and characterization

To evaluate the removal efficiencies of the Al and Ag electrodes, the
metal concentrations in the HCl and HNOg solutions were measured by
inductively coupled plasma-optical emission spectrometry (ICP-OES,
Optima 7000DV, PerkinElmer, USA). The surface texture structures and
elemental distributions of the recovered Si cells and wafers were
analyzed by scanning electron microscopy equipped with energy
dispersive spectrometry (SEM-EDS, S-4800, HITACHI, Japan) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher,
USA). The reflectivity of the Si wafers was evaluated by a UV-VIS-NIR
spectrometer (UV3600, Shimadzu, Japan), and the average reflectivity
was calculated with Eq. (1).

— foomR(2)-S(2) dA

R = 300nm (1)
1100nm
300nm S(/l)d}'

whereR is the average reflectivity of the Si wafer from 300 nm to 1100
nm, A is the wavelength of incident light, R(1) is the measured reflec-
tivity of the Si wafer, and S(4) is the solar flux under standard AM1.5
conditions.

The thickness of the Si cell and wafer was measured by a micrometer
(0.001 mm, NSCING). Four-point probes (FT-8100, ROOKO) was used to
characterize the resistivity of the recovered Si wafer. The carrier lifetime
of the obtained Si wafer was recorded by microwave-based detection of
the photoconductivity decay (p-PCD, WT1000B, Semilab, USA). X-ray
diffraction (XRD, X'Pert Pro, PANalytical B.V., Netherlands) and ICP-
OES were applied to evaluate the crystal structure, recovery rate and
purity of the recovered metal powders.

3. Results and discussion
3.1. Prepurification of nondestructively reclaimed Si cell

Purification was vital for the reutilization of Si wafers after the
nondestructive reclamation. According to the composition of Si cells
(Fig. 1b), to obtain pure Si wafers, impurities, including the Ag elec-
trode, ARC, n-type Si, Al BSF, Al-Si alloy and Al electrode must be clearly
eliminated. In the Si cell manufacturing process, ARC is a SigNy4 layer
that enhances the light-trapping ability of the Si wafer surface, which is
fabricated by plasma chemical vapor deposition. A standard n-type Si is
formed by phosphorus diffusion to induce the photovoltage, and then
the produced current outputs through the Ag and Al electrodes, which
are constructed by screen printing and sintering at 800 °C (Kumar et al.,
2016). Note that the Al BSF and Al-Si alloy layers are formed during the

sintering procedure because the Al-Si eutectic temperature (577 °C) is
much lower than the sintering temperature (Figure S1, Supplementary
Material) (Rauer et al., 2018). In contrast, Ag-Si alloy is difficult to form
owing to the higher Ag-Si eutectic temperature of approximately 840 °C.

To remove impurities on reclaimed Si cells, many chemical etching
processes for purification have been proposed (Table S1). Generally,
alkali (e.g., KOH, NaOH) or/and a mixture of HF/HNO3/H30 are
consistently used in these methods because only alkali solutions or HF
coupled with oxidants can react with Si to remove impurities that are
trapped in Si, according to Eq. (2) and 3.

Si+2KOH + H20—K2Si03 + 2H2 2)
3Si+4HNO3 + 18HF—3H2SiF6 + 4NO + 8H20 3)

However, these methods are often vigorous and uncontrollable and are
mainly applied to recover broken Si wafers or powders for ingot pro-
duction, where the thicknesses of the recovered wafers or the Si recovery
rate is not a critical factor. In other words, the recovery rate of Si is
usually sacrificed to improve the purity of the final Si product by over-
etching of Si. Unfortunately, these methods are not applicable to intact
Si wafer purification because the thickness of the Si wafer is critically
important for the Si cell power conversion efficiency and the wafer
thickness should be at least 160-170 pm before texturing process
(Fraunhofer Institute for Solar Energy Systems 2021). Moreover, it has
been found that the pure Si wafers obtained by the abovementioned
methods usually exhibit a high reflectivity of over 30% (Figure S2). In
this case, the texturing process to form a light-trapping structure be-
comes necessary before Si cell regeneration, which leads to further
thickness reduction in the reclaimed Si wafers. Therefore, converting the
reclaimed intact Si cell into a viable Si wafer for new cell fabrication still
presents a nontrivial challenge.

A mild sequential etching process without alkali and HF/HNO3/H20
was employed here to prepurify the reclaimed Si cells, as shown in
Fig. 2a. The first etching step was conducted with HCI to remove the Al
electrode at room temperature, and the removal efficiency increased
with the concentration of HCl (Fig. 2b). Considering the volatility of
concentrated HCl, a moderate concentration of 18-24 wt.% was
selected, which can completely dissolve the Al electrode in 10-15 min.
Then, the obtained Si cell was immersed in a HNOgs solution to remove
the Ag electrode. As illustrated in Fig. 2c, the Ag removal efficiency was
strongly dependent on the HNOj3 concentration, presenting an extremely
low reaction rate as the HNO3 concentration decreased below 20 wt.% at
40 °C. To achieve efficient dissolution and to avoid the risks associated
with concentrated HNOg3, the effect of temperature on Ag electrode
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Fig. 2. (a) Flowchart of the sequential etching process. (b) Effect of HCI concentration on Al electrode removal at room temperature. (c) Effect of HNO3 concentration
on Ag electrode removal at 40 °C. (d) Effect of temperature on Ag electrode removal with a HNO3 concentration of 30 wt.%. (e) Effect of HF concentration on ARC

removal at room temperature.

removal was investigated with a relatively low HNO3 concentration of
30 wt.% Fig. 2.d shows the result and suggests that complete Ag removal
could be achieved in 10 min with a slight temperature increase to 50 °C,
which might be the preferred condition. After the elimination of metal
electrodes, HF was used to remove the ARC layer, and the effect of
different concentrations of HF on the removal efficiency is shown in
Fig. 2e, indicating a positive correlation. Similarly, taking the volatility
of concentrated HF into account, relatively low concentration of 20-30
wt.%, could be optimal, successfully removing ARC in 5 min at room
temperature.

Fig. 3a shows photographs of a Si cell reclaimed by the SSTD process
and the prepurified Si wafer, labeled as PP-wafer. The disappearance of
the metal wires and blue coating suggested the successful removal of the

Ag electrode, Al electrode and ARC. In addition, it should be noted that
the two sides of the PP-wafer presented different brightness, which can
be explained by the surface structure. In the Si cell manufacturing pro-
cess, one of the essential steps is preparing a textured surface on the
front side and a polished surface on the back side to improve light-
trapping ability. According to the SEM image of the PP-wafer
(Fig. 3b), the original micron-sized texture on the front side and the
polished surface on the back side were not destroyed by the sequential
acid etching process, thereby resulting in different brightness. In other
words, this prepurification method possessed a high recovery rate for Si
because almost no Si corrosion occurred during the process.

To verify the purity of the obtained PP-wafer, elemental analysis was
performed using EDS and XPS Fig. 3.c shows the elemental content and
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Fig. 3. (a) Photographs of reclaimed Si cells and wafers after prepurification. (b) SEM images of Si wafers after prepurification. (c) EDS analysis and mapping images
of the front side of the reclaimed Si cells and wafers after prepurification. (d) EDS analysis and mapping images of the back side of the reclaimed Si cells and wafers
after prepurification. (e) XPS analysis of the front side of the reclaimed Si cells and wafers after prepurification. (f) XPS analysis of the back side of the reclaimed Si

cells and wafers after prepurification.

distribution on the front side of the reclaimed Si cell and PP-wafer,
clearly revealing the successful removal of the Ag electrode and ARC.
However, minute amounts of P (0.07%) were found on the front side of
the PP-wafer, even higher than that on the reclaimed Si cell, which is
consistent with the peak intensity (P 2p at 134.68 eV) in the XPS spec-
trum (Fig. 3e), probably because the phosphorus diffusion layer was
exposed after the ARC removal. In relation to the back side of the PP-
wafer, a small amount of Al (0.92%) remained (Fig. 3d) after HCL
etching, which is also reflected in XPS observation by a weak peak
assigned to Al 2p at 74.88 eV (Fig. 3f). The incomplete elimination of P
and Al is unsurprising; unlike the facile reaction between SisN4 and HF
(Eq. (4)), Si and HF exhibits extremely low kinetic reaction rate at room
temperature unless oxidants such as HNO3 and KMnO4 are added, as
mentioned before (Eq. (3)). In this case, the P doped in Si (phosphorus
diffusion layer) could not be removed completely during the ARC
removal process in which only HF was present in the etchant. Likewise,
despite the reaction of Al and HCl (Eq. (5)), the Al trapped in the Al-Si
alloy and BSF layer was difficult to dissolve thoroughly.

Si3Ny+12HF—3SiF4 + 4NH; “4)
2Al + 6HCI-2AICI3 + 3H2 5)

As a prepurification method, the sequential acid etching process suc-
cessfully removed most of the impurities on the reclaimed Si cells and
avoided the undesired over-etching of Si. Moreover, it is a chemically
selective etching process, leaving the Al and Ag dissolved in the HCl and
HNOj3 solutions separately, which is conducive to metal recovery and
will be discussed later. Of course, the incomplete removal of P and Al
still have negative impacts during the solar cell manufacturing using the
recovered Si wafers. On the one hand, the Si wafer with residual P after

p-n junction preparation tended to form a heavy doping, which would
lead to the bond contraction, lattice deformation and surface recombi-
nation of photogenerated carriers, hence decreasing the power conver-
sion efficiency. On the other, the metal Al impurity not only introduced
many recombination centers, but also polluted the whole solar cell
manufacturing system due to the volatilization of Al during high tem-
perature phosphorus diffusion process. Therefore, a further complete
purification treatment is required to gain a high-purity Si wafer.

3.2. One-step ultrapurification and upgrading of PP-wafer

To simultaneously ensure purity and maintain thickness, the MACE
method was utilized here for further treatment of the PP-wafer,
combining the complete impurity removal and anti-reflection texture
fabrication processes into a single step. Excessive loss of the resultant
high-purity Si wafer could be avoided due to the omission of re-etching
to form a surface texture during the Si cell regeneration process. More
importantly, various controllable surface structures can be fabricated by
the MACE method, exhibiting much lower reflectivity than that by
conventional texturing methods, thereby upgrading the reclaimed Si
wafers.

Since no endeavor has been made to extend MACE for the treatment
of recovered Si wafers previously containing impurities, the process
feasibility was demonstrated, and the texture regulation of PP-wafer by
MACE was first investigated in this work with the most commonly used
metal catalysts, Cu?" and Ag™. As a result, different structures, including
a dual-scale micro/nano texture (DMN), nanowires texture, nanoporous
texture and inverted rectangular pyramidal structure, were fabricated
on the PP-wafers by adjusting the concentration of Cu?* and Ag*, as
described in Fig. 4a and 4b. In this experiment, the concentrations of HF
and the oxidant (H205) were kept at 4.6 M and 0.55 M, respectively, and
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Fig. 4. (a) The evolution of surface texture with different Ag* and Cu®* concentrations. (b) SEM images of four typical dual-scale micro/nano texture fabricated with
0.1 mM Ag*' and 1.0 mM Cu®*, nanowires texture fabricated with 1.0 mM Ag™, nanoporous texture fabricated with 1.0 mM Ag" and 5.0 mM Cu?" and inverted
rectangular pyramid fabricated with 2.0 mM Ag* and 10 mM Cu?*. (c) Schematic illustration of the MACE and impurity removal processes.

all the Si wafers were etched at room temperature for 5 min. As shown in
Fig. 4a, a DMN texture was obtained when the concentration of Ag" was
lower than 0.3 mM, regardless of the Cu?" concentration. However, the
nanostructure built in the DMN texture changed gradually from
extremely small rough pores (Fig. 4b1) to larger shallow pits (Figure S3)
with increasing Cu®" concentration, which may be determined by the
redox potential of the metal catalyst (Chen et al., 2018; Chen et al.,
2019). As seen in Fig. 4c, the metal ions in the etchant were reduced to
metal nanoparticles and deposited on the Si wafer surface in the MACE
process due to the potential difference between Si and the metal catalyst.
Then, the higher electronegativity of the metal catalyst induced further
electron capture from Si to form a negatively charged surface, thereby
attracting metal ions in the etchant by coulombic force and resulting in
the growth of metal nanoparticles. Driven by the catalytic activity, the
holes generated from H,O reduction were injected into Si through the
formed metal nanoparticles. In this case, the Si in contact with the metal
nanoparticles was preferentially oxidized to Si dioxide (SiO3) and
immediately removed by HF. Due to the high redox potential of the
Ag'/Ag couple (0.7796 V), the Ag nanoparticles were endowed with
strong electron withdrawal property, which contributed to the faster
oxidation and etching of the Si beneath the Ag nanoparticles, hence
forming vertical pores with a higher aspect ratio. In contrast, the lower
redox potential of the cu®*t/Cu couple (0.345 V) inhibited the electron
capture ability, leading to preferential Cu nanoparticle deposition in the
direction of the Si orientation with high free bond density; lateral
etching rather than vertical etching was thus encouraged by this
anisotropic deposition to fabricate lower ratio pits. Accordingly, in the

DMN, the nanostructure of rough pores of extremely small sizes grad-
ually converted to shallow pits because lateral etching became more
prominent as the concentration of Cu?" in the etchant increased. When
the etchant was equipped with a slightly high Ag* concentration and
low Cu®* concentration, a nanowires texture was obtained (Fig. 4b2). It
is reasonable to assume that the reinforced and vertical etching due to
the Ag" concentration increase dominated the texturing process,
causing the formation of the nanowires texture and the disappearance of
the original micron-sized texture. As the concentration of Ag™ or Cu?*
was further increased individually, the original micron-sized texture was
consistently eliminated, and the surface structure took on a nanoporous
texture. In addition, it should be noted that the nanoporous texture
presented as nanocylinder pores (Fig. 4b3) owing to the enlarged Ag
nanoparticles upon increasing the Ag" concentration, while the ob-
tained nanoporous structure via a higher Cu?* concentration developed
into inverted pyramids, as illustrated in Figure S4. Due to the simulta-
neous vertical etching by Ag catalysis and the lateral etching by Cu
catalysis, an inverted rectangular pyramidal structure (Fig. 4b4) was
fabricated on the PP-wafer after the concentrations of Ag®™ and Cu?*
were both increased to a specific level. Correspondingly, the minimum
reflectivity of the typical DMN texture, the nanowires texture, the
nanoporous texture and the inverted rectangular pyramidal structures
was 10.21%, 5.68%, 6.58% and 5.52%, respectively, and all the other
reflectivity under different Cut and Ag™ concentrations can be found in
Table S2.

To the best of our knowledge, the MACE method was extended to
reclaimed Si wafer treatment here for the first time. By demonstrating
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the controllable fabrication of various surface textures, it is suggested
that MACE can be successfully applied to PP-wafer treatment with the
newly established texture regulation techniques. Subsequently, the im-
purities of P in the n-type Si layer and the Al in the Al-Si alloy and Al BSF
layer were expected to be removed by the one-step etching process. In Si
cell manufacturing, all the n-type Si, Al-Si alloy and Al BSF layers are
formed through surface diffusion, leaving behind a uniform distribution
of P and Al over a shallow depth. With Si dissolution in the MACE
process, the trapped P and Al will be exposed and released into the liquid
phase. Once etching progresses beyond the shallow depth, the impurities
are removed completely, simultaneously obtaining high-purity Si wafers
with excellent light-trapping property, as shown in Fig. 4c. Additionally,
MACE is a facile and relatively low energy consumption process that can
produce the desired performance at room temperature. Nevertheless,
purification using a mixture of HF/HNO3/H20 usually requires low-
temperature condition (even close to 0 °C) due to the vigorous reac-
tion (Qiao et al., 2019), and a higher temperature is essential for alkali
treatment to achieve satisfactory impurity removal (Shin et al., 2017;
Huang et al., 2017). Furthermore, compared with the HF/HNO3/H50
system, HoO5 coupled with a metal catalyst was used in MACE to replace
HNOg as an oxidant, making the etching depth more controllable to
ensure an adequate recovered Si wafer thickness.

More interestingly, through a single MACE process, a DMN texture
was successfully fabricated on a PP-wafer with 1.0 mM Ag" and 5.0 mM
Cu®" when the concentrations of HF and H,0, were adjusted to 2.3 M
and 0.77 M, respectively, as shown in Fig. 5. It is worth mentioning that
the more open nanostructure obtained for the DMN texture here was
superior to that presented in Fig. 4b1, which will negatively impact the
following passivation and final power conversion efficiency due to its
extremely small nanostructure. Two reasons may be responsible for the
formation of this DMN texture. Compared with a low Ag" concentration
(< 0.3 mM), increasing the Ag" concentration to 1.0 mM enlarged the
catalytic metal nanoparticles, bringing about a more open nanostructure

d
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in this DMN texture. On the other hand, the original micron-sized
structure was well preserved by changing the dosage of HyO» and HF,
despite the same concentrations of metal catalysts as that forming
nanoporous texture in Fig. 4b3. According to the MACE process, HoO2
was used as an oxidant to oxidize Si, and the formed SiO, was then
dissolved by HF, thus keeping the etching process continuous. The
etchant consisted of a high percentage of oxidant (0.77 M H,05 and 2.3
M HF) here, SiO; dissolution was the rate-determining step rather than
Si oxidation (Zhao et al., 2020). In this case, the strong oxidation owing
to excess HyO, inhibited the Cu®" reductive deposition onto the Si wafer
and weakened the lateral etching; moreover, an insufficient HF con-
centration resulted in a lower etching depth, which jointly prevented the
elimination of the original micron-sized texture.

However, Fig. 5a shows that this DMN texture is rough, which has
been proven to lead to a lower power conversion efficiency because of
the increased recombination centers and poor passivation (Ye et al.,
2014). To obtain a more complex and satisfactory surface structure,
alkali post-treatment, which is known as a facile method for surface
modification and has been widely available for commercial production
line (Jwb et al., 2020), was applied, and the related sample was labeled
as DMNP-wafer. As a result, the rough structure was successfully con-
verted to a more uniform, smooth and open structure after modification
in a mixed solution containing 0.2 M KOH and 10 vol% IPA for 90 s at
50 °C (Fig. 5b).

Fig. 6a-c shows photographs of the obtained PP-wafer, DMN-wafer
and DMNP-wafer. Different brightness was obviously presented, which
was in agreement with the fabricated surface textures. To prove com-
plete impurity removal, the P on the front and the Al on the back side of
the DMNP-wafer were analyzed by XPS (Fig. 6d and 6e). Note that the
front side of the PP-wafer displayed a P 2p signal at 134.68 eV, whereas
the P 2p peak disappeared on the front side of the DMNP-wafer. Like-
wise, a peak assigned to Al 2p at 74.88 eV was observed on the back side
of the PP-wafer, while the Al content on the back side of the DMNP-

Fig. 5. SEM images of (a) DMN and (b) DMNP textures.
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DMNP-wafer. (h) Resistivity of PP-wafers and DMNP-wafers. (i) Carrier lifetime of DMNP-wafers.

wafer decreased significantly to below the detection limit. The above
results reveal that the ultrapurification of reclaimed Si cells was suc-
cessfully realized by the MACE process. Moreover, as illustrated in
Fig. 6f, the recovered Si wafers presented a relatively low thickness
reduction. Specifically, the thickness of the PP-wafer was approximately
182 pm, and the average thickness of the DMNP-wafer was still 165.71
pm after the MACE and the alkali post-treatment processes, which is
much thicker than the 140 pm Si wafers reclaimed by the one-step
etching process with an acid mixture of 20 wt.% HF and 20 wt.%
HNOs, reported by Lee et al. (J.K. Lee et al., 2018). They further found
that the thinner wafer (140 pm) exhibited a lower short circuit current
density (Jy), thereby leading to a 0.2% power conversion efficiency
decrease in the regenerated solar cell compared with that of a new
commercial solar cell, which indicated the importance of wafer thick-
ness and reflected the superiority of the wafer produced in our work.
More importantly, a much lower reflectivity was achieved for the
reclaimed wafer after the MACE process to enhance light-trapping
ability and eliminate retexturing during solar cell regeneration. As
shown in Fig. 6g, the average reflectivity of a PP-wafer was 29.23%,
which is similar to that of a mc-Si wafer textured by standard com-
mercial technology, suggesting that the micron-sized structure was well
preserved after prepurification. With that, a DMN surface texture was
successfully fabricated, contributing to a significantR decrease to 5.13%.
Although alkali post-treatment was then employed to smooth the rough
structure, anR of 13.99% was obtained, which was still much lower than
that of the commercial mc-Si wafer. This lower reflectivity would be

beneficial to the power conversion efficiency of solar cells fabricated

with these reclaimed Si wafers by increasing Js. according to Eq. (6).
g

I = / [1 = R(4)] * Iamis(4) 4

he/(a) ©

Amin

where 1 is the wavelength of incident light, R(1) is the measured
reflectivity of the Si wafer, I[zp1.5(A) is the solar spectrum under standard
AML.5 condition, h represents the Planck constant, c is the speed of light
and q is the number of electric charge.

In addition, as one of the basic electrical properties, the resistivity of
the PP-wafer and DMNP-wafer were measured. Generally, a low doping
concentration increases resistivity, and metal diffusion decreases re-
sistivity (Richter et al., 2017). In this case, the deviation in the average
resistivity between the front (2.37 Qecm) and back sides (0.26 Qecm) of
the PP-wafer may reveal that some P and Al remained on the surfaces
(Fig. 6h). However, similar resistivity for the front and back sides of the
DMNP-wafer was observed, with values of 1.46 and 1.40 Qecm,
respectively, which were similar to those of standard commercial mc-Si
wafers. This result further supplied evidence for the successful ultra-
purification of Si wafers by the MACE process. Furthermore, the carrier
lifetime of the final obtained DMNP-wafer was analyzed (Fig. 6i). As a
critical property determining Si wafer quality, a carrier lifetime of
1.12-2.47 ps (1.58 ps on average) of the DMNP-wafer was similar to that
of a new mc-Si wafer that was textured with MACE and achieved a high
power conversion efficiency. In short, the disadvantages of current
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recovery and reuse methods mainly lie in low purity and thickness,
causing a power conversion efficiency decrease compared with that of
new methods. In this work, a highly pure Si wafer was recovered with
relatively high thickness, and a series of controllable surface textures
were provided to enhance the power conversion efficiency. Unfortu-
nately, the power conversion efficiency of the solar cell regenerated
using this recovered Si wafer cannot be provided at this point and is
under investigation. Instead, by comparing with some current
high-efficient solar cell fabrication technologies (Table S3), it was
speculated that a power conversion efficiency improvement could be
achieved in our case because the properties of the recovered wafers were
comparable to those fabricated by reported MACE methods, which ob-
tained new solar cells with high power conversion efficiency.

3.3. Technical route and economic assessment

To further highlight the superiority of this method, the proposed
integrated strategy was compared with two processes: the conventional
recovery process (CRP), which focuses on simple raw material recovery
from EoL c-Si-based PV modules, and the industrial production process
(IPP), which produces Si wafers from silica minerals. As illustrated in
Fig. 7a, the integrated technology in this work produced a reusable Si
wafer directly from the EoL c¢-Si PV module instead of silica minerals and
successfully converted it into a highly efficient B-Si wafer without
increasing the process complexity compared with CRP. In addition, this
strategy provided full resource recovery of not only the nondestructive
Si wafer, tempered glass, Al frame and Cu ribbons but also the Al;03 and
Ag>0 powder from the Al and Ag electrodes on the Si cell. Thanks to the
abovementioned prepurification by sequential acid etching, the Al and
Ag electrodes were dissolved in HCl and HNOj3 solutions separately,
contributing to the recovery of highly pure metal from the etching
wastewater without any additional purification methods, such as
extraction (Cho et al., 2019) or electrolysis (J.K. Lee et al., 2018).
Through simple precipitation and calcination, 95.24% and 94.18% of
the Al and Ag at high purities of 98.03% and 99.9% were recovered in
the forms of Al,O3 (Figure S5a) and Ag,O (Figure S5b), respectively.
Interestingly, in addition to being a potential material for solar cell
regeneration, the reclaimed highly pure Ag could be used as a metal
catalyst for MACE and could present the same texture regulation as that
using commercial reagents (Figure S6), which would reduce noble metal
consumption and hazardous waste emissions.

According to the technical routes, a rough economic assessment
considering the costs of labor, electricity, reagent, equipment and waste
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treatment cost was conducted (detailed methods in Figure S7, S8 and
Table S4, S5, S6). As shown in Fig. 7b, the one cell production cost of this
recycling and upgrading process and CRP was given and compared with
the current price of commercial mec-Si wafer from IPP (PVInfoLink
2022). The production cost of the CRP was higher than both the process
in this work and current price of commercial mc-Si wafer due to the
investment in the processes of Si ingot production and wafer cutting,
which are the main energy-consuming processes during wafer
manufacturing. In this case, even when the profit of the byproducts
(Fig. 7c) were considered, recycling financial subsidies may still be
needed to maintain the operation. Interestingly, the process in this work
presented a relatively lower production cost than the price of commer-
cial mc-Si wafer, owing to the nondestructively recovered and upgraded
B-Si wafers in a short operation time (Dias et al., 2021). Furthermore,
the byproducts derived from EoL PV module treatment can add extra
profits to the recovery process to offset the production costs or they can
be internally used for new solar cell regeneration. As demonstrated by
the above results, although the production costs may be underestimated,
it can still be speculated that this integrated strategy of highly efficient
resource recycling and Si wafer upgrading from the EoL c-Si PV module
is economically viable or justifiable for investment.

4. Conclusion

In summary, this work describes a new integrated recycling and
upgrading strategy to nondestructively recover Si cells from EoL c-Si PV
modules and directly convert them to highly pure Si wafers with ultra-
low reflectivity via a one-step MACE process for new solar cell
manufacturing. The surface texture of the recovered Si wafers by Cu/Ag-
assisted chemical etching was regulated, and a series of surface struc-
tures, including DMN, nanowires, and nanoporous and inverted rect-
angular pyramidal textures, were fabricated in a simple, facile and
controllable manner. In addition to favorable properties, such as
adequate thickness (165 pm), resistivity (1.02-2.28 Qecm) and carrier
lifetime (1.12-2.47 ps), the obtained Si wafers presented excellent light-
trapping ability (R = 5-15%), endowing the regenerated solar cells with
even higher power conversion efficiency than that of new commercial
solar cells. Furthermore, this strategy provided a full recovery of the
tempered glass, Al frame, Cu ribbons, and highly pure Al and Ag powder
from the PV modules to form a closed-loop recycling system. Compared
with the current recovery process and industrial production line, this
integrated strategy was economically viable due to the upgraded Si
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wafers and full resource recovery for intrasystem reutilization with no
process complexity introduced. Therefore, this strategy opens new av-
enues for resource supply and EoL c-Si PV waste management,
contributing to the sustainable development of PV technologies.
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