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A new reuse fabrication using a tool module with rotation and revolution through a process of magnetic assistance in ultrasonic
electrochemical micromachining (UEMM) for removal of the surface layers from silicon wafers of solar cells is demonstrated. The
target of the proposed reuse fabrication method is to replace the current approach, which uses strong acid and grinding and may
damage the physical structure of silicon wafers and pollute to the environment. A precisely engineered clean production approach
to removal of surface microstructure layers from silicon wafers is to develop a mass production system for recycling defective or
discarded silicon wafers of solar cells that can reduce pollution and cost. The high revolution speed of the shift with the high rotation
speed of the designed tool increases the discharge mobility and improves the removal effect associated with the high feed rate of
the workpiece. High frequency and high power of ultrasonic with large electrolyte flow rate and high magnetic strengths with a
small distance between the two magnets provide a large discharge effect and good removal; only a short period of time is required
to remove the epoxy film and Si3 N4 layer easily and cleanly.

1. Introduction
The success of solar-cell technology that allows the conversion of solar energy directly into electric powers represents
an important milestone for the energy industry worldwide
[1, 2]. In view of energy shortages, the need for environmental
protection, and a predicted future lack of silicon material,
the research and application of solar optoelectronics have
become globally significant. In addition to its great potential
for development, solar energy also has the advantages of
abundance, accessibility, and that of causing less pollution
than the alternatives. The solar optoelectronic industry is
becoming increasingly important and it is expected that
solar energy will replace petroleum as the most important
source of energy in the foreseeable future [3]. Production of
photovoltaic modules on a commercial scale dates back to
1980s. Photovoltaics (PV) module manufacturers provide a
work warranty of 20–30 years, so modules produced back

in the 1980s should be put out of commission and recycled
during this decade, while modules manufactured in 2000
should be recycled by 2030. In recent years, photovoltaic
power generation systems have been gaining unprecedented
attention as an environmentally beneficial method to solve
the energy problem. From the economic point of view, the
pure silicon, which can be recapture from the used cells, is
the most important material due to its cost and shortage. Ewa
et al. selected methods of used or damaged module and cells
recycling and experimental results are presented. Advantages
and disadvantages of the techniques are described, what
could be helpful during the optimization of the method. The
recycling process of PV module consists of two main steps:
separation of cells and its refining. During the first step,
cells are separated due to the thermal or chemical methods
usage. Separation of cells from damaged PV modules through
chemical treatment is not economically worthwhile; a far
more better solution is to use thermal treatment. Next, the
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separated cells are refining. During this process, useless layers
are removed. The implementation of laser techniques in
unwanted layer removal stage, in comparison with chemical
treatment, is also disadvantageous. An optimal solution is to
use thermal treatment for cell separation and chemical treatment for removing the metallization, contacts, antireflective
coating, and the n-p junction [4–6].
Electromagnetic metal forming (EMF) is an example of
a high-speed formation process that is determined by the
dynamics of a coupled electromagnetic-mechanical system.
“Magnetic” pressure provides the necessary kinetic energy.
A magnetic pulse accelerates the workpiece up to a certain
velocity (such as 200–300 m/s) and the material is driven
into the die, causing forming by impact [7, 8]. Other applications include embossing, blanking, and drawing. Magnetic
deburring has also been used for holes drilled into tubes.
The results showed that burrs inside pipes could be removed
using a magnetic process and the height of the burr could be
successfully decreased from 163 𝜇m to 1 𝜇m. This magnetic
deburring can be effectively used inside long tubes [9]. The
formulation of a thermomagneto mechanism is used to simulate electromagnetic sheet metal forming processes (EMF).
In this process, deformation of the workpiece is achieved by
the interaction of a current generated in the workpiece by
a magnetic field from a coil adjacent to the workpiece. For
authentic industrial applications, however, the modeling of
three-dimensional formation operations becomes crucial for
an effective process design. The implementation of such a 3D
model still represents work in progress. Results shown in the
study are restricted to the axisymmetric case [10]. Ultrasonics
has played an important role in industry since 1927 [11].
Conventional ultrasonic machining (USM) uses an abrasive
slurry and a vibrating tool (typically 10–15 𝜇m in amplitude
and 15–30 kHZ in frequency). The abrasives are mobilized by
the vibrating tool to cut the material. Ultrasonics have also
been widely applied in welding, metallurgy, cleaning, measurement, and communications [12]. Ceramic and composite
materials can be machined using ultrasonics [13]. Gilmore
compares various nontraditional machining methods for
machining ceramics, including grinding, ultrasonics, electrical discharge machining, laser beam machining, and water
jet machining. Gilmore found that ultrasonic machining has
distinct advantages over other machining methods [14]. Electrochemical machining (ECM) involves the use of corrosive
chemical solutions to etch the surface of a workpiece. This
approach is beneficial for avoiding deformation and deckled
edges and is also applicable to brittle materials. The device
and operational costs are low and design changes are less
expensive. Related applications can be seen in industry such
as chemical blanking, milling, and engraving [15].
Electrochemical machining (ECM) involves the connection of a workpiece between the anode of a DC power
supply and a cathode. An electrolyte between the anode
workpiece and the cathode causes part of the workpiece to
be dissolved in an electrochemical (ECM) reaction [16]. The
main difficulty in the implementation of ECM lies in the
design of the electrode owing to the complex process of
metal removal [17]. Previous studies show that the size of the
gap between the electrode and the workpiece directly affects
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the current conditions and the electrolyte dregs discharge
[18]. The ECM process is still underutilized owing to a lack
of understanding of the mechanism of metal removal and
difficulties involved in tool design. Even for simple cases, it
is not possible to accurately predict work profiles [19]. A wide
range of different types of electrode have also been developed
for electropolishing [20–24].
Silicon wafers are the key material for transistors in
integrated circuits and are the main component in microprocessors, computer memory, and almost every electronic
device in use today. At present the greatest challenge facing
the solar-energy industry is material shortage. In view of this,
it is necessary to develop a novel and more effective recycling
technology for silicon wafer manufacturers to improve their
competitiveness. Currently a proportion of used wafers are
recycled and refurbished to reduce manufacturing costs and
waste because recycled wafers cost less than half that of
new ones. However, the most common recycling process
involves abrasion, etching, polishing, and cleaning in which
part of the surface layer of the wafer is removed. An
alternative approach, that is faster and cheaper than the usual
Chemical & Mechanical Planarization (CMP), is to etch the
wafers with a hydrofluoric acid (HF) solution [25, 26]. This
study introduces a newly designed tool that rotates on two
axes in a process that combines ultrasonic electrochemical
micromachining (UEMM) with magnetic assistance for the
removal of the hybrid composites coatings from the surface
of solar-cell silicon wafers. A clean manufacturing approach
for the removal of defective surface films is offered. This
is a low polluting recycling process that is suitable for the
mass production of solar-cell silicon wafers from recovered or
defective items. The object of this study is the demonstration
of this recycling system as a replacement of the usual methods
that use strong acids and abrasion that can damage the
silicon wafers and are certainly harmful to the environment.
The proposed system allows defective solar-cell wafers from
the production line, as well as used ones, to be recycled
and returned to production. This process will lower costs,
raise efficiency, and reduce pollution without loss of silicon
(because no abrasion is involved) and the recycled wafers can
be returned to the production line.

2. Specifications for Solar Cell Silicon
Wafer Recycling [25, 27]
2.1. Engineering Specifications
(a) To successfully remove the defective surface layer
from solar cell silicon wafers, the recycled silicon
wafers shall retain no metal elements or residue on
the surface and should be acceptable for return to
production.
(b) For in-house recycling lines, optional etching of
defective films on solar cell silicon wafers enables
recycled silicon wafers with no metal elements or
residue on the surface to be obtained. They are then
acceptable for return to production.
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Figure 1: Experimental setup of recycling system for solar-cell
silicon wafers.
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(a) Green manufacturing based on the recycling of defective items to reduce the waste of solar-cell silicon
wafers is to be introduced and used by the leading
wafer manufacturers in Taiwan and other countries.
(b) The goal of the project is to establish a mechanical
module for the recycling of solar-cell silicon wafers
that is applicable to the equipment, processing and
manufacturing technologies to facilitate the introduction of these services to Taiwanese and foreign
manufacturers and to build recycling lines that meet
the needs of the manufacturers.
2.3. Technical Specifications
(a) The defective film on solar cell silicon wafers is
partially or entirely removed to reduce manufacturing
costs.
(b) The customized recycling lines shall meet the manufacturers’ needs for the recycling of defective wafers.
In addition, the recycling lines shall help reduce
cost and conserve material while providing complete
recycling and reducing pollution.

3. Design Process
This study applies to microstructure removal (𝜇m). The
experimental setup is shown in Figure 1 and was derived by
design analyses. This was taken as a basis for the development
of a process combining microelectroetching and ECM of
solar-cell silicon wafers to remove the defective thin film from
the surface of the wafers. Conventional 6 solar-cell silicon
wafers were used in these experiments.

4. Experimental Setup and Parameters
The workpieces used were solar-cell silicon wafers 6 in
diameter and 0.2 mm thick and were immersed in electrolyte
in the tank for the recycling process. The equipment used
for the precision removal of the composite epoxy and
Si3 N4 layers using magnetic assistance in ultrasonic electrochemical micromachining (UEMM) included two magnets,
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Figure 2: Configuration of the magnetic assistance mechanism.

an ultrasonic generator, a DC power supply, a heater, a
pump, a flow meter, an electrolyte tank, and a filter. The
experimental setup of the recycling system is schematically
illustrated in Figure 1. The configuration of the magneticassistance mechanism is shown in Figure 2. The configuration
of tool module with rotation and revolution (shift) is shown in
Figure 3(a). The configuration of the newly designed tool and
workpiece (solar-cell silicon wafers) is shown in Figure 3(b).
During the current experiment, the tool was supplied with
continuous DC. The process removed 8 𝜇m of epoxy film
and 0.2 𝜇m of Si3 N4 from the surface of the silicon wafers.
The electrolyte used was 15% wt NaNO3 and 5% wt PO4-3-P
phosphoric acid. The temperature of the electrolyte was 60∘ C.
The continuous DC current (𝐼) was 150 A and the voltages (𝐸)
used were 40, 60, 80, or 100 V. The feed rate of the workpiece
(solar-cell silicon wafers) ranged from 50 to 500 mm/min.
The noncontact distance (𝑦) from the anode to the epoxy
film surface was 6, 7, 8, 9, or 10 mm. The combination
of frequency, ultrasonic power, and flow rate of the electrolyte used was (50 kHZ/50 W, 10 L/min), (50 kHZ/100 W,
20 L/min), (100 kHZ/100 W, 30 L/min), and (100 kHZ/150 W,
40 L/min). The combination of magnetic strength (magnetic
field intensity) and the distances between the two magnets was (1000 Gauss, 1000 mm), (2000 Gauss, 1200 mm),
(3000 Gauss, 1400 mm), and (4000 Gauss, 1600 mm). The
combination of tool revolution (shift) and tool rotational
speeds used was (200 rpm, 300 rpm), (400 rpm, 500 rpm),
(600 rpm, 700 rpm), and (800 rpm, 900 rpm). The combination of the anode radius (ra ) and the cathode radius (rc )
was (10 mm, 10 mm), (15 mm, 15 mm), (20 mm, 20 mm), and
(25 mm, 25 mm). The diameter (Dc ) of the cathode was
74 mm (with a 4 mm gap between anode and cathode), 72 mm
(with a 5 mm gap between anode and cathode), 70 mm (with
a 6 mm gap between anode and cathode), or 68 mm (with a
7 mm gap between anode and cathode). All workpieces were
cleaned in water after the recycling process and dried in air.
The thickness of epoxy and Si3 N4 nanostructures removed
was determined by measurements made at more than two
locations on the wafer using a NanoSpec Film Thickness
Measurement System (Nanospec Film Analyzer 3000).
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5. Results and Discussion
Figure 4 shows a high removal rate for the composite layers
of silicon nitride (Si3 N4 ) and epoxy using different combinations of frequency, ultrasonic power, and flow rate of the
electrolyte. It can clearly be seen that the effect of ultrasonics
on the electrochemical micromachining process (UEMM) is
to improve the removal rate. The higher the frequency/power
or electrolyte flow rate, the better the removal effect. The
reason could be that the ultrasonic vibration energy and a
high electrolyte flow rate facilitates the discharge of dregs
from the tight machining gap.
Figure 5 shows the results of a test of different combinations of magnetic strength (magnetic field intensity)
and the distance between the two magnets. The results
show that the combination of high magnetic strength and
short distance between the two magnets corresponds to a
higher removal rate of the composite layers of epoxy and
silicon nitride (Si3 N4 ). It is also likely that the high intensity
magnetic field facilitates dregs discharge. A combination of
high magnetic field strength and small distance also allows
a higher workpiece feed rate with a resultant reduction of
machining time and cost.
As shown in Figure 6 an appropriate workpiece (solar-cell
silicon wafer) feed rate and a sufficient current flow ensure
that the composite layers of epoxy and Si3 N4 are completely
removed. A high feed rate reduces the power transmission
efficiency per unit area of wafer surface, while a lower rate
increases it. In a case where the feed rate is high, it may

be that there is insufficient electrolytic power for complete
removal of the layers. But if the feed rate is too low this will
increase processing time and also result in higher costs. The
experimental results show that, for effective and complete
removal of the epoxy and silicon nitride layers from the
wafers, several combinations of settings for feed rate and
continuous DC voltage have been found to give optimum
results: 40 V with 300 mm/min, 60 V with 325 mm/min, 80 V
with 350 mm/min, and 100 V with 375 mm/min.
According to the formula for the theoretical removal rate
of a pure metal derived from Faraday’s Law [16, 26],
𝑊=

𝐼𝑇𝑀
,
𝐹𝑛

(1)

where 𝐼 is the current, 𝑇 is the time, and 𝐹 is the Faraday
constant.
From Figure 4, for an alloy, let 𝑅 = 𝑊/𝐴𝑇 and 𝜔 = 𝑅/𝜌;
then
Δ𝑋 =

𝐸𝜎Δ𝑡
,
𝜌𝐹 (𝑛/𝑀) 𝑋

𝐸𝜎
= 𝐶,
𝜌𝐹𝑛
Δ𝑋 =

𝐶Δ𝑡
,
𝑋

𝑋𝑑𝑋 = 𝐶𝑑𝑡,
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Figure 4: Amount of Si3 N4 layer and epoxy film removed using different combinations of frequency, ultrasonic power, and electrolyte flow
rate (phosphoric acid, NaNO3 15% wt, PO4-3-P 5% wt, 60∘ C, continuous DC, 150 A, 80 V, 4000 Gauss, shift 800 rpm, and tool 900 rpm).

∫

𝑔+𝑦+ℎ

𝑔+𝑦

𝑡

0

2

2

[𝑔 + 𝑦 + ℎ] − (𝑔 + 𝑦) =
[𝑔 + 𝑦 + ℎ] = [

= {(𝑔 + 𝑦) [

𝑋𝑑𝑋 = ∫ 𝐶𝑑𝑡,
2𝐸𝑇𝜎
,
𝜌𝐹 (𝑛/𝑀)

2𝑇𝐼𝐴
𝜌F ((𝑛𝐴/𝑀𝐴 ) 𝑎𝐴 + (𝑛𝐵 /𝑀𝐵 ) 𝑎𝐵 + ⋅ ⋅ ⋅ )
1/2

+ (𝑔 + 𝑦) ]}

1/2
2𝐸𝑇𝜎
2
+ (𝑔 + 𝑦) ] ,
𝜌𝐹 (𝑛/𝑀)

(3)

1/2
2𝐸𝑇𝜎
2
ℎ=[
+ (𝑔 + 𝑦) ] − (𝑔 + 𝑦) .
𝜌𝐹 (𝑛/𝑀)

(2)

From Figure 4, for an alloy,

where 𝑛𝑖 is the atomic number, 𝑎𝑖 is the proportion of
composition, 𝑀𝑖 is the atomic mass, 𝐴 is the electrochemical
etching area, 𝜌 is the density of the workpiece, 𝐸 is the voltage
across the gap, 𝜎 is the reciprocal resistance of the electrolyte,
and 𝜔 is the etching rate in the longitudinal direction. From
the above equations, the theoretical feed rate of the workpiece
for a given material can be calculated.
From Figure 4,
𝐻=

ℎ=[

2𝐸𝑇𝜎
2
+ (𝑔 + 𝑦) ]
𝜌𝐹 ((𝑛𝐴/𝑀𝐴 ) 𝑎𝐴 + (𝑛𝐵 /𝑀𝐵 ) 𝑎𝐵 + ⋅ ⋅ ⋅ )

1/2

− (𝑔 + 𝑦) ,
ℎ=[

2𝑇 (𝐼/𝐴) (𝑔 + 𝑦)
2
+ (𝑔 + 𝑦) ]
𝜌𝐹 ((𝑛𝐴/𝑀𝐴 ) 𝑎𝐴 + (𝑛𝐵 /𝑀𝐵 ) 𝑎𝐵 + ⋅ ⋅ ⋅ )

− (𝑔 + 𝑦) ,

− (𝑔 + 𝑦) ,

𝐿𝑐
+ (𝑔 + 𝑦) + ℎ,
2

(4)

where 𝑔 is the width of the gap between the circular-rhombus
tool and the surface of the solar-cell silicon wafer, 𝐷c is
the length of the major axis of the cathode, and ℎ is the
microelectroetching removal depth:

1/2

cos 𝛼 =

(𝐿 𝑐 /2) + (𝑔 + 𝑦)
𝐻−ℎ
,
=
𝐻
(𝐿 𝑐 /2) + (𝑔 + 𝑦) + ℎ
𝜔 csc 𝛼 = 𝜔𝜐 .

(5)
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Figure 5: Amount of Si3 N4 layer and epoxy film removed using different combinations of magnetic field strength and distance between the
two magnets (phosphoric acid 25% wt, NaNO3 15% wt, PO4-3-P 5% wt, 60∘ C, 40 L/min, continuous DC, 150 A, 80 V, 100 kHZ/150 W, shift
800 rpm, and tool 900 rpm).
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Figure 6: Amount of Si3 N4 layer and epoxy film removed at different workpiece feed rates using different currents (phosphoric acid 25% wt,
NaNO3 15% wt, PO4-3-P 5% wt, 60∘ C, 40 L/min, continuous DC, 150 A, 100 kHZ/150 W, 4000 Gauss, shift 800 rpm, and tool 900 rpm).
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Squaring and simplifying (5),
ℎ =

[𝐿 𝑐 + 2 (𝑔 + 𝑦)] 𝜔2
,
4 (𝜔𝜐 2 − 𝜔2 )

(6)

where 𝜔𝜐 is the feed rate of the workpiece and 𝜔 is the
removal rate in the longitudinal direction. From (6),
ℎ= (

𝐿 𝑐 + 2 (𝑔 + 𝑦)
2

(𝑔 + 𝑦)

2

𝐸𝜎
×[
])
𝐹𝜌 ((𝑛𝐴 /𝑀𝐴 ) 𝑎𝐴 + (𝑛𝐵 /𝑀𝐵 ) 𝑎𝐵 + ⋅ ⋅ ⋅ )
× (4𝜔𝜐 2 −

4
2

(𝑔 + 𝑦)

2

−1

𝐸𝜎
×[
]) .
𝐹𝜌 ((𝑛𝐴 /𝑀𝐴 ) 𝑎𝐴 + (𝑛𝐵 /𝑀𝐵 ) 𝑎𝐵 + ⋅ ⋅ ⋅ )
(7)
From (7) it can be seen that the experimental results agree
with the theoretical prediction (see Figure 6(b)). The experimental results show that the removal amount is directly
proportional to the DC electric voltage (𝐸) and is inversely
proportional to the feed rate of the workpiece (𝜔𝜐 ), which
agrees with the theoretical prediction (see Figure 6(b)).
Figure 7 shows that the combination of high speed revolution (shift) with high speed rotation of the tool increases the

discharge mobility and improves the removal effect required
for a high feed rate of the workpiece. The high revolution
(shift) speed and the higher rotational speed provide more
kinetic energy to the electrolyte for dregs discharge and produce a better electrochemical micromachining and removal
effect. In this system the ultrasonic vibration, electromagnetic
forces, the higher revolution (shift), and rotational speeds
combine to produce an efficient and complete discharge of
the dregs.
Figure 8 shows the effects of the combination of the anode
radius (ra ) and cathode radius (rc ) on the removal process.
Decreasing these radii results in more open space which in
turn reduces the resistance to dregs discharge and results in
a more effective flushing path along the features of the tool
and the silicon wafer surface and consequently also reduces
the time required for removal of a given amount of epoxy and
Si3 N4 thin film.
Figure 9 shows the effects of different diameters (Dc ) of
cathode on the removal process. Figure 9(a) shows that a
small diameter (Dc ) cathode and a large gap between the
cathode and the silicon wafer surface reduce the time taken
for the removal process. Once again it can be demonstrated
that the electrochemical reaction products (dregs) are more
easily discharged from a large machining gap. The results in
Figure 9(b) illustrate that a large diameter (Dc ) cathode and a
small gap between the cathode and the silicon wafer surface
reduce the time required for removal of a given amount of
epoxy nanostructure since the microelectroetching effect is
more easily developed with an adequate supply of electrochemical power. The experimental results show that small
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Figure 8: Amount of Si3 N4 layer and epoxy film removed at different workpiece feed rates using different combinations of anode radius (ra )
and cathode radius (rc ) (phosphoric acid 25% wt, NaNO3 15% wt, PO4-3-P 5% wt, 60∘ C, 40 L/min, continuous DC, 150 A, 100 kHZ/150 W,
4000 Gauss, shift 800 rpm, and tool 900 rpm).

0.22
0.2
0.18

0.14

Removal (𝜇m)

Removal (𝜇m)

0.16

0.12
0.1
0.08
0.06
0.04
0.02
0

0

50

100 150 200 250 300 350
Feed rate of workpiece (mm/min)

74 mm (gap 4 mm)
72 mm (gap 5 mm)

400

70 mm (gap 6 mm)
68 mm (gap 7 mm)

(a) Amount of Si3 N4 layer removed

450

8.5
8
7.5
7
6.5
6
5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

0

50

100
150
200
250
300
Feed rate of workpiece (mm/min)

74 mm (gap 4 mm)
72 mm (gap 5 mm)

350

400

70 mm (gap 6 mm)
68 mm (gap 7 mm)

(b) Amount of epoxy film removed

Figure 9: Amount of Si3 N4 layer and epoxy film removed at different feed rates of workpiece using different diameters (Dc ) of cathode and
different sizes of gap between the anode and cathode (phosphoric acid 25% wt, NaNO3 15% wt, PO4-3-P 5% wt, 60∘ C, 40 L/min, continuous
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gaps (4 mm) combined with a high continuous DC voltage
and a high workpiece feed rate reduce microelectroetching
time. However, discharge of the dregs from a small gap is
difficult. To ensure stable operation of a microelectroetching
and ECM process, a gap of 5 mm was found to be optimal.
In the current study, (7) can also be used to explain
how controlling the stable reciprocal resistance (𝜎) can
improve the finishing effect. Increased discharge mobility
(shift revolution, tool rotation, ultrasonic vibration, magnetic
force, etc.), guiding discharge transport, and the provision
of a clear flushing path will establish reciprocal resistance
(𝜎) stability. High speed revolution (shift) and rotation of
the newly designed tool; high frequency and high power
ultrasonics and a high rate of electrolyte flow; high magnetic
field strength from magnets that are close together; and small
anode and cathode radii all lead to better removal of the
epoxy film and Si3 N4 layers.

6. Conclusions
The newly designed tool and process achieve the precise
recycling of solar-cell silicon wafers by removing the hybrid
composites coatings of epoxy and silicon nitride Si3 N4 from
the surface of the wafer cleanly and easily. This precise process
facilitates the recycling of defective or used wafers in the
solar optoelectronic industry making it possible to return
defective and used wafers to production. A large cathode
rotation diameter provides a small gap between the anode and
cathode to give a high rate of layer removal. High frequency
and high power ultrasonics and a large electrolyte flow rate,
high magnetic field strength from magnets that are close
together, or small anode and cathode radii all increase dregs
discharge and reduce the time taken to cleanly remove the
composite layers of epoxy and Si3 N4 . Dregs discharge is also
improved by high speed revolution (shift) and rotation of
the tool. This increased rate of discharge combined with a
high continuous DC current flow results in a higher removal
rate and consequently also allows a higher feed rate to be
used. The study successfully demonstrates practical recycling
of the defective wafers produced in the solar-cell silicon
wafer process and their return to production. The proposed
approach not only avoids the loss of silicon, since there is no
abrasion, but also lowers costs and raises efficiency.
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