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Abstract: A reuse fabrication module using micro electrochemistry (MECM) with a round-ball tool to remove the defective 
In2O3SnO2 thin film from the surfaces of digital paper display was presented. The etching effect improves that the number of the 
round-balls decreases for promoting the concentration of electric power and increasing discharge space. Using a small size of the 
round-ball tool takes less time for the same amount of In2O3SnO2 layer removal since the effect of MECM is easily developed for 
supplying of sufficient electrochemical power. A higher feed rate of the poly ethylene terephthalate (PET) diaphragm combines with 
enough electric power to drive fast etching rate. A pulsed direct current can improve the effect of dreg discharge and is advantageous 
to couple this current with the fast feed rate of the workpiece. Through the ultra-precise etching of In2O3SnO2, the optoelectronic 
semiconductor industry can effectively reuse the defective products, reducing production costs. This precision etching process is of 
high efficiency and requires only a short period of time to remove the In2O3SnO2 nanostructures.  
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1 Introduction 
 

The rewritable electronic paper display, also known 
as digital paper (e-paper), is an alternative and promising 
application of liquid crystal display (LCD) in 
informational media [1]. The basic construction of the 
touch-panel is similar to that of an LCD panel, with two 
substrate coatings of an indium tin oxide (In2O3SnO2) 
transparent conductive film. The sheet resistance of the 
In2O3SnO2 transparent conductive film used on the 
touch-panel is higher than the LCD panel [2]. The 
primary cause of decrease in yield rate of LCD 
production is dust. When dust particles become attached 
to the LCD substrate, they impair its function and cause 
breaks in the circuit, short-circuits or poor performance. 
Upon examination of LCD defects, it was found that 
many were dust-related [3,4]. 

Color filters are the critical components of LCDs, 
because each TFT (thin film transistor) array is matched 
to a color filter of the same size, which means that the 
quality of the color filter has a decisive effect on its color 
reproduction [5]. The electrochemical machining (ECM) 

is based on the electrochemical reaction between an 
electrode and a workpiece. The main difficulty lies in the 
design of tool electrodes due to the complicated process 
of metal removal. In addition, workpiece machining 
through the electrochemical process can improve the 
precision with the appropriate control of machining 
conditions or the electrode geometry [6,7]. 

The existing data show that the gap width between 
the electrode and workpiece directly influences the 
current condition and the discharge dreg of the 
electrolyte [8]. The experimental results of MILEHAM 
et al [9,10] proved that the quality of the machined 
surface would be influenced by factors including current 
density, flow rate of electrolyte and the gap width in the 
electrochemical machining. SHEN [11] used NaNO3 as 
the electrolyte that allows for the electropolishing on the 
die surface. Electropolishing is a surface finish process 
using PO4-3-P as the electrolyte for brass alloys and zinc 
alloys [12,13]. CAGNON et al [14] and KIM [15] 
showed that the machining resolution can be shortened to 
a few micrometers by applying ultra short pulses on the 
order of nanoseconds, and the microstructures can be 
machined by ECM.  
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In2O3SnO2 thin films are transparent and conductive 
and are deposited as a thin film on glass or polymer 
substrates by vacuum thermal evaporation, vacuum 
sputtering or e-beam sputtering used in optoelectronic 
devices produced semiconductor fabrication techniques. 
However, the low yield during production was easily 
observed [16,17]. The material cost of most panels of 
different sizes exceeds 50% of the total cost of the panels. 
Thus, in order to reduce the material cost, constructing a 
precision reclaim mechanism and executing an effective 
reclaim process are the most important issues in the 
semiconductor industry [18]. In addition, workpiece 
machining through the electrochemical process can 
improve efficiency with the appropriate control of the 
machining conditions or the electrode geometry. A 
plate-form electrode was developed as a design tool used 
in recycling systems, and good removal effects were 
obtained through the careful design of the experimental 
conditions [19]. In the current work, we conducted a new 
mechanism using micro electrochemistry (MECM) as a 
precision-reclaim process of In2O3SnO2 thin film 

coatings with a round-ball tool on the surface of the poly 
ethylene terephthalate (PET) diaphragm of digital paper. 
The adopted precision recycling process is low cost and 
highly efficient. The development of the proposed 
precision reclaim process design is based on technical 
and economical considerations. 
 
2 Experimental 
 

The material of the workpiece uses an optical PET 
diaphragm of digital paper (400 mm in width; 0.2 mm in 
thickness). The workpiece was placed in the electrolytic 
tank and was soaked in the electrolyte to begin the 
recycling process. The equipment for the precision- 
reclaim process of the indium tin oxide (In2O3SnO2) thin 
film included automatic feeding devices, a DC power 
supply, a heater, a pump, a flow meter, an electrolytic 
tank and a filter. The mechanism and the experimental 
setup of the precision recycle process are illustrated in 
Fig. 1. The designed round-ball tool is shown in Fig. 2. 
The reduction in the removal from the surface of the 

 

 
Fig. 1 Mechanism design and experimental setup of precision reuse process 

 

 
Fig. 2 Configuration of electrodes and workpieces (poly ethylene terephthalate (PET) diaphragm) 
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optical PET diaphragm after micro electrochemistry 
(MECM) for the In2O3SnO2 thin film coatings is 20 nm. 
The electrolyte was NaNO3 of 10% and PO4-3-P 5% 
(mass fraction). The flow rate of electrolytes was 15, 20, 
25 and 30 L/min. The experimental parameters were 
electrolyte temperature, concentrations of the electrolytes, 
current rating, pulsed period and feed rate of the 
workpiece (optical PET diaphragm). The temperatures of 
the electrolyte were 35, 45, 55, and 65 °C, respectively. 
The current ratings were 50, 100, 150, 200 A, 
respectively. The feed rate of workpiece (optical PET 
diaphragm) was ranged from 600 to 1200 mm/min. The 
rotational speeds of the round-ball tool were 100, 200, 
300 and 400 r/min, respectively. The diameter of the 
fictitious rotation circle of the round-ball tool (Da) and 
the gap-width (u) between cathode and the workpiece 
were 45, 2; 47, 3; 49, 4 and 51, 5 mm, respectively. The 
pulse periods (on/off time) were 100 ms/100 ms, 100 
ms/200 ms and 100 ms/300 ms, respectively. All 
workpieces were cleaned with water after the recycle 
process and then dried by air. These recycled In2O3SnO2 
thin film coatings were measured at more than two 
locations by the NanoSpec Film Thickness Measurement 
System (Nanospec Film Analyzer 3000). 
 
3 Results and discussion 
 
3.1 Target of In2O3SnO2 thin film coatings removal 

The engineering specifications allow for the 
removal of defective indium tin oxide (In2O3SnO2) thin 
film coatings and for the reinstatement of the defective 
PET diaphragm onto the production line. The 
precision-reclaim process of the optical PET diaphragm 
of digital paper is to be extended to all of the in-house 
fabrications of optical PET diaphragms of digital paper, 
and adopted into their total recovery systems. Cost 
reduction is the ultimate goal when establishing recovery 
systems. The total recovery of the entire system, which 
prevents re-pollution, is just as important as the function 
of repairing defective products. 
 
3.2 Performance assessment on round-ball tool design 

Figure 3 shows that under fixed electrolyte 
concentrations and temperatures, an adequate feed rate of 
the optical PET diaphragm combined with enough 
electric power will completely remove the In2O3SnO2 
thin film coatings. At a constant current rating, the PET 
diaphragm has an optimal feed rate for the removal 
process. Fast feed reduces the power delivered to the unit 
area of the plane surface, while slow feed increases the 
power delivered. The former could not supply sufficient 
electrochemical power, while the latter increases the 
removal time and the cost. In order to reach the same 
etching of a 20 nm In2O3SnO2 thin film coating, the 

following combinations of parameter values are 
suggested: 50 A and 600 mm/min, 100 A and 800 
mm/min, 150 A and 1000 mm/min, 200 A and 1200 
mm/min. 
 

 
Fig. 3 Removal amount at different feed rates of poly ethylene 
terephthalate (PET) diaphragm using different current ratings 
(NaNO3 of 25% and PO4-3-P 5% (mass fraction), 50 °C, 20 
L/min, continuous DC, tool 500 r/min) 
 

The formula on the theoretical removal rate on a 
purity metal derived from FARADAY’s Law is [6] 

Fn
ItMW =                                   (1) 

where I is the current, t is time, F is the FARADAY 
constant, ni  is the atom number, ai is the proportion of 
composition, and Mi is the atomic mass. 

From Fig. 4, for an alloy consideration, let 
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where Ey is the removal rate in the longitudinal direction, 
A is the micro electrochemistry (MECM) area, ρ is the 
workpiece density, and f is the etching rate in the 
longitudinal direction. From the above equation, the 
theoretical feed rate of the workpiece for the same 
material etching rate can be calculated. Here, η, F, and A 
are regarded as constant for the material. 
 

hRZ += p                                   (4) 
 
where x is the gap between the electrode and the color 
filters, and h is the removal depth of the MECM (see  
Fig. 4). 
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where L is the length from the center of the positive pole 
to the surface of the PET diaphragm, and Ra is the radius 
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of fictitious rotation circle of the round-ball tool (see  
Fig. 4). 
 

  
Fig. 4 Configuration of geometry of round-ball tool in MECM 
 

yEE =θsinf                                 (6) 
 

Squaring and simplifying Eqs. (5) and (6), we can 
obtain:  
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where Ef is the feed velocity of the color filters. From  
Eq. (7),  
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where A is the micro electrochemistry (MECM) area, V 
is the voltage of the gap width, σ is the reciprocal 
resistance of the electrolyte. Using Eq. (8), the 
experimental results also agree well with the theoretical 
predictions (see Fig. 3). Compared with the experimental 
results, the removal depth u is directly proportional to the 
current rating I and is inversely proportional to the feed 
rate of the workpiece (Ef), which agrees well with the 
theoretical prediction (see Fig. 3).  

The term “dregs” refers to the electrolytic product 
results from the machining gap in the process of micro 
electrochemistry. A better design process is useful for 
effective flushing, as the dregs are easy discharged out of 
the gap, which results in a better material removal effect 
[8,13]. Figure 5 illustrates that the small size of the 

round-ball (small diameter of the fictitious rotation circle 
of the round-ball tool), accompanied by the small 
gap-width between the cathode and the workpiece 
reduces the amount of time for effective micro 
electrochemistry (MECM) of In2O3SnO2 since the effect 
of the MECE is facilitated by supplying sufficient 
electrochemical power. Compared with the experimental 
results, the small gap-width accompanied by a large 
current rating and a fast feed rate of the workpiece, 
shows a reduction in the etching time. However, the 
dregs discharge from the small gap is difficult to 
processes. On the other hand, a small cathode (small 
diameter of the fictitious rotation circle of the round-ball 
tool) is accompanied by a large gap-width and results in 
a longer etch time since the MECM is limited. Compared 
with the experimental results and the Eq. (8), as far as the 
stable operation of MEC and dregs discharge is 
concerned (providing the reciprocal resistance of 
electrolyte (σ) stability), an appropriate diameter of the 
fictitious rotation circle of the round-ball tool of 49 mm, 
accompanied by the gap-width (3 mm) between the 
cathode and the workpiece is more effective in the 
current experiment.  

Figure 6 shows the effects of the number of the 
round-balls. Decreasing the number of the round-balls 
not only reduces the resistance of dreg discharge and 
constructs a more effective flushing path along the 
features of the tool electrodes but also creates a more 
sufficient electrochemical power (higher current density) 
supplying. Meanwhile, the electrolytic products (dregs) 
and heat can be removed In2O3SnO2 more rapidly. 
Compared with the experimental results and the Eq. (8), 
adopting the number of the round-ball of one piece 
which is advantageous to In2O3SnO2 removal in the 
current work. 
 

 
Fig. 5 Removal amount at different feed rates of poly ethylene 
terephthalate (PET) diaphragm using different diameters of 
fictitious rotation circle of round-ball tool and different gap 
widths (NaNO3 of 25% and PO4-3-P 5% (mass fraction), 50 °C, 
20 L/min, continuous DC 150 A, tool 500 r/min) 
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Fig. 6 Removal amounts at different feed rates of poly ethylene 
terephthalate (PET) diaphragm using different numbers of 
round-balls (NaNO3 of 25% and PO4-3-P 5% (mass fraction), 
50 °C, 20 L/min, continuous DC, 150 A, cathode 500 r/min) 
 

Figure 7 illustrates different combinations of 
rotational speeds of the round-ball tool and flow rate of 
the electrolyte. From the experimental results, higher 
rotational speeds of the round-ball tool combines with 
higher flow rate of the electrolyte produced high 
rotational flow energy. The flow energy increases to 
elevate the discharge mobility in easily discharge the 
electrolytic depositions and in advantageous more heat to 
bringing away from the gap-width between the 
round-ball tool and the workpiece surface (optical PET 
diaphragm). It is believed that the combination of 
rotational speeds of the round-ball tool and flow rate of 
the electrolyte is desirable when associated with the fast 
feed rate of the optical PET diaphragm and improves the 
etching effect. 
 

 
Fig. 7 Removal amount at different feed rates of poly ethylene 
terephthalate (PET) diaphragm using different rotational speeds 
of electrodes (NaNO3 of 20% and PO4-3-P 5% (mass fraction), 
45 °C, 20 L/min, continuous DC, 150 A) 

From Fig. 7, compared with the experimental results 
and the Eq. (8), it can be seen that stably controlling the 
reciprocal resistance (σ) can stabilize the etching effect, 
and as a result, increase discharge mobility (providing a 
large round-ball tool rotational and providing a higher 
flow rate of the electrolyte), guide discharge transport, 
and provide flushing passage to provide the reciprocal 
resistance (σ) stability. Figure 8 shows the effects of the 
pulsed direct current. In order to reach the same removal 
amount of 20 nm for the In2O3SnO2 thin film coatings 
compared with the continuous direct current, the current 
rating needs to proportionally increase to compensate for 
the off-time. It is thought that the dreg discharge in 
MECM during the off-time is more complete, and that it 
can be beneficial when associated with the fast speed rate 
of the optical PET diaphragm.  
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From Eq. (9), the response of the electrochemical 

etching only exists on the on-time period (TN). The 
off-time period (TF) provided the opportunity to proceed 
the dregs discharge of electrochemical etching. From  
Eq. (9), the removal depth (u) is directly proportional to 
the current rating (I) and is the inversely proportional to 
the feed rate of the workpiece (Ef), thus the current rating 
needs to be proportionally increased to reach the same 
etching amount compared with the continuous direct 
current. 
 

 

Fig. 8 Removal amount at different feed rates of poly ethylene 
terephthalate (PET) diaphragm using continuous and pulsed 
direct current (NaNO3 of 20% and PO4-3-P 5% (mass fraction), 
50 °C, 25 L/min, tool 500 r/min) 
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4 Conclusions 
 

1) In2O3SnO2 can be removed completely by an 
adequate combination of optical PET diaphragm feed 
rate and electric power. For the etching process, a high 
flow velocity of the electrolyte provides larger discharge 
mobility and a better etching effect. A higher tool 
rotational speed corresponds to a higher etching rate for 
the In2O3SnO2. A higher current rating with a quicker 
optical PET diaphragm feed rate effectively achieves fast 
promotion of the removal effect.  

2) A pulsed direct current can improve the effect of 
dreg discharge and is advantageous to couple this current 
with the fast feed rate of the workpiece. This 
improvement is associated with an increase in current 
rating. Decreasing the number of the round-balls or using 
a small size of the round-ball tool accompanied with a 
small gap-width between the cathode and the anode 
workpiece (In2O3SnO2) takes less time for the same 
amount of In2O3SnO2 thin film removal. 
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