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Abstract In this study, the performance of Si wafer machin-
ing by employing the die-sinking microelectrical discharge
machining technique is reported. Specifically, the machining
performance was examined on both high- (1-10 £2 cm) and
low-resistivity (0.001-0.005 €2 cm) Si wafers by means of
using a range of discharge energies. In this regard, the machin-
ing time, material removal rate, surface quality, surface rough-
ness, and material mapping, which are categorized among the
important properties in micromachining, have been investigat-
ed. In order to analyze the surface properties and to perform
the elemental analysis, the scanning electron microscope and
energy-dispersive X-ray spectroscopy were used. In contrast,
the 3D surface profiler was used to evaluate the roughness of
machined surface. The results of this experimental study re-
vealed that the electrical resistivity and discharge energy pa-
rameter of microelectrical discharge machining had a great
influence on the Si wafer machining performances. The ob-
servations in this study indicated a decrease in machining
time, high material removal rate, and high surface roughness
with an increased discharge energy values. Overall, it was
learnt that the minimum amount of energy required to ma-
chine Si wafer was 5 pJ for both low and high-resistivity
Si. In addition, the highest material removal of
5.842 x 10> mm’/s was observed for low-resistivity Si. On
the contrary, the best surface roughness, R,, 0f 0.6203 pm was

<1 Mohamed Sultan Mohamed Ali
sultan_ali@tke.utm.my

Faculty of Electrical Engineering, Universiti Teknologi Malaysia,
81310 Skudai, Johor, Malaysia

Department of Engineering, Palestine Technical College, Deir El
Balah, Gaza, Palestine

achieved for high-resistivity Si and it also pointed to a higher
carbon percentage after the machining process.
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1 Introduction

Owing to its superior mechanical and electrical properties
which can be precisely controlled, Si has therefore become a
fundamental substrate in semiconductor and electronics indus-
try [1]. In addition, the Si has been described in various studies
as a hard to machine material because of its high brittleness
and low fracture toughness [2], which resulted in its poor
machinability [3]. It can also be seen in the literature that the
conventional machining techniques such as the chemical etch-
ing help provide solutions for two-dimensional (2D) machin-
ing of Si wafers. On the contrary, the 3D machining tech-
niques are not considered as feasible due to the crystal orien-
tations of Si and line-of-sight etching [4]. Besides, some
scholars have argued that the material removal rate (MRR)
of the chemical etching process is rather slow, and therefore,
the desired shape of etching may not be able to be controlled
as a result of the anisotropic and isotropic nature of such a
process. Notably, the desired specifications of aspect ratio
and 3D microfeatures are required by most of the
microelectromechanical system (MEMS) applications such
as the optical devices, sensors, and actuators. It is worthy of
note that such requirements culminated in the introduction of
various novel machining methods such as laser beam [5],
ultrasonic [6] and focused ion beam (FIB) milling [7] with
the aim of producing high-quality 3D freeform shapes of Si.
Related studies have proven that such unconventional ma-
chining techniques are capable of producing 3D features.
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Notwithstanding such potentials, there are certain setbacks
such as the thermal damage [8], crack formation [9], and
low MRR [10]. Along with such issues, the high installation
cost is also seen as equally a limiting factor. It is worth
highlighting that the tEDM is one of the unconventional tech-
niques that offers noncontact machining in order to help re-
duce the tendency of crack propagation on the Si wafer as it is
usually the case in the laser beam and ultrasonic machining
techniques [11]. Also interestingly, it is capable of machining
any conductive materials including pure metals such as Cu
[12] and metal matrix composite material (MMCs) like
Inconel 825 alloy [13], Aluminum 6351 alloy [14] and
Nitinol [15—17] without having to depend on its mechanical
properties such as the strength, toughness, and brittleness [2].
In relation to its applications, LEDM has widely been utilized
to pattern the carbon nanotube forest [18, 19] and conductive
polymers [20]. As some related studies have proven, this
method is known to remove the material by erosive action of
electrical discharge between an electrode and a workpiece,
which is separated by dielectric fluid [21]. tEDM involves
relatively lower capital equipment cost [22] and it has multiple
axes of movements, which makes it more suitable for the
machine complex 3D shapes [23]. Attempts to control the
machining rate of UEDM can be carried out by altering the
settings of the discharge generator. It has to be noted that such
a function further promotes the hEDM as an ideal material
removal method in machining Si wafers irrespective of their
hardness. In the literature, it was found that several studies
have identified new methods in order to increase machinabil-
ity, efficiency, and performance of Si machining by means of
using ptEDM technique. More importantly, the electrical con-
ductivity of the Si wafer is considered as the main parameter in
relation to the machinability by means of using tEDM. In the
event of the surface potential barriers that appear to prevent
the discharge current, plating or coating the Si wafer with a
conductive layer such as gold [24], gold-antimony [25], and
Cu [26] to provide electrical conductivity has been widely
carried out, as discussed in related studies. On the other hand,
the characterization performances in relation to the efficiency,
speed, and surface roughness have been widely looked into
for wire electrical discharge machining (WEDM) technique of
Si material [27-29]. In addition, some other studies have also
explored the machining rate, stability, and EDM-induced sur-
face [29, 30]. It has been proven in a number of research that
the electrical resistivity, which is actually the response to the
electrical conductivity, may also have a great impact on the
performance of tEDM. To the best knowledge of the re-
searchers, studies that have reported on the effects of the Si
material’s resistivity on pEDM machining performances are
really scarce.

The present study reports the findings upon looking into
the Si wafers machining performance of die-sinking pEDM
technique in relation to the MRR, surface quality, surface
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roughness, and material mapping. In order to make the char-
acterization more comprehensive, the machining performance
was evaluated on two different Si wafers with different resis-
tivity by means of using a range of discharge energies (DE) to
help evaluate the effects of the material’s resistivity on the
machining performances. In this regard, the quality of the
machined cavities was looked into experimentally through
surface profiling, scanning electron microscope analysis
(SEM), and energy-dispersive X-ray spectroscopy (EDX) to
help provide a better understanding on the quality of
machining.

2 Experimental setup

The machine that was used in this die-sinking tEDM exper-
iment is Hybrid tEDM (DT-110, Mikrotools, Singapore) that
offers three axes of movement: x, y, and z, which can be con-
trolled by means of using numerical control (NC) codes. The
schematic diagram of the die-sinking ptEDM setup can be
seen in Fig. la. The polarity for the tool electrode and the Si
wafer was set to be negative (i.e., cathode) and positive (i.e.,
anode), respectively. Both the tool electrode and workpiece
were immersed in a tank, which was filled with dielectric oil
(DIEL MS 5000) as shown in Fig. 1b. In addition, the basic
properties of the dielectric oil are presented in the Table 1. A
3-mm-diameter brass rod (58% Cu, 39% Zn, and 3% Pb) had
to be selected as the material for electrode towing to its rela-
tively higher electrical conductivity. By means of engaging in
the microturning process with a diamond cutter, the electrode
diameter was able to be narrowed down to 300 um. As for the
workpiece material, n-type (i.e., phosphorus dopant) Si wafers
with the size of 1 cm X 1 cm were used. In order to investigate
the effects of Si resistivity on machining performance, two
single-sided polished n-type Si wafers with differences in re-
sistivity were prepared for the experiment. The first sample is
the low-resistivity Si ([1 0 0] n-type, resistivity of 0.001—
0.005 Q cm and thickness of 500 um), in contrast to the
second sample that has higher resistivity ([1 0 0] n-type, re-
sistivity of 1-10 2 cm and thickness of 500 pm).

The DEs were defined by tuning the voltage and discharge
capacitor of the machine controller circuit. By disregarding
stray capacitances found in the circuit and at the same time,
assuming the full voltage of the discharge capacitor, the DE
can therefore be expressed by the following Eq. 1:

2
DE:CTV (1)

where C represents the capacitance and V as the open-circuit
voltage [31]. Two variables were taken into account in the
course of the experiments: voltage which was set from 80 to
120 Vin interval of 10 V, and capacitance was set in the range
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Fig. 1 Die-sinking tEDM (a)
experimental setup (a) schematic

diagram (b) actual setup during

machining of Si sample

Capacitor
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Electrode (brass\ © |
\_

Magnetic clamp

of 0.1 to 400 nF in order to obtain various parameters of DE.
As aresult, the variable DE is produced within the range of 0.5
to 2000 wJ. In this regard, the machining parameters used in
the die-sinking tEDM are summarized in Table 2.

The experiment began by means of fixing both samples on
the machine fixture inside the tank through the utilization of
the magnetic clamps. In order to immerse the sample, the tank
had to be filled with dielectric EDM oil. In the course of the
machining process, the rotation speed of the electrode was set
at 3000 rpm. In addition, the gap identified between the sam-
ple and electrode was controlled within 3—5 wm. The cavities
with 100 um depth were machined with a feed rate of 50 um/
min in z-axis. In order to characterize the performance, the
strategy of machining was selected to drill nine cavities in
low-resistivity sample using different values for the voltage
and capacitance (as summarized in Table 2) starting with 80 V
and 10 nF. These values were varied to achieve nine DE, as
indicated in Table 2. It is worthy of note that the tool electrode
is flatted using the diamond cutter before each cavity forma-
tion. Similar steps are repeated for high-resistivity sample and
the results are compared in Section 3.

Table 1  Properties of dielectric oil (DIEL MS 5000)

Basic physical and chemical properties Remarks

Dielectric constant, ¢, 1.795
Density at 15 °C 816 kg/m’
Flash point >=120°C

3.9 mm?/s at temperature 40 °C
6.5 mm?/s at temperature 20 °C

Kinematic viscosity

Workpiece (silicon)

EDM oil
Metal stage

Magnetic clamp
;) Electrode

~uy

The machining time was recorded based on the coordinate
movement through z-axis with time. In the case of the present
study, the MRR was calculated by means of using the follow-
ing Eq. 2:

MRR = ™% ',,2' X L' (mm?) 2)
machining time (sec)

where 7 is the radius of cavity and L is cavity depth that can be
achieved for each machined cavity. In this regard, the MRR
value was calculated based on the ratio of the volume of the
material removed to the machining time.

Table 2  Experimental conditions

Parameters Values used

Open-circuit voltage (V) 80, 90, 100, 110, 120

Capacitor (nF) 0.1, 1, 10, 100, 400

Discharge energy (1) 0.5, 5, 30, 40, 50, 60, 70, 500, 2000
Electrode material Brass

Electrode diameter (pm) 300

Electrode rotation speed (rpm) 3000

Feed rate during EDM (pm/min) 50
Depth of cavity (im) 100
Polarity Tool negative

Machining environment Dielectric oil, DIEL MS 5000
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Fig. 2 Machining time for
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3 Results and discussion
3.1 Machining time

Based on the die-sinking tEDM experimental setup and set-
tings conditions shown in Fig. 1 and Table 2, the total machin-
ing time for each parameter is recorded and plotted in Fig. 2.
The results indicated that the increase in voltage and capaci-
tance decreases the time required to machine cavity of 100 um
depths. The high voltage and capacitance produced high DE
to remove the workpiece material at high speed, and as a
result, machining time became shorter. In order to avoid short

Fig. 3 SEM images of cavity
machined using 100 V with
0.1 nF for both samples
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Resistivity 0.001-0.005 Q.cm

Machining time (s)

circuit, which leads to unstable machining process, spark gap,
i.e., the gap between electrode and workpiece, was controlled
to be 3-5 um [32]. However, when short circuit was detected,
the tool electrode-workpiece gap was increased by 5 um by
means of retracting the z-axis before approaching the work-
piece again with pre-set feed rate which is maintained at
50 um/min during the normal machining process. The results
in Fig. 2 showed that the machining time with voltage varia-
tion from 80 to 120 V with 10 nF capacitor for low-resistivity
sample (see Fig. 2a) and high-resistivity sample (see Fig. 2¢)
can be completed within 810 s. As regards, the capacitance
variation from 0.1 to 400 nF with 100 V for low-resistivity

Resistivity 1-10 Q.cm
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sample (see Fig. 2b) and high-resistivity sample (see Fig. 2d),
it was observed that 100 pm cavity can be machined for all the
parameters except for the lowest capacitance, 0.1 nF with
100 V, which stopped at 27 um for low-resistivity sample
within 854 s and 23.9 um for high-resistivity sample within
1200 s. This observation is explained based on Eq. 1, where
the value of DE for the lowest capacitance, 0.1 nF with 100 V
(0.5 wJ), was not high enough to drill a 100-um cavity. In
addition, both samples exhibited that the cavities are not fully
machined, and as shown in Fig. 3, big craters are produced in
the middle, which justify that 0.5 pJ cannot be selected as
machine parameter. Hence, the researchers concluded that
due to the sensitive short-circuit detection, the minimum DE
required to machine the cavity is 5 pJ with a very long ma-
chining time.

In Fig. 2c, parameter of 80 and 90 V with 10 nF showed
sharp increase pattern on the z-translation starting at 553 s
(80'V, 10 nF) and 167 s (90 V, 10 nF). This condition happens
due to low DE utilized to machine the cavity, which is 30 and
40 pJ that require long time to stabilize the machinability. The
beginning of the machining process showed long short-circuit
detection because of the difficulty to remove the workpiece
material using low DE. With regard to high DE, 100 to 120V,
the z-translation pattern increased sharply during the earlier
stage of the machining process because of high DE used to
machine the cavity. The effect of different parameters on the
cavity drilled by die-sinking tEDM to the machining time
(see Fig. 2) indicated that low-resistivity sample has shorter
machining time than high-resistivity sample. The machining

Fig. 5 SEM images of cavity
machined by ptEDM process with
10 nF and voltage value varied
for: low-resistivity sample a 90 V,
b 110 V, and ¢ 120 V; high-
resistivity sample d 90 V, e 110V,
and f 120 V
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Fig. 4 Relationship between material removal rate of die-sinking tEDM
process and increment DE for both samples

time is dependent on the resistivity value of the workpiece.
The decrease in resistivity of the workpiece material will in-
crease the ease of the WtEDM machining. This is due to the fact
that the electrical resistivity of the workpiece requires the
transfer of electric current to create the discharge pulse.

3.2 Material removal rate
MRR is one of the important factors to study the efficiency of

UEDM. In order to understand the efficiency of tEDM ma-
chining, the value of MRR has to be calculated based on Eq. 2.

Resistivity 0.001-0.005 Q.cm

Resistivity 1-10 Q.cm

(e) =
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Fig. 6 SEM images of cavity
machined by phEDM process with
100 V and capacitance value
varied for: low-resistivity sample
a1 nF, b 10nF, and ¢ 100 nF;
high-resistivity sample d 1 nF, e
10 nF, and f 100 nF

Figure 4 presents the MRR for both low- and high-resistivity
samples. The graph indicated that the MRR values increased
with the increasing value of DE. Nevertheless, when low val-
ue of DE was employed, it resulted in low MRR value due to
the occurrence of short-circuit detection, which caused insta-
bility in machining process. Figure 4 demonstrated that low-
resistivity sample has relatively higher MRR than high-
resistivity sample. Consequently, the low-resistivity sample
exhibited machining that is stable as discussed in
Section 3.1. MRR for low-resistivity sample reached the max-
imum value of 5.842 x 10~> mm?>/s when DE reached 30 pJ. If
the feed rate value is increased, these values of MRR can be
improved further. As regards the high-resistivity sample, the
nonlinear graph pattern is observed. The high-resistivity sam-
ple started to be machined at 5 pJ and reached the maximum
MRR at 2000 pJ. However, beyond 70 pJ, the increase in

Fig. 7 Low-resistivity sample
cavity machined by tEDM
process with high capacitance of
100 nF with 100 V a top view and
b cross-sectional view
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Resistivity 0.001-0.005 Q.cm

MRR value did not improve much and instable MRR trend
is observed. This is most likely due to the differences in ma-
chining parameter being used for difference DE as disclosed
in Table 2. Overall, the resistivity of the materials has great
influence on MRR.

3.3 Surface quality

The surface analysis of machined cavities was performed
qualitatively by means of a field emission scanning electron
microscope (FESEM) with an energy-dispersive X-ray spec-
troscopy (SU8020, Hitachi, Japan). Figures 5 and 6 present
the images of the results of machined cavity using various
parameters to study the quality of the machining with different
resistivities and values of DE. The effects of voltage and ca-
pacitance parameters on both low- and high-resistivity
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samples are shown in Figs. 5 and 6. Figure Sa—c and Fig. 6a—
exhibited low-resistivity sample, and large size of crater is
generated. Moreover, Fig. 5d—f and Fig. 6d—f showed high-
resistivity sample, and small size features are created. It has to
be noted that in Fig. 5a, d, low voltage value of 90 V with
10 nF was utilized. In Fig. 6a, d, low capacitances value of
1 nF with 100 V was used and it was discovered that smaller
craters were created on the machined surface of high-
resistivity sample compared to low-resistivity sample. This
might be due to the low capacitance of 1 nF of the DE value
used, which was inadequate and ineffective to remove mate-
rial with higher resistivity. With regard to the high-voltage
parameters of 110 and 120 V with 10 nF (see Fig. 5b, c, e,
and f) and high-capacitance parameters of 10 and 100 nF with
100 V (see Fig. 6b, c, e, and 1), large size and high amount of
craters were formed. For low-resistivity sample, the cross-
sectional view of the cavity machined with 500 pJ is shown
in Fig. 7b along the line presented in Fig. 7a. The increase in
voltage and capacitance values produced a strong DE to re-
move the workpiece material at high speed, and subsequently,
large craters have been generated on the surface.

3.4 Surface roughness
Surface roughness is the value of different cutting modes,
which was quantitatively investigated by using a 3D surface

profiler (S neox, Sensofar Metrology, Spain). This measure-
ment is a combination of three techniques, namely, confocal,
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Fig. 8 Relationship between surface roughness of die-sinking pEDM
process and increment of discharge energy for both samples

interferometry, and focus variation to calculate the values of
surface roughness. The confocal technique was used to mea-
sure surface height from smooth to very rough surfaces as low
as 0.1 um. Interferometry technique was employed to measure
surface height from smooth to moderately rough (providing
nm) and very smooth (providing sub nm). The last technique,
i.e., focus variation, was used to measure shape of large rough
surfaces. Each cavity from both samples was analyzed based
on the surface roughness value that was plotted against the DE
as shown in Fig. 8, which indicated that the surface roughness
increased with the increment of DE [33]. The low-resistivity
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Fig. 9 Surface roughness for low-resistivity sample a120 V, ¢ 400 nF; high-resistivity sample b 120 V, d 400 nF
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Fig. 10 EDX map images when
400 nF were used on low-
resistivity sample (a) Cu and
high-resistivity sample (b) Cu
deposited

C=400nF

1
100um

sample showed higher surface roughness compared to high-
resistivity sample. It is worth noting that the increase of DE
value caused by high spark employed to machine the work-
piece, which resulted in rough cutting modes [34].

Figure 9 displays the result of surface roughness for both
low- and high-resistivity samples when high voltage of 120 V
with 10 nF (120 wJ) and high capacitance of 400 nF with
100 V (2000 wJ) were employed. The roughness of low-
resistivity sample was 1.3416 um and high resistivity sample

Fig. 11 EDX spectrum of the

die-sinking LEDM: low- (a) soo 1
resistivity sample a 120 V, b
400 nF; high-resistivity sample ¢ w0
120V, 600
d 400 nF >
L 500
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was 0.731 um at 120 pJ of DE. For the highest capacitance of
2000 wJ, the roughness for low resistivity sample was
2.5868 um and the high resistivity sample was 1.2787 um.
These measurements show that the surface roughness is 2x
higher for low-resistivity samples. This is due to the flow of
current during the occurrence of discharge which is higher for
low-resistivity sample. A relatively larger workpiece material
melted when high DE is used due to the larger spark being
generated and crater evidences were evident on the surface.
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Similar to low-resistivity sample, the value of roughness for
high-resistivity sample also showed an increase in the surface
roughness when higher DE is used.

3.5 Materials deposition

Energy-dispersive X-ray spectroscopy (EDX) attached with
FESEM was used to characterize the deposited elements in
order to study the amount of material deposited into the drilled
cavity. Major element in the electrode, namely, Cu, is ob-
served in the machined cavity as shown in Fig. 10. The pres-
ence of Cu elements would be unpleasant in semiconductor
material machining because they can influence the use of the
substrate due to its diffusion. When identical DE is used
(2000 wJ), the EDX maps of Cu elements were observed in
the spark region of workpiece in Fig. 10a for low-resistivity
sample and Fig. 10b for high-resistivity sample. Higher Cu
deposition is observed on high-resistivity sample, as it re-
quires longer machining time for cavity formation. When
DE is set at low, the deposition of Cu detached from brass
electrode is also expected to be high due to long machining
time that gave more chance for the Cu to be deposited and
melted on the workpiece surface.

The EDX analyses demonstrated in Fig. 11 showed the
level of the main elements present in the machined cavities,
which are based on the highest voltage and the highest capac-
itance parameters for both high- and low-resistivity samples.
At 120 V with 10 nF (see Fig. 11a) and 100 V with 400 nF
(see Fig. 11b), approximately eight times larger weight per-
centage of Cu was detected for high-resistivity samples. High-
resistivity sample showed a relatively higher percentage of C
and O compared to low-resistivity sample for both DEs. This
indicated that longer machining time is needed for high-
resistivity samples, which causes more Cu material to react
and the presence of C debris around the machined cavity.
Hence, more carbonized and oxidized layer remained in the
cavity.

4 Conclusions

The present study investigates the two n-type Si wafers with
0.001-0.005 © cm and 1-10 £ c¢m that were machined by
means of the die-sinking tEDM technique with 300 um di-
ameter of brass electrode. Cavities with 100 um depth were
machined using a range of voltages (i.e., 80 to 120 V) at
constant capacitance of 10 nF and a range of capacitances
(0.1 to 400 nF) at constant voltage, 100 V to produce different
DE from 0.5 to 2000 wJ, respectively. The effects of Si resis-
tivity and DE on the pEDM machining performances were
analyzed. The results obtained showed that the MRR for low-
resistivity sample is higher than high-resistivity sample by
factor of ~ 6 at low DE. In addition, shorter machining time

that was required to machine the cavities on low-resistivity
samples reduces the contamination of Cu, C, and O.
Although the high resistivity, which resulted in low MRR
required longer machining time and produced high level of
contamination, the surface quality of high-resistivity sample is
~ 2x better than low-resistivity sample. For future work, fur-
ther investigations on the tool electrode and it wear during
machining, as well as simulation to evaluate the machining
sensitivity are deemed necessary.
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