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Micro-electro-dischargemachining (μEDM) is a versatile technique formicromachining of electrically conductive
materials with resolutions limited within the micrometer scale. This paper reports an approach to pushing the
resolution limit of μEDM down to the nanometer scale. EDM with different electrode tip sizes is performed on
carbon nanotube forests and the results reveal a favorable scaling effect of the tip size on theworking voltage re-
quired for the breakdown of the dielectric between the electrode and workpiece, suggesting that downsizing of
the electrode tip assists in the reduction of the discharge pulse energy. Based on this finding, controlled pattern-
ing of grating-like structureswith ~200 nmheight is demonstratedon carbonnanotube forestswith an estimated
pulse energy of 1 nJ, achieved using a tungsten electrodewith a tip radius of 3 μm. Theoretical analysis of this pro-
cess setting shows a close match with the experimental results, further supporting the scaling effect. These re-
sults suggest the feasibility of the approach toward “nano-EDM” for an extensive range of potential
applications in micro/nanodevice and nanotechnology areas.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Micromachining has established an essential position in modern
manufacturing of a vast range of products including micro-electro-me-
chanical system (MEMS). Applications of microstructures/components
fabricated by micromachining are widespread in broad market seg-
ments, e.g., automotive, biomedical, healthcare, electronics, environ-
mental, aerospace, communications, and consumer products [1–3]. A
variety of micromachining techniques have been developed. Micro-
electro-discharge machining (μEDM) is one of the techniques that
have made a significant and unique contribution to this area. The tech-
nique utilizes pulses of thermomechanical impact induced by an ex-
tremely miniaturized electrical discharge generated between a micro-
scale electrode and a workpiece, selectively removing the material of
the workpiece. μEDM is a versatile, powerful micromachining process,
as it can be applied to any electrically conductive solid-state material re-
gardless of the material's mechanical properties (e.g., hardness and brit-
tleness). The technique is capable of producing three-dimensional (3D)
microstructures, and this ability has been utilized to develop a wide
range of applications [4]. For example, the use of the technique enabled
the development of a self-propelled micromachine achieved with a
micro gear reduction systembased onhard steel [5] andmicromechanical
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processing tools using super-hard alloys [6]. It can be used to pattern bio-
compatible bulk metals such as titanium, surgical-grade stainless steels,
and nickel–titanium shape memory alloys, leading to the development
of advanced biomedical and implantable microdevices [7,8].

Micropatterning of vertically aligned carbon nanotubes, so called
CNT forests, has been demonstrated using a dry μEDM method [9].
CNT forests have been attracting significant attention as they offer
unique properties suitable for many applications [10–12]. CNT forests
are a promising functional bulk material that could be extensively ap-
plied to MEMS and other areas that utilize micromachined structures.
For instance, aligned CNTs have been used to produce integrated
MEMS devices on a wafer scale [13]. Silicon-CNT composite forests
have been developed to construct MEMS devices [14]. Microstructures
of CNT forests have also been applied to solar cells [15] and fuel cells
[16]. However, the shapes of CNT forests grown by typical chemical
vapor deposition (CVD) processes with pre-patterned catalyst [17–19]
are primarily limited to two-dimensional-like geometries with a uni-
form height. Dry μEDM processes have been developed to address this
constraint, enabling the formation of free form, 3D microstructures in
CVD grown CNT forests [9,20,21]. This μEDM approach has enabled
micropatterning of as-grown CNT forests, with dimensions as small as
5 μm [9], in a parallel/batch mode [22]. CNT-forest-based devices have
been developed with 3D shaping of the forest performed using this
technique [23,24].

It is well known that microstructures larger than 5 μm can be easily
created using μEDM [25,26]. Attempts to improve the smallest machin-
able size have been made to show a miniaturization limit as small as
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Fig. 1. μEDM set-up used for experiments showing a CNT forest as the workpiece.
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1 μm, but not reaching the nano domain so far [27]. The performance
of μEDM depends on a number of process parameters. The discharge
energy is one of the key parameters. In conventional μEDM (of
metals), the energy of a single discharge pulse is on the order of
100 nJ to 10 μJ [28]. Energies down to 1 nJ have been achieved for
CNT machining by using a field-emission assisted technique [20]. A
high discharge energy causes violent sparks that result in deep cra-
ters created by thermal erosion of the workpiece's surface layer, de-
teriorating surface smoothness and the machining precision. This is
one of the factors that limit the removal resolution of μEDM. Pushing
the limit of discharge energy is expected to bring nano-scale pattern-
ing with μEDM to reality; however, little study has been reported on
addressing this challenge.

Here, we report a breakthrough approach based on the scaling ef-
fect in μEDM electrodes as a practical and promising means toward
realizing the above goal. In particular, downsizing the electrode's
tip structures is found to be effective in lowering theworking voltage
necessary to induce a breakdown of the dielectric between the elec-
trode and workpiece for a given gap size between them, which in
turn contributes to ultimate miniaturization of discharge pulse ener-
gy and thus maximizing the removal resolution of the process. This
very low discharge energy is exploited to demonstrate patterning
of arrays of submicron CNT structures, showing the effectiveness of
the approach toward “nano-EDM”. Both experimental and simula-
tion results show that the electrode's tip size and geometry are key
factors of the approach. Establishing the ability to 3D pattern CNT-
forest structures in the submicron regime and beyond could pave
an alternative way to vacuum micro/nano-electronics and field-
emission-type devices such as displays, among other applications
in the nanotechnology and MEMS fields.

2. Experimental method

The μEDM set-up used for machining of CNT forests is illustrated in
Fig. 1. This system has a relaxation type resistor capacitor (R-C) circuit
Fig. 2. Optical images of truncated cone electrodes with (a) 3 μm ti
as a discharge pulse generator [29]. The energy provided by this type
of circuit to generate discharge can be theoretically expressed as:

E ¼ ½ C þ C0� �
V2 ð1Þ

where C is the discrete capacitance intentionally placed in the circuit, C′
is the total stray capacitance present and coupled with the circuit, and V
is the working voltage. According to Eq. (1), either reducing the capac-
itance or the voltage is a possible path to reducing the discharge energy.
For the former case, it is understandable that C′ limits the reduction of E
even if C is made zero. As the stray capacitance varieswidely in different
set-ups and samples, this parameter is inherently not a suitable one for
precise control of discharge energy. Furthermore, the discharge energy
has a quadratic dependence on the voltagewhereas it is merely propor-
tional to the capacitance. Therefore, reducing the voltage is amore effec-
tive approach to lowering the discharge energy. However, drastic
reduction of the working voltage often leads to machining instability
due to the decrease of the gap spacing between the electrode andwork-
piece, causing frequent occurrences of short circuiting. In a typical μEDM
setting, theworkpiece is submerged in a dielectric liquid (commonly oil
or ultrapurewater) to perform the removal process; this ambient assists
with the flushing of debris produced during the process. The CNT forest,
as theworkpiece of μEDM, however, cannot be immersed in a liquid, be-
cause the aligned CNTs collapse due to the capillary forces when the
wetted forest is dried [9]. Therefore, CNT forests are μEDMed in dry am-
bient, with an oxygen-mixed inert gas, which enables precise etching of
the nanotubes with microscopic tool electrodes by establishing pulses
of micro discharge between the electrodes and the forest [9,20,21].
With numerical control of the electrode position relative to the forest,
free form 3D patterning of the material is made possible.

In a μEDM process, a breakdown of the machining medium, or a
spark, is generated when the electric field in the region between the
electrode tip and the workpiece surface exceeds the dielectric strength
of the medium. The field strength in the region is determined by the
gap size and the applied voltage. For a given gap, a certain level of the
voltage needs to be applied to produce an electric filed that overcomes
thedielectric strength and induces a spark, and this threshold voltage si-
multaneously determines the level of the discharge energy (Eq. (1)) and
hence the amount of material removed by a spark. In a configuration
that a voltage is applied between parallel plates, the electric field
established in the gap region is uniform and determined only by the
gap size. However, for the point-to-plane configuration relevant to the
typical μEDMset-upwhere afine-tip electrode faces a planarworkpiece,
the electric field distribution varies with the size and shape of the elec-
trode tip, in which the field enhancement effect [30] plays an important
role. This in turn means that the use of differently sized electrodes
should lead to different performance levels in μEDM. Here, we investi-
gate the geometrical effects of the electrode on μEDM performance
both experimentally and theoretically.

μEDM experiments using different sizes of the electrode were
attempted on CNT forests. The forest samples were grown on heavily
p radius (Electrode-1), and (b) 37 μm tip radius (Electrode-2).
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doped silicon substrate using atmospheric-pressure CVD system. First,
the catalyst layer (1 nm thick iron on 10 nm thick alumina) was depos-
ited on a heavily doped silicon wafer using electron beam evaporation.
The wafer was then transferred to the reaction tube of the CVD system
to synthesize amulti-walled CNT forestwith a height of several hundred
micrometers using ethylene as the carbon source. Details of the CVD
process can be found elsewhere [9,31]. The experiments were per-
formed using a servo-controlled 3-axis μEDM systemwith 100 nmposi-
tioning resolution (EM203, SmalTec International, IL, USA). Two types of
Fig. 3. SEM images of CNT forest surfaces processed using Electrode-1with estimateddischarge
2 with estimated discharge energies of (b) 0.25 nJ, (d) 1 nJ, (f) 2.25 nJ, and (h) 4 nJ.
electrodes that have truncated cone shapes Electrode-1 and Electrode-
2) were prepared by micromachining a pure tungsten wire (with the
original diameter of 300 μm) using a technique called wire electro-
discharge grinding (WEDG) [32]. The optical images of these two elec-
trodes are shown in Fig. 2. The tip radius of Electrodes-1 and -2 were
measured to be approximately 3 μm and 37 μm, respectively. The side-
wall slopes of both electrodes were designed to be the same (1/10). For
process characterization, these electrodes were scanned over the top
surfaces of CNT forests to create square patterns (with a side dimension
energies of (a) 0.25 nJ, (c) 1 nJ, (e) 2.25 nJ, and (g) 4 nJ, and those processedwith Electrode-
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of 200 μm) using different voltages of 5 V, 10 V, 15 V, and 20 V (corre-
sponding to pulse energies of 0.25 nJ, 1 nJ, 2.25 nJ, and 4 nJ, respective-
ly). These patterns were located adjacent to each other in order to keep
all parameters (forest height, density, and surface conditions) as con-
stant as possible, except for the electrode size. The polarity of the volt-
age was defined so that the CNT forest served as the cathode while
the tungsten electrode was the anode (this polarity was reported to
yield higher quality in μEDM of CNT forests due to the enhanced field
emission properties of CNT forests [20]). The total capacitance of the cir-
cuit was ~20 pF (10 pF for C, plus ~10 pF as an approximate value of C′
known for the system used). The parasitic capacitance between the
electrode tip and the workpiece is estimated to be smaller than the
level of C′ by 3–5 orders of magnitudes, suggesting that C′ is almost
the same with the use of either electrode. Both electrodes were rotated
at 4000 rpm during all machining tests.

3. Results and discussion

The surfaces of the CNT forests machined using these two electrodes
were characterized using a scanning electronmicroscope (SEM). Fig. 3a,
c, e, and g show SEM images of the μEDMed surfaces obtained with
Electrode-1, showing the results with different discharge energies cor-
responding to 0.25 nJ, 1 nJ, 2.25 nJ, and 4 nJ, respectively. Fig. 3b, d, f,
and h show the results obtained with Electrode-2 under the same con-
ditions. Fig. 4a is a typical pattern after machining. As can be seen from
Fig. 3a and b displaying the cases for the discharge energy of 0.25 nJ (or
applied voltage of 5 V), theCNTswere apparently bent laterally showing
similar surfacemorphologies in both cases with Electrodes-1 and -2. Al-
though somedischarge pulseswere detected during themachining pro-
cess, the lateral bending suggests that certain mechanical forces acted
on the CNTs in themachining process. As a reference, purelymechanical
processing, without applying any voltage, under the same electrode ro-
tation/scanning rateswas performed on a similar CNT forest. SEM imag-
ing of themechanically processed surfaces (Fig. 4) indeed shows lateral
bending of the CNTs, resulting in a surfacemorphology similar to the 5 V
cases shown in Fig. 3a and b. The above comparison suggests that this
particular μEDM condition led to almost purely mechanical processing
due to physical contact between the electrode and the CNTs. The results
of the 1 nJ (10 V) μEDMwith Elecrodes-1 and -2 are displayed in Fig. 3c
and d, respectively. It is observable in Fig. 3c that although themachined
surfaces contain small portions (shownwith an arrow in thefigure) that
exhibit mechanical bending, most of the regions show high density tips
of CNTs, suggesting that the shortening of the CNTs due to the EDM re-
moval partly occurredwhile preserving the vertical directionality/align-
ment of the CNTs in those regions and that μEDM played the dominant
role in this process with Electrode-1. However, with Electrode-2, me-
chanical machining was still the main mechanism as can be seen from
Fig. 3d, showing laterally flattened CNTs, i.e., 10 V of applied voltage
Fig. 4. SEM image of (a) EDMmachined pattern, (b) CNT forest surface proc
was not large enough to enable EDM removal of the material with the
larger electrode. When the discharge energy was increased to 2.25 nJ
(15 V), the entire surface processed with Electrode-1 (Fig. 3e) showed
CNT tips with no sign of mechanical bending, indicating that the EDM
removal was maintained uniformly. With Electrode-2 (Fig. 3f), howev-
er, the effect of mechanical bendingwas still dominant; although traces
of μEDMarenoticeable in small parts of the processed surface (as shown
with an arrow in Fig. 3f), 15 V is evidently not high enough to perform
EDM removal with Electrode-2. As the discharge energy was further in-
creased to 4 nJ (20 V), EDM removal was observed in all the processed
surfaces with both Electrodes-1 and -2 (Fig. 3g and h, respectively).
This experiment shows that a discharge energy of 1 nJ (10 V) or greater
is necessary to perform μEDM with Electrode-1, the 3-μm-tip cone,
whereas the threshold level increases to 4 nJ (20 V) for the case of
Electrode-2, the 37-μm-tip cone. It should be noted that the threshold
levels necessary for EDM removal may vary depending on specific sam-
ple/experimental settings used (e.g., nanotube geometries, which can
influence their field emission ability, and the contact resistance present
between the sample and the discharge circuit) that can affect the break-
down voltage as well as pulse current and energy. However, the above
finding clearly demonstrates thatminimizing the electrode tip size is ef-
fective in lowering the threshold discharge energies/voltages required
to perform μEDM and hence achieving higher machining resolution
and tolerance — a promising result toward nano-scale removal.

Based on the above characterization results, patterning of CNT for-
ests was tested using Electrode-1 and an applied voltage of 10 V.
These tests were aimed at creating ordered microstructures with nano-
scale heights on the surface of a CNT forest, by scanning the electrode
over the forest surface along the X direction of the system while gener-
ating discharge pulses. This patterningwas implemented by controlling
the Z-position of the electrodewith varying depths in this process; the X
scan of the electrode was repeated while shifting the scan along the Y
direction by a distance of 5 μmafter eachX scan in order to create a rect-
angular pattern of the processed area. This machining sequence was to
partially overlap (along Y) the created trenches as illustrated in Fig. 5,
forming a grating-like pattern with a submicron peak-valley cross sec-
tion. Fig. 6 shows two typical structures patterned on a CNT forest, illus-
trating the cases of three different removal depths with 5 μm step. SEM
analysis and profile measurement revealed that, as seen in the figure,
the optimal condition for the target process was achieved when the re-
moval depth was approximately 8 μm; ether smaller or larger depths
led to rougher structures (as in the cases of 3 μm and 13 μm depths in
Fig. 6a and c, respectively). Under this condition, ordered arrays of shal-
low, smooth trenches and resultant protruding line structures were re-
producibly created as displayed in Fig. 6b and d. The distance between
adjacent protruding lines was measured to be ~5 μm, consistent with
the programed Y shift of the electrode scan. Atomic force microscopy
(AFM) was used to characterize the surface profiles of the machined
essed mechanically using a rotating electrode without applying voltage.



Fig. 5. Illustration of the EDM process for creating grating-like submicron patterns on CNT
forest (d = 5 μm).
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patterns. AFM imaging (Fig. 7a) and profile data (Fig. 7b) clearly show
the morphology of the submicron pattern, verifying that the process
created grating-like structures that had triangular cross sections with
peak-to-valley heights of ~200 nm or less. These results demonstrate
the feasibility of submicron patterning of CNT forests using μEDM,
with extremely miniaturized discharge energies with applied voltages
down to ~10 V levels.

4. Theoretical analysis: finite element numerical simulation

To further understand the effect of the electrode tip size on μEDM,
the finite element method (FEM) was employed to estimate the distri-
bution of electric field between the electrode and workpiece. We used
COMSOL Multiphysics® software package (version 3.5) to perform
this FEM simulation. The two truncated cone electrodes, Electrodes-1
and -2 described previously were 3D modeled with the tip radius of
3 μm and 37 μm, respectively, to allow direct comparison with the ex-
perimental data discussed in the preceding section. The slopes of the
Fig. 6. (a) and (c) show two typical results from submicron EDM patterning on CNT forest with
removal depth of ~8 μm are displayed in (b) and (d).
sidewalls were also set to be 1/10, the same as in the experiment.
Fig. 8a illustrates the two-dimensional (2D) model of the electrodes
with a workpiece underneath. The 3D models were formed by rotating
the 2Dmodels around their axes. Here, wemodeled theworkpiece to be
a flat sheet of carbon instead of an array of CNTs to simplify the simula-
tion. (There are thousands of CNTs in an area of only several square mi-
crometers, and attempts at modeling all the CNTs explicitly led to an
overload of the calculations.) Although there may be small variations
in density, orientation, and physical properties of CNTs over the forest
material caused by non-uniformity of the catalyst layer and/or varia-
tions in the growth process, one can view the material as a relatively
uniform bulk, similar to the case of the carbon sheet model. (It should
also be noted that the experiments described above with different con-
ditions were analyzed under the same assumption of forest uniformity
within small areas.) The distance between the electrode's bottom sur-
face and the surface of the workpiece was set to be 5 μm (a typical dis-
charge gap as observed in the past studies of μEDM of CNT forests [23]).
Positive voltages from 5 V to 20 V with a 5 V step were applied to the
electrode while the workpiece was grounded. The simulated maps of
electric field near the tips of Electrodes-1 and -2 with the same applied
voltage of 10 V are shown in Fig. 8b and c, respectively. As can be seen,
Electrode-1 with the finer tip created higher field strengths overall,
showing the highest being 7.4 × 106 V/m for Electrode-1 at its edges
(Fig. 8b), ~3.4× greater than the highest field for Electrode-2 (2.2 ×
106 V/m, Fig. 8c); the electric fields near the surface of the carbon
sheet were approximately 1.6 × 106 V/m and 2 × 106 V/m, respectively.
In the space between two asymmetrical electrodes i.e. the point-to-
plane configuration in this study, a breakdown is triggered in the part
of the path with highest electric field which exceeds the breakdown
strength of the intermediate medium regardless of the field levels in
other parts of the path [33]. Under the field, free electrons in the inter-
mediate medium (air in the present case) drift to the positive electrode
while producing positive ions (by electron bombardment) and more
free electrons, leading to an avalanche phenomenon and breakdown.
Fig. 8d shows simulated results of the highest electric field produced
different removal depths. Corresponding close-up images in the regions patterned with a



Fig. 7. (a) A 3D morphology of the produced submicron patterns of CNT forest measured with AFM, and (b) cross-sectional profile of the submicron patterns.
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with Electrodes-1 and -2 as a function of applied voltage, indicating a
clear field enhancement effect from the comparison. The breakdown
strength of air was reported to approximately be 3.7–4.5 × 106 V/m
[34], which is also indicated in Fig. 8d. It can be seen from the graph
that the highest electric fields with Electrode-1 for all the voltages
used are above the breakdown strength of air (except the 5 V case
where the field level is within the threshold region), suggesting that a
breakdown will occur with voltages as low as 10 V or perhaps even
5 V. In contrast, the fields with Electrode-2 for 5–15 V are below the
threshold, i.e., a breakdown will not be triggered until the voltage in-
creases up to around 20 V. Assuming that a breakdown takes place
when the applied voltage causes a field within the breakdown strength
Fig. 8. (a) The 2D model of the electrodes with a workpiece underneath and an electric field es
Electrode-2 with the same applied voltage of 10 V. (d) Simulation results of the highest electri
range (5 V for Electrode-1 and 20 V for Electrode -2), Fig. 8d suggests
that the level of the discharge energy (E) with the former electrode
can be 16× smaller than that with the latter electrode for a given ap-
plied voltage sufficient to trigger a breakdown. These simulation results,
which match well with the experimental results, further demonstrate
that the size of the electrode tip has significant effects on the minimum
level of breakdown voltage and thus discharge energy in the process.

In a previous study [20] where the CNT forest was set as the cathode
the same as in the current study, field enhancement by the CNTs, due to
their sharp tips at the top and high aspect ratios, was suggested to assist
finer removal in the μEDM process. That implies that the actual electric
field at the tips of the CNTs should be higher than the electric field
tablished between them. Simulated electric fields near the tips of (b) Electrode-1 and (c)
c field produced with Electrodes-1 and −2 as a function of applied voltage.
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obtained from the simulation on the carbon sheet above, which may
weaken the decisive effect of the electric field near the electrode tip.
Therefore, the question arises as to why in the present study, the
strength of the field near the electrode seems to be playing the main
role. A possible explanation can be related to the fact that the size of
the electrode in the previous work was much larger (~90 μm) than
the electrodes in the present case. According to the present simulation
results, the field strength at the electrode decreases as the size of the
electrode increases. For the case of large electrodes, the field near CNT
tips can be stronger than near the electrode. However, as the size of
the electrodedecreases, thefield near the electrode could eventually be-
come stronger than that near the CNT tips. As mentioned before, it was
not feasible to simulate the real CNT forest due to computational limita-
tions. However, a simplified simulation was employed to qualitatively
explore this possibility;we performed it using a 3Dmodel of a combina-
tion of either electrode and an array of 7 × 7 CNTs (diameter and inter-
tube (axis-to-axis) distance of 60 nm and 150 nm, respectively, which
are the smallest dimensions our simulations could handle, with a CNT
height of 20 μm) that enabled reliable simulation of field distribution
at the tips of CNTs. With an applied voltage of 10 V, the peak field on
the CNT array was found to be comparable to the field strength on
Electrode-2 and 2–2.7× smaller than that on Electrode-1. This result
shows the possibility that, even using CNT forests instead of a carbon
sheet, the electric field at the electrode may be larger than that at the
CNT tips and dominate the breakdown process. However, we note
that even this findingmay be an artifact of the simulations led by, for ex-
ample, the effect of mesh size and at what position exactly the maxi-
mum field occurs, although we attempted to minimize such effects by
using a very fine mesh. Therefore, we cannot definitively conclude
that the field near the small electrode is larger than that near CNT
tips; however, the closematch between the simulation and experimen-
tal results support this as a viable option. Regardless of the exact condi-
tion involved, we see clearly that the smaller electrode leads to stronger
fields for a given applied voltage and thus assists inminimizing the volt-
age/pulse energy requirements, leading to finer EDM.

5. Conclusion

In conclusion, a μEDMmethod for extremelyminiaturized discharge
energy using fine-tipped tungsten electrodes was proposed and studied
for submicron patterning of carbon nanotube forests. Experimental test-
ing for dry μEDM of CNT-forest samples in air using electrodes with dif-
ferent tip sizes revealed that the size of the electrode tip affected the
breakdown voltage in the dielectric medium of the process and that
the reduction of the tip size was an effective path to decreasing the en-
ergy of the discharge pulses in the process. The experimental results
were supported by simulations. The minimum voltages necessary to
conduct EDM removal of the CNTswith these electrodesweremeasured
to match well with theoretically estimated breakdown voltages in air.
The use of the electrode with a tip radius of 3 μm was found to enable
stable pulse generationwith 1 nJ level discharge energies in the process,
enabling patterning of grating-like structures with 100 nm order
heights on CNT forests. These results show that the machining mecha-
nismbased onminiaturized discharge pulses is capable of controlled re-
moval of CNTs in the submicron scale, possibly being extended to even
finer patterning through further optimization of process conditions and
miniaturization of the electrodes. The outcome also encourages the ap-
plication of the developed nano-EDM approach to other materials,
which could lead to an extensive range of potential applications owing
to a very large material base of the EDM process.
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