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This work investigates dry micro-electro-discharge machining (W.EDM) of vertically aligned carbon
nanotube (CNT) forests that are used as cathodes in the process, as opposed to conventional yEDM
where the material to be machined forms the anode, toward achieving higher precision in the
patterned microstructures. The new configuration with the reversed polarity is observed to generate
higher discharge currents in the process, presumably due to effective field-emission from CNTs. This
effect allows the process to be performed at very low discharge energies, approximately 80X smaller
than in the conventional normal-polarity case, with the machining voltage and tolerance down to
10V and 2.5 um, respectively, enabling high-precision high-aspect-ratio micropatterning in the
forests. The new approach is also demonstrated to make the process faster, cleaner, and more stable
than conventional processing. Spectroscopic analyses of the forests processed by reverse tEDM
show no evidence of significant crystalline deterioration or contamination in the CNTs. © 2011
American Institute of Physics. [doi:10.1063/1.3663438]

. INTRODUCTION

Carbon nanotubes
mechanical, electrical, optical, and thermal properties.
Densely packed, vertically aligned CNTs are commonly
referred to as CNT forests and have many potential engineer-
ing applications in the field of micro-electro-mechanical sys-
tems (MEMS),® micro-chip heat sinks,” field-emitters,®'°
gas sensors,11 photovoltaics,12 fuel cells,13 and synthetic uni-
directional adhesive tapes.'® It is very important to pattern
CNT forests to make them useful for many of the above
applications. The formation of patterned CNT forests has
widely been conducted through selective growth of the for-
ests by chemical vapor deposition (CVD) on pre-patterned
catalyst on the substrate. However, this technique is limited
to producing two-dimensional patterns with uniform height.
Micropatterning of three-dimensional, free-form structures
with high aspect ratios in pure CNT forests was recently
demonstrated using a process based on micro-electro-dis-
charge machining (uEDM).'>'® Dry air was used as the
dielectric medium in the process, instead of the dielectric lig-
uid used in typical uEDM, as the forest structures patterned
in liquid are drastically modified when the structures are
dried because of the capillary effect.'> The optimal machin-
ing condition was observed at the discharge voltage of 30 V.
This technique was further investigated in Refs. 16 and 17.
These studies revealed a possible removal mechanism of
CNT forests in dry uEDM, suggesting that the process is

(CNTs) have highly attractive
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essentially oxygen plasma etching rather than the conven-
tional, direct thermal removal (evaporation and melting) pro-
cess. The role of oxygen in the process was also investigated
and it was reported that air was an optimal medium for
UEDM of CNT forests. The EDM condition at 60V and
10pF was effective in creating needle-like microstructure
arrays in CNT forests.'® The machining tolerance, or the dis-
charge gap clearance between a forest and the uEDM elec-
trode, was reported to be 10 um or more, substantially larger
than typical values (of one to a few micrometers) involved in
standard uEDM with dielectric liquid. Toward achieving higher
precision and nano-scale removal in dry tEDM of CNT forests,
it is essential to minimize the discharge voltage and the dis-
charge gap while achieving effective removal of CNTs.

In typical EDM (including tEDM), the workpiece and
the electrode are generally arranged to be the anode and the
cathode, respectively, as this polarity usually results in effi-
cient material removal with small electrode wear. To the
best of the authors’ knowledge, all previous studies on
carbon-nanofiber or CNT-forest yEDM have used this con-
ventional polarity, i.e., the carbon material has served as the
anode while the tungsten electrode has been used as the
cathode.'>™'7 However, the effect of the polarity of the CNT
forest on the EDM removal of the material has not been stud-
ied. Because of their extremely small tips with nanometer
radii and high aspect ratios, CNTs are known to significantly
enhance an applied electric field and thus have excellent
electron emission properties. In fact, CNT cathodes were
reported to reduce gas breakdown voltage while increasing
the discharge current compared to tungsten cathodes;'®
although the set-up and the ranges of the breakdown voltage

© 2011 American Institute of Physics
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and current reported are different (one to two orders of mag-
nitude) from those involved in uEDM, the above suggests
that the use of reverse polarity in uEDM of CNT forests
could be effective in lowering the discharge voltage and gap
clearance (for higher precision) as well as increasing the dis-
charge current (for effective CNT removal) in the process.
To explore this hypothesis, the present work investigates
reverse-polarity yEDM of pure CNT forests in dry air exper-
imentally. The characteristics of reverse tEDM for CNT for-
ests and the patterned structures are studied to reveal various
advantages over the conventional process with the normal
polarity, achieving higher precision in the forest patterning
process including that for high-aspect-ratio geometries.

Il. EXPERIMENTAL SET-UP

The CNT forest samples used in this study were grown
on highly doped silicon substrates ({100) n-type, resistivity
0.008-0.015 Q-cm) using an atmospheric-pressure CVD sys-
tem. The samples were prepared as follows: First, a 10-nm-
thick layer of aluminum was evaporated on the silicon wafer.
Subsequently, a 1-nm-thick layer of iron was deposited. The
CNT growth was performed by placing the sample on a piece
of a lightly doped Si wafer that served as the resistive heater
(CNT growth zone) in the reaction tube of the system. A pre-
heater was used to heat up the gas at ~30 cm before reaching
the growth zone. In a typical growth process, after loading
the sample, the pre-heater’s temperature was ramped up
from room temperature to 850 °C in 20 min while maintain-
ing a flow of 400 sccm of argon. Then the silicon heater was
turned on to maintain the temperature of the sample at
~750°C for 2 min. The sample was annealed for 5 min under
140 sccm of argon and 400 sccm of hydrogen. Subsequently,
flow rates of 140 sccm of ethylene, 400 sccm of hydrogen,
and 100 sccm of argon were used for 15 min for the CNT
growth. The growth was ended by turning off the silicon
heater and all the gas flows except for 400 sccm of argon for
about 20 min to cool the pre-heater down to room tempera-
ture. This process yielded forests of vertically aligned multi-
walled CNTs with lengths of up to several 100’s of um.

The experiments for kEDM of the CNT forests were
performed using a servo-controlled 3-axis yEDM system
(EM203, SmalTec International, IL, USA) with a 0.1-um
positioning resolution. The discharge pulses were generated
with a relaxation-type resistor-capacitor (R-C) circuit,’” a
proven pulse generator used for kEDM of CNTs.">"!7 The
experimental set-up arranged for the machining tests and
characterization is illustrated in Fig. 1. As shown, a current
probe (CT-1, Tektronix, USA) was used to monitor pulses of
the discharge current in real time. The discharge current data
were captured from the oscilloscope using a GPIB interface
and stored in a computer for subsequent analysis. A series of
UEDM experiments at both normal and reverse polarities
were performed for various energy levels that were con-
trolled by varying the discharge voltage in a range of 10-
60V with a fixed capacitance of 10pF in the R-C circuit.
The electrode (tungsten, diameter of 40-93 um) was rotated
at 3000 rpm during all the machining experiments. The X-Y
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FIG. 1. The experimental set-up used for characterization of reverse-
polarity uEDM of CNT forests.

scanning rate and the electrode feed rate in the Z direction
were set to | mm/min and 10 gm/min, respectively.

lll. RESULTS AND DISCUSSION

The discharge pulses generated with both reverse and
normal polarities were first characterized to observe the dif-
ferences between the two conditions. Figures 2(a) and 2(b)
show the comparison of the average peak current and fre-
quency of the pulses (n =400) measured at different voltage
levels. Typical discharge pulses for the normal and reverse
polarities measured with the current probe are also shown in
Figs. 2(c) and 2(d). It can be understood from the comparison
in Figs. 2(a) and 2(b) that both the peak current and the fre-
quency with the reverse polarity are higher than those with
the normal polarity, and that the difference in the peak current
at lower voltages is significant. It was also observed that short
circuiting between the electrode and the CNT forest was a
predominant factor in the normal polarity case when lower
voltages were used (e.g., for 10V and 10pF, the probability
of short circuits with the normal polarity was ~5x higher
than that with the reverse polarity). More occurrences of short
circuits may result in mechanical grinding of the CNT forest
as observed in Ref. 15, which can distort the orientation of the
CNTs. A possible reason behind the higher discharge current
in the reverse-polarity case that uses the forest as the cathode
could be enhanced field-emission (FE) from CNTs;lO’ZO*23 the
forest cathode can more easily emit electrons from the nano-
scale tips of the CNTs compared to a conventional metallic
cathode (such as the tungsten tip) at a given voltage. The
increased discharge current with the reverse polarity is also
consistent with the results reported in Ref. 18.

As will be discussed later, the reverse-polarity condition
at 10V was found to produce an approximate discharge gap
clearance of 2.5 um; this means that the applied electric field
established at the gap is ~4 V/um under the condition. Past
studies show FE current densities of ~0.5 mA/cm? for tung-
sten cathodes®* and ~1 mA/cm? for CNT-forest cathodes'”
for this level of field, suggesting an approximately 2Xx
increase in the FE current with the CNT forest compared to
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FIG. 2. (Color online) (a) Average peak current of discharge pulses measured at different voltages (with constant capacitance of 10 pF), (b) average pulse fre-
quency at the same voltages and capacitance, and typical single pulse of discharge current generated using 20V and 10 pF with (c) normal polarity and (d)
reverse polarity. A tungsten electrode with a 93-um diameter was used for all the measurements.

tungsten. Another study shows that discharge currents (in a
corona phase) with CNT-forest cathodes are 6-7x larger
than those with tungsten cathodes.'® The discharge current
densities calculated from Fig. 2(a) at 10V for the normal and
reverse polarities (assuming that the current is uniformly dis-
tributed over the bottom surface of the 93-um-diameter elec-
trode) are 10.3 A/cm? and 29.5 A/cm?, respectively, giving a
2.86x increase in the discharge current when the reverse po-
larity or the CNT-forest cathode is used. It is notable that
although the discharge conditions and properties involved in
the above cases (FE, corona, and arc) are substantially differ-
ent,” the levels of current enhancement observed with CNT-
forest cathodes are somewhat similar under the experimental
conditions used.

It should also be noted that at high discharge voltages
(>50V), the pulse frequency was not necessarily higher
for the reverse polarity, contrary to what was observed for
low voltages as shown in Fig. 2(b). At 60V and 10 pF, for
example, the pulse frequency with the reverse polarity was
measured to be ~90 KHz, whereas that with the normal
polarity was ~1360 KHz. This is likely related to the fact
that the operation at high voltages with the reverse polarity
often produced uncontrolled large sparks, which resulted in
an abnormally large removal of the forest material and a
very large gap clearance between the electrode and the for-
est, preventing discharge generation until the gap was
reduced by the electrode feeding motion. This problematic
phenomenon caused not only the decrease of the pulse fre-
quency but also damages to the forest structure. In contrast,
normal-polarity machining at high voltages was observed to

produce stable discharge pulses with nearly no short circuit-
ing, leading to higher frequency. This process dependence
on the voltage polarity at high voltages can be clearly seen in
the results shown in Fig. 3 that compares square patterns pro-
duced under identical voltage and capacitance (60V and
10pF) with normal and reverse polarities. The significant
distortion of the pattern for the reverse-polarity case is evi-
dent. This result is most likely due to the occurrence of the
uncontrolled large sparks under the high-voltage condition
mentioned earlier; at voltages greater than 50 V, more effec-
tive and efficient removal was possible with the normal-
polarity condition.

It was found that for lower voltages, however, the
reverse-polarity f®EDM exhibited a different behavior, with
advantageous effects towards further miniaturization in the
CNT removal process with higher precision. The previous
studies reported that the lowest value of the optimal voltage
with the normal polarity was around 30V, and that further
lowering of the voltage led to mechanical grinding of the
CNTs."> To evaluate the effect of the reverse polarity in
UEDM of the forest for comparison, first shallow cavities
were machined on a CNT forest with both the polarities at
low-voltage levels. As can be seen in the sample results at
20V shown in Figs. 4(a) and 4(b), reverse-polarity machin-
ing produced smoother surfaces compared to normal-polarity
processing. One possible cause of this result may be the dif-
ference in the discharge current between the two cases—the
reverse-polarity process produces higher current than the
normal-polarity for the same voltage as demonstrated in
Fig. 2(a). This may allow the former to remove CNTs
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effectively, whereas the latter suffers from insufficient re-
moval because of smaller discharge currents, possibly caus-
ing mechanical abrasion of the forest. The above effect was
further verified with deeper patterning with both polarities,
in a similar manner as that described in Fig. 3 but at 10V
(with 10pF) in this case. The results in Figs. 4(c) and 4(d)
indicate that the reverse-polarity process produced sharper,
smoother, and cleaner microstructures compared to the
normal-polarity case. Moreover, the patterns created with the
reverse polarity exhibited a narrower width in the machined
grooves compared to those with the normal polarity even
though identical electrode and machining conditions were

400 pm
R

J. Appl. Phys. 110, 103305 (2011)

FIG. 3. Scanning electron microscope
(SEM) images of micropatterns mac-
hined in a CNT forest using 60V and
10pF with (a) normal polarity and (b)
reverse polarity. Each pattern was cre-
ated by scanning a rotating electrode
along a square shape (200 um x 200 um)
in the X-Y plane with continuous feed-
ing of the electrode in the Z direction.

used. From the dimensions shown in Fig. 4, as well as the di-
ameter (93 um) of the electrode used, the discharge gap
clearance is calculated to be 7.5 um for the normal polarity,
whereas for the reverse polarity it is 2.5 um, which is
3x smaller (and shows a ~4x improvement over the previ-
ous result reported in Ref. 15). This means that reverse
UEDM enables much tighter tolerances and higher precision
in CNT forest patterning.

Machining stability is another important aspect of
UEDM processing of CNT forests. In the process, electrode
feeding is feedback controlled so that when a short circuit is
detected, the Z stage retracts the electrode upward until the

FIG. 4. The upper two SEM images
show shallow cavities machined in a
CNT forest using 20V and 10pF with
(a) normal polarity and (b) reverse polar-
ity. The lower two SEM images show
micropatterns machined in a CNT forest
using 10V and 10pF with (c) normal
polarity and (d) reverse polarity, for a
depth of 40 um with 1-um-step electrode
feeding in the Z direction. The images
in (c) and (d) also show close-up views
of the microstructures created in the
cavities.

Downloaded 16 Dec 2011 to 137.82.251.158. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



103305-5 Saleh et al.

wl
ol N

Normal Polarity

Machining Depth (um)

/

Reverse Polarity

0 500 1000 1500 2000
Machining Time (s)

FIG. 5. (Color online) Electrode positions on the Z axis tracked in real time
during machining with normal and reverse polarities, both using 10V and
10pF. In both cases, the electrode was scanned along a square shape
(100 um x 100 pm) in the X-Y plane with 1-um-step feeding in the Z direc-
tion until reaching a depth of 40 pum.

circuit is opened and then moves the electrode downward to
resume its feeding and the machining process. The process
becomes unstable and slow if many short circuits occur dur-
ing the process because of frequent up/down motion of the Z
axis. It was observed that reverse-polarity machining at low
voltages was consistently more stable than normal-polarity
machining for CNT forests. This tendency can be seen in
Fig. 5 that plots the electrode position on the Z axis during
each of the machining processes conducted under the same
conditions except for the voltage polarity. It is clear from the
graph that the normal-polarity case produced frequent short
circuits that led to ripples in the electrode motion, whereas
the reverse-polarity case resulted in much more stable and
faster electrode feeding or removal of the CNTs. For this
particular machining condition, the total machining time
with the reverse polarity was approximately 60% shorter
than the time with the normal polarity.

Another interesting observation is that reverse-polarity
machining (at low voltages) produced very small or almost
no debris, leading to highly clean surfaces after the machin-
ing as can be seen in Fig. 4(d). In contrast, as reported in
Ref. 15, normal-polarity machining produced a substantial
amount of debris that was left on the machined surfaces

J. Appl. Phys. 110, 103305 (2011)

[Fig. 4(c)]. It was also observed that the debris accumulated
on and stuck to the electrode surfaces, increasing the effec-
tive diameter of the electrode in a random and non-uniform
manner. In reverse yEDM, the forest is the cathode and thus
not subject to electron bombardment (leading to the conven-
tional thermal removal) in principle; therefore, CNT removal
is expected to be almost entirely due to oxygen plasma etch-
ing that can decompose CNTs into volatile products, forming
virtually no debris. With the normal-polarity condition, in
contrast, the forest is the anode that is bombarded by elec-
trons during the process and may be subject to some level of
thermal removal where parts of the CNTs are melted and
blown by pressure waves induced by the intense heat that the
pulsed discharge arc produces, leaving resolidified carbon
debris on the workzone and the electrode. A single MWCNT
was reported to be heated up to 2000 K due to emitting a FE
current of 1 uA;%® this self-heating effect of CNTs may need
to be considered with respect to the removal process. How-
ever, in the present case, the current passed through a single
CNT by a discharge pulse is estimated to be significantly
lower, e.g., ~300pA for the 10V condition that involves an
average peak discharge current of 2 mA [Fig. 2(a)] consider-
ing the typical CNT density of ~10''/cm? observed in the
forest samples and the electrode diameter of 93 um used in
the experiment. Moreover, the yEDM process uses pulsed
currents as opposed to DC current involved in Ref. 26.
Therefore, the impact of the self-heating effect on the re-
moval process is likley minimal under the relevant machin-
ing condition.

A key factor for high-aspect-ratio patterning in CNT
forets is debris removal.'® It is also essential to maintain the
electrode surfaces free from debris accumulation that
degrades the machining precision and can destroy the high-
aspect-ratio microstructures produced during the process. It
was observed in the present study that the use of a relatively
high discharge energy (e.g., 60 V and 10 pF) was effective in
reducing debris generation under the normal polarity condi-
tion (in Ref. 16, needle-like microstructures were created
with this method), which could be due to the enhancement of
the oxygen-plasma etching phenomenon; however, the use
of higher voltages tends to cause lower tolerance and more
roughness in the machined surfaces. All these issues may be
effectively addressed through reverse yEDM because of its
cleanness and the possibililty of usage of low voltages as dis-
cussed above. The effectiveness of reverse yEDM in high-
aspect-ratio micromachining of CNT forests was evaluated

FIG. 6. SEM images of patterned high-
aspect-ratio microstructures: (a) a cone
shaped with normal polarity at 60 V and
10pF by scanning a tapered electrode
along a circular orbit with 90 um diame-
ter while feeding the electrode in the Z
direction with 1-um steps; (b) a cone
shaped with reverse polarity at 10V and
10pF under the same scanning/feeding
conditions as in (a). The height of both
cones is 120 um.

WD15. 1mm 20 SN
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by patterning conical microstructuers with the conventional
normal-polarity condition at 60V as well as with the
reverse-polarity condition at 10V (both with 10 pF) using a
tapered cyrindlical electrode. As can be seen from the results
in Fig. 6, reverse uEDM achieved finer structures with
higher aspect ratios and smoother surfaces, demonstrating its
effectiveness with low discharge energies for high-aspect-ra-
tio patterning in CNT forests. Since the discharge energy is
equal to CV?/2, where C is the capacitance of the R-C circuit
(ignoring parasitics) and V is the voltage, the above electrical
conditions and results suggest that the discharge energy
involved in the reverse-polarity case is 0.5 nJ, 36x smaller
than the energy for the normal-polarity case (and ~80X
smaller than the energy used for the high-aspect-ratio
machining reported in Ref. 16), and that reverse-polarity
UEDM enables proper CNT removal using such low dis-
charge energies.

Energy-dispersive X-ray spectroscopy (EDX) of the
CNT forest surfaces machined at 10V and 10pF [Fig. 7]
indicated no detectable signals relevant to the electrode ma-
terial (tungsten) with both the reverse and normal polarities,
suggesting that the use of the reverse polarity involves almost
zero consumption of the electrode and thus does not cause
contamination of the processed forest surfaces with the elec-
trode material. A high level of silicon detected in addition to
carbon is most likely due to the presence of the substrate
below the forest. These observations are also consistent with
the previous results.'”” (Although the data shows a larger
silicon peak for the normal-polarity case as seen in Fig. 7, we
have not observed a similar behavior in other samples stud-
ied. Therefore, we believe this could be related to the non-
uniformity in the initial thickness of the forest that has led to
a difference in the forest thickness left after the removal,
rather than an effect related to polarity.) Raman spectroscopy
provided no evidence of significant Ip/Ig ratio reduction,
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FIG. 7. EDX analysis results for the CNT-forest surfaces machined with (a)
normal polarity and (b) reverse polarity.
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FIG. 8. (Color online) Raman ID/IG ratios for a forest sample machined at
30V with different capacitor values.

i.e., increased defects in the CNTs processed with either po-
larity under different conditions [Fig. 8].

IV. CONCLUSIONS

The effect of using reverse polarity in yEDM was inves-
tigated for micropatterning of pure CNT forests. It was found
that the process with the reverse-polarity condition increased
the discharge current, possibly because of the field-emission
properties of CNTs that serve as the cathode in reverse
UEDM. This concept was utilized to achieve yEDM of CNT
forests at lower machining voltages or discharge energies
compared to the previously reported conditions. The struc-
tures machined with reverse tEDM at low voltages were
found to have higher precision and smoother and cleaner
surfaces with almost no debris compared with those produced
using conventional, normal-polarity processing. Reverse
UEDM was also found to enable more stable and faster
machining of the forests. Raman and EDX analyses revealed
that reverse pEDM did not cause significant crystalline
defects in the processed CNTs and contamination of the forest
surfaces with the electrode element, respectively.
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