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This paper reports post-growth processing of vertically aligned carbon nanotube forests for the formation of
high-aspect-ratio, three-dimensional microstructures in the material. High-frequency pulses of electrical
discharge are generated to locally machine the nanotubes in order to create target shapes in a forest.
Machining is performed in both dielectric oil and air. The optimal processing is demonstrated in air with a
pulse voltage and peak current of 30 V and 60 mA, respectively, providing a discharge gap of ~10 μm. The
minimized discharge energy and gap are shown to achieve an aspect ratio of 20 with the smallest feature of
5 μm in forests. Multilayer, three-dimensional geometries with vertical and angled surfaces are successfully
obtained without disordering the vertical orientation of the nanotubes. Scanning electron microscopy and
energy-dispersive X-ray spectroscopy are used for the surface analysis of the micromachined forests,
revealing the dependence of their surface characteristics on the discharge conditions.
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1. Introduction

Carbon nanotubes (CNTs) have exceptional mechanical, electrical and
optical properties [1–4], which have been utilized to demonstrate various
nano-electro-mechanical systems [5–9]. Vertically alignedCNTs (so called
CNT forests) are attracting significant attention as they offer unique
properties for many applications [10–12]. CNT forests can be viewed as a
new type of functional bulk material that can be harvested for numerous
applications in micro-electro-mechanical systems (MEMS) and other
areas that utilize micromachined structures. For instance, aligned CNTs
havebeenused to create integratedMEMSdevices on thewafer scale [13].
Silicon-CNT composite forests have been developed to construct MEMS
devices [14]. Microstructured CNT forests are also being utilized in solar
cells [15] and fuel cells [16]. The shapes of CNT forests grown by typical
chemical vapor deposition (CVD) processes with pre-patterned catalyst
[17–19] are, however, primarily limited to two-dimensional-like geom-
etries with a uniform height. In addition, since these forests are grown
without any lateral physical support, the dimensional precision of the
forest structures tends todegradeas theybecome tall due to thedistortion
of the lateral cross-sectional pattern and bending of the structures.
Shaping of CNT forests using mechanical molds during growth has been
shown[20]. To facilitate theapplicationof thismaterial toMEMSaswell as
other disciplines, however, it is essential to establish techniques to create
high-aspect-ratio, three-dimensional (3-D) microstructures from pre-
grown forests. This allows the independent optimization of forest growth
and 3-D patterning conditions – other methods (such as the mechanical
molding growth), not providing this independence, will be limited in
rangeof structures they can achieve. The chemical andphysical stability of
CNTs limits the number of effective techniques to pattern the material,
which can mainly be enabled by two principles. One involves the use of
pulsed lasers to remove CNTs [21,22]. The other technique is micro-
electro-discharge machining (μEDM). Pulsed μEDM of carbon nanofibers
has been reported in the past [23–25], as well asmachining of CNTs using
DC arc discharge [26]. However, these studies were only able to show
shallow,planarpatternswithaspect ratios ofb1. Pulsed μEDMwasused to
machine Polymer-CNT nanocomposites [27]. The composites were made
by solution casting and the effect of electrical conductivity on the
machinability of the composites was investigated by varying the CNT
loading. The present paper reports the first time investigation of high-
aspect-ratio, 3-D μEDM of pure CNT forests, providing varying shapes
along the height of the forest, unachievable with the conventional CVD
growth with pre-patterned catalyst. Microstructure formation with
controlled sidewall angles is demonstrated for potential applications to
MEMS and other micromachined devices.

2. Experimental preparation and set-up

CNT forest samples used in μEDM experiments were prepared as
follows: First, a 10-nm-thick layer of aluminum was evaporated on a
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Table 1
μEDM conditions used for CNT machining experiments.

Parameter Values used

Machining voltage (V) 110, 80, 35, 30, 20, 10 or 0 V
(0 V for mechanical removal)

Capacitance (pF) 120, 10 or 0
Electrode material Tungsten
Electrode diameter (μm) 300, 150, 100, or 50
Electrode rotation speed (rpm) 3000 or 0
Feed rate during EDM (mm/min) X–Y: 5, Z: 0.5–0.03
Machining environment Dielectric oil or air
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highly-doped silicon wafer (b100Nn-type, resistivity 0.008–
0.015 Ω cm). Subsequently, a 2-nm-thick layer of iron was deposited.
CNT growth was performed in an atmospheric-pressure CVD system.
In a typical growth process, after loading the sample, the temperature
was ramped up from room temperature to 750 °C in 20 min while
maintaining a flow of 500 sccm of hydrogen and 200 sccm of argon in
the reaction tube. The sample was then annealed for 3 min under
these flow conditions at 750 °C. Subsequently, flow rates of 50 sccm of
ethylene, 40 sccm of hydrogen, and 75 sccm of argon were used for
90 min at this temperature for CNT growth, before cooling the
samples down to room temperature again. Forests of vertically
aligned multi-walled CNTs (as characterized by scanning and
transmission electron microscopy) were obtained with lengths of up
to several hundreds of micrometers. Various samples with lateral
dimensions as large as a few centimeters were grown.

μEDM utilizes pulses of thermomechanical impact induced by a
miniaturized electrical discharge generated between a microscopic
electrode and a workpiece while, in typical settings, both are
immersed in a dielectric liquid [28]. The machining experiments in
this effort were performed with a 3-axis μEDM machine (EM203,
SmalTec International, USA) that employs relaxation-type resistor-
capacitor (R-C) circuitry for pulse generation/timing [29]. Fig. 1
illustrates the set-up used for μEDM experiments. Machining voltage
is applied so that the electrode serves as the cathode and a CNT forest
sample as the anode. To transfer electrical energy stored in the
capacitor to pulse generation effectively, it is important to minimize
the resistance at electrical contacts in the discharge circuit. For this
purpose, the electrical contact to a CNT forest was made by clamping
the sample directly on the forest as shown in Fig. 1, which provided a
contact resistance of 15–20 Ω. This resistance is much lower than that
of 115–1120 Ω measured when the contact is made through the
aluminum thin film on the silicon substrate. To machine a CNT forest,
a rotating cylindrical electrode of tungsten (at a rotation speed of
3000 rpm) is advanced toward the surface of the forest while the
machining voltage is applied between the electrode and the forest.
Once a discharge is detected, the feed speed is instantly switched to a
selected value to perform the machining process. The tungsten
electrode itself is shaped and centered on the rotational axis using a
μEDM technique called wire electrical discharge grinding (WEDG)
[30]. Several combinations of μEDMparameters were used to optimize
the process for 3-D structure formation. Table 1 summarizes the
parameters used in the experiments.

3. Results and discussion

μEDM of as-grown CNT forests was performed using a typical
machining set-up with kerosene-based dielectric EDM oil (EDM-185
Commonwealth Oil, Canada). The sample was dipped in the oil and
μEDMwas performed using machining voltage and capacitance in the
Fig. 1. μEDM setup for CNT forest machining.
R-C circuit of 80 V and 120 pF, respectively, which are typical values
used for conventional μEDM. Several geometries such as holes, slits
and squares were patterned, resulting in well-controlled shapes in
them. Once the sample dried, however, it was observed that a stress in
the CNT forest ripped it apart at areas where the thickness of the CNT
forest had been reduced by machining (Fig. 2(a)). The shrinkage/
densification of CNT forests by submerging them in liquid has
previously been reported to be caused by liquid capillary force
[31,32]. To better understand this shrinkage and its relevance to the
observed cracks, several pre-patterned CNT forests (cylindrical posts
with diameters of a few hundreds of micrometers) that were not
processed with EDM were subjected to the dielectric oil used in the
EDM process, followed by evaporation/drying (Fig. 2(b)). It can be
seen that the forests shrank to almost 1/5th of their original volume,
which matches well with the previously reported result [32]. The
observed cracks seem to be a purely physical phenomenon related to
Fig. 2. (a) A square pattern machined in a CNT forest dipped in the dielectric oil and
dried. The CNT forest is ripped likely due to the capillary action when the oil evaporated
(inset shows a close-up of one of the corners of the square pattern showing the ripped
surfaces). (b) Comparison of as-grown cylindrical CNT forests with 300-μm diameter
with those dipped in the oil and dried, showing lateral size reduction by about 80%
(inset shows a close-up of the tip of a shrunk forest).
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Fig. 3. (a) Hole structures created in a CNT forest using EDM with 80 V and 30 V. (b)
Hole structures made by mechanically drilling the forest using the same electrode with
and without electrode rotation at 3000 rpm.
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this effect induced by the capillary force. Note that this shrinkage may
not be a concern for CNT composites (as the space between CNTs is
filled with solid material), permitting the use of dielectric oil for their
μEDM as implemented for polymer-CNT nanocomposites [27].

In order to avoid the above shrinkage effect in bare CNT forests,
experiments were also performed in air. It was observed, however,
that processing with the same parameters (80 V, 120 pF) that enabled
good patterning and shapes in oil (before drying) caused the local
destruction of CNTs with uncontrolled large sparks in air, resulting in
non-uniform surfaces and poor sharpness in the structures. The
voltage and capacitance were then substantially lowered to 30–35 V
and 10 pF, respectively, which produced highly promising results.
Fig. 3(a) compares holes drilled at 80 V and 30 V (both with 10 pF) in
air, indicating sharper edges and smoother surfaces obtained at 30 V
compared with those at 80 V. Note that the bottom of both holes are
defined by the tips of CNTs shortened by the machining process. As a
control experiment, holes were also created with 0 V, i.e., mechan-
ically drilling the CNT forest, both with and without rotation of the
electrode (Fig. 3(b)); it can be seen that the drilled portion is simply
dislocated downward and remains within the hole. The results in
Fig. 3 thus clearly show the effect of removal by an EDM mechanism.

In order to systematically investigate the effect of voltage on the
patterning of CNT forests, experiments were performed using 80, 30,
20 and 10 V with 10 pF as process parameters. Figs. 4(a), (b), and (c)
show the contrast when the same pattern (500-μm×350-μm X–Y
scanning for a depth of 100 μm) was machined with 80, 30 and 10 V,
respectively, using a 150-μm-diameter electrode. The forest sample
Fig. 4. SEM images with the same magnification showing μEDM results
was continuously moved along the rectangle pattern using the X–Y
stage while feeding the electrode until it reached the target depth. It
can be seen in Fig 4(a) that machining of CNT forests in air at 80 V led
to a distorted structure due to large discharge sparks similar to the
result in Fig. 3(a). In contrast, processes with 30 V produced very fine
and stable discharge pulses, resulting in well-controlled CNT removal
as can be seen in Fig. 4(b). The results with 20 V were similar to those
with 30 V. At 10 V, machining exhibited signs of mechanical grinding
(Fig. 4(c)). This voltage level at which the mechanical effect starts to
be pronounced is found to be much lower than the level (40 V)
reported in [23] for pulsed μEDM of carbon nanofibers.

Fig. 5(a) shows a machining process using a 300-μm-diameter
cylindrical electrode at 35 V and 10 pF for forming a square pattern in
a CNT forest, showing light emission from discharge pulses at the
interface between the electrode bottom and the CNT surface. The
cubic structure (approximately 200 μm on all sides) in Fig. 5(b) was
obtained under these conditions. Fig. 6 shows a typical waveform of a
discharge pulse generated at 30 V and 10 pFmeasured using a current
probe (CT-1, Tektronix, Inc., USA) inserted in the discharge circuit as
shown in Fig. 1. The measurement result indicates that a pulse with
the peak current and pulse duration of approximately 60 mA and
32 ns flows through the CNT forest during the discharge. The peak
current is about 1–2 orders of magnitude smaller than those seen in
conventional μEDM. This is related to the discharge pulse energy
defined by the machining condition, which is expressed as CV2/2,
where C is the capacitance of the R-C circuit and V is the machining
voltage, if parasitic capacitances are neglected [28]. With this, a
theoretical energy value of 4.5 nJ is calculated with 30 V and 10 pF for
machining CNT forests, which is approximately 85 times smaller than
that with 80 V and 120 pF, a typical combination used in μEDM of
conventional materials.

An important consideration is the gap created between the EDM
electrode and the machined structure due to the discharge process,
since this gap affects the final dimensions of the structure. In general,
smaller gaps are preferred for achieving higher precision and tighter
tolerances. The dependence of this gap on the voltagewas characterized
by measuring the diameter of holes, all of which were drilled using a
100-μm-diameter electrode rotated at 3000 rpm. Fig. 7 plots the average
gap distance, G, calculated using themeasured diameter of the hole, DH,
and that of the electrode, DE as G=(DH−DE)/2, at various voltages. No
measurable change in DE due to the electrode wear was observed
(DE≅100 μm). The result shows the nonlinear increase of the gap with
voltage, and also shows that the gap is around 10 μm at the optimal
voltage of 30 V. Note that the effective discharge gap can be smaller than
this value as anywobblingof the rotating electrodedue to non-idealities
in WEDG shaping will make the effective diameter of the electrode
during the process larger than DE. Nevertheless, it can be seen that the
measured gaps are smaller by factors of 3–5 than the results reported in
[23] if the gaps at the samevoltages (60–110 V) are compared. Thismay
be related to a difference in the capacitance used (10 pF plus parasitic
capacitance in the present characterization, as opposed to parasitic
for the same pattern created with (a) 80 V, (b) 30 V, and (c) 10 V.
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Fig. 5. (a) Optical images during μEDM of a CNT forest. A rotated 300-μm-electrode is
scanned along a 500-μm×500-μm square orbit in the X–Y plane. The inset in each image
shows the top view of the electrode, its orbit (broken line), and the square CNT pattern
to be obtained. (b) A 200-μm cube machined in the forest with this process.

Fig. 7. The electrode-forest gap clearance vs. machining voltage characterized by
measuring diameters of holes drilled in a forest using a 100-μm-diameter electrode
rotated at 3000 rpm for all data points.
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capacitance only in the above report), and/or structural differences
between the nanofibers involved in the above report and the nanotubes
targeted in the present work.

To demonstrate the ability of this technique in 3-D patterning,
multi-level, complex micro channels were created in CNT forests. A
50-μm-diameter electrode with 35 V and 10 pF was used to shape the
channel structures with depths of 50, 100 and 150 μm (Fig. 8). The
100-μm-deep channel structures achieved a minimum feature size
of ~5 μm (Fig. 8(a)), corresponding to an aspect ratio of 20. Even after
machining of narrow channel structures, the orientation of aligned
nanotubes was intact as can be seen in Fig. 9. The debris on the
patterned structures observed after the process (Fig. 8(b)) were easily
removed by gently blowing nitrogen onto the sample. The structures
in Fig. 8(a) were cleaned by this method; no damage in the structures,
including the high-aspect-ratio 5-μm feature, was observed. Another
important issue in 3-D patterning is the creation of angled surfaces.
This was demonstrated using the electrodes whose shapes were
customized byWEDG. Fig. 10(a) shows a pyramid structure machined
using an electrode with a cone-shaped tip. The tip of the pyramid has
an approximately 38×38-μm2 area and a 130-μm height. The cone-
Fig. 6. A samplewaveform of discharge pulse observed during CNTmachining with 30 V
and 10 pF.
shaped electrode was also used to pattern letters of the alphabet on a
CNT forest (Fig. 10(b)). The depths of the letters U, B and C are 120,
150 and 50 μm, respectively. A zoomed view of the middle section of
the “B” structure seen in Fig. 10(b) shows sharp edges and smooth,
angled surfaces formed in the CNT forest.

Surfaceanalysis ofmachined forest structureswasperformedusinga
scanning electron microscope (SEM) with an energy-dispersive X-ray
(EDX) spectroscopic analyzer (Hitachi S-3000 N). The bottom surfaces
of 50-μm-deep holes drilled at 30 V and 80 V (both with 10 pF) in the
same forest with a height of several hundreds of microns were
characterized for this purpose. The EDX analyses (Fig. 11(c)–(e))
Fig. 8.Multi-level microchannel structures patterned in a CNT forest. (a) The structures
after nitrogen cleaning. (b) As-machined structures with debris before cleaning.
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Fig. 9. Sidewalls of a channel created in a CNT forest, showing that the overall vertical
orientation of the nanotubes is unaffected by μEDM.
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show a high level of silicon in addition to carbon; this is most likely due
to the presence of the substrate below the forest. Low levels of catalytic
materials (iron was detected but not visible in the plots) as well as
oxygen were also detected. At 30 V (Fig. 11(c)), tungsten, the electrode
material, was not detected on the surface, suggesting almost zero
consumption of the electrode. At 80 V (Fig. 11(b)), the machined
surfaces were observed to have submicron-/nanoscale particles.
Another EDX focused on the particles revealed that these particles are
a compound of tungsten and carbon (Fig. 11(e)). This indicates that at
high voltages, the discharge causes some consumption of the electrode
at the tip (mainly on the bottom surface, as no measurable diameter
change was observed), and tungsten melted from the electrode and
carbon removed from the forest are fused to form these particles.

It can be seen in Fig. 11 that the surface processed at 30 V (Fig. 11(a))
is smoother and denser than the surface at 80 V (Fig. 11(b)), which
exhibits a texture closer to that of the original forest. This dense surface
with 30 V is likely because the carbon removed from the forests tends to
remain inside the hole and be spread over the bottom by the rotating
electrode when a lower voltage (i.e., lower discharge energy) is used.
This hypothesis is supported by the results seen in Fig. 3(a), which
shows carbon debris around the hole machined at 80 V but much less
particles when 30 V is used. Moreover, the relatively weaker EDX signal
Fig. 10. 3-D μEDM of CNT forests using electrodes with cone-shaped tips performed at 35 V an
of the three letters U, B and C.
of the silicon substrate in the 30-V case (Fig. 11(c)) compared to that in
the 80-V case (Fig. 11(d)) can be attributed to the denser surface of the
former, as it can attenuate the substrate signal more. The difference in
the degree of debris ejection from amachining gap can be related to the
magnitude of pressure waves that are caused by thermal expansion of
air at the gap induced by discharge pulses, i.e., the smaller the voltage or
discharge energy, the lower the ejection pressure hence more debris
tend to stay in the hole. Thus, for fine machining with lower energies,
debris removal during the process is anticipated to be a key factor for
deep or high-aspect-ratio drilling, whichwill need further investigation.
It is worth noting that the situation should be different when the
electrode is scanned horizontally, because there are more paths for
removed carbon atoms to be ejected from themachining gap compared
to the hole-drilling case where the electrode tip is fully enclosed by
machined sidewalls of the forest. In fact, the scanned results obtained at
30–35 V in Figs. 4(b) and8(b) showejecteddebris thathavebeen left on
the machined structures. This suggests that machining that creates
someopen space around the electrodemay lead tomore debris removal
from themachining area, whichmay aid in achieving deepermachining
compared to the hole-drilling case.

4. Conclusions

Post-growth 3-D patterning of CNT forests using pulsed μEDMwas
investigated. A detailed characterization of process parameters was
carried out to achieve high-aspect-ratio micromachining of the
material. The optimal machining voltage for the process was 20–
35 V, which led to a discharge gap of 10 μm. The developed process
enabled high-precision formation of 3-D microstructures in CNT
forests, almost like regular bulk materials, without the need for
lithography and clean-room facilities. The process was demonstrated
to provide an aspect ratio of 20 with 5-μm resolution as well as
controlled sidewall angles in the machined forest structures. These
results suggest that μEDM is a promising technique to promote the
application of 3-D CNT forests to MEMS and other micromachined
devices and components, e.g., scanning probe arrays, electromechanical
switches, microprocessor heat sinks, bio/chemical sensors, superhydro-
phobic microfluidics, and optical antennas and efficient light capture
devices for solar energy applications. The throughput of patterning may
be significantly enhanced through batch-mode techniques that use
d 10 pF to form (a) a pyramid structure and (b) letters. Note the difference in the depth
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Fig. 11. SEM and EDX results. (a) SEM image of the bottom surface of a hole machined with 30 V in a forest. (b) SEM image of the bottom surface of another hole machined with 80 V
in the same forest. (c) EDX analysis of the surface processed at 30 V. (d) EDX analysis of the surface processed at 80 V. (e) EDX analysis of one of the particles observed on the surface
processed at 80 V.
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arrayed microelectrodes [33]. Future work will involve further optimi-
zation of the process along with the evaluation of the impact of the
process on nanotube structures and properties.
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