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V
ertically aligned carbon nanotubes
(VACNTs) on metal substrates are
useful in diverse applications that

take advantage of the materials' three-di-
mensional properties and large surface
area. These geometric advantages, com-
bined with the excellent electrical proper-
ties of CNTs, could enable development of
high-performance fuel cell electrodes and
supercapacitors,1�3 electron emitters, such
as field emission devices,4,5 interconnects,6,7

andhighly sensitive electrochemical sensors.8

CNTs may be vertically aligned using molec-
ular self-assembly9 or conductive glues on a
metallic substrate, although direct growth of
CNTs on ametallic substrate may provide the
most robust mechanical and electrical con-
tacts. Until now, CNTs have mainly been
grown on insulating substrates, such as SiO2

or sapphire. Transition metal catalysts have
not been used with conducting substrates
because they tend to form alloys with sub-
strates at the relevant growth temperatures
or they coarsen and segregate during
growth.10,11 Conducting substrates with high
melting (alloying) temperatures are good
substrate candidates for growing CNTs di-
rectly. Thin insulating layers, such as Al2O3,
may be used as a buffer layer to stop the
poisoning of catalyst particles. Insulating
layers, however, cannot provide an electrical
connection to the conducting substrate, and
additional fabrication processes are required
for formation of electrical contacts with the
substrate. Recently, Talapatra and colleagues
succeeded in growing CNTs directly on In-
conel 600 using vapor pressure catalyst
delivery.12 In this case, the catalyst was deliv-
ered as a vapor so that it was not poisoned by
alloying with the substrate. Although robust
VACNTs on metallic substrates may be pro-
duced using this technique, it cannot be

applied to patterned growth approaches that
are critical formany applications. Nessim et al.
succeeded in growing VACNTs directly on Ta
substrates at low temperatures,13 relying on
the fact that the rate-limiting step in CNT
synthesis is the decomposition of the carbon
feedstock.13,14 In their work, they chose Ta as
a substrate because of its high melting tem-
perature. The carbon source was preheated
before delivery to the substrate alongwith Fe.
CNTs grown on TiN electrodes exhibited ex-
cellent electrochemical characteristics and
were successfully employed formeasuring cell
signals.15,16 Though CNTs grown on a TiN or
Ta electrode showed superior characteristics,
the process window for the fabrication of TiN
or Ta is rather narrow.11 CNT electrodes could
be further improved by employing a simple
fabrication process and aligning CNTs better.
Here, we report the fabrication of VACNT

electrodes directly grown on conducting
films using plasma-enhanced chemical vapor
deposition (PECVD). An Al/Fe bilayer was
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ABSTRACT Three-dimensional microelectrodes were fabricated using glassy carbon electrodes

combined with vertically aligned carbon nanotubes (VACNTs). VACNTs were grown on various

conducting electrode patterns including a carbon electrode fabricated by pyrolysis of a negative

photoresist, with plasma-enhanced chemical vapor deposition using a bilayer Fe/Al catalyst. VACNT

electrodes grown on the glassy carbon showed excellent electrochemical behavior, whereas VACNT

electrodes grown on Pt showed poor electrochemical performance, presumably due to the poor

contact between VACNTs and the Pt electrode. Electron microscopy showed that the VACNT layer was

strongly bound to the carbon electrode, while that on Pt tended to peel away. The versatility of the

all-carbon microelectrodes was also tested by using them for interfacing stem cells. Their superior

mechanical properties and the electrical connectivity between the carbon electrode and the VACNTs,

along with the simple fabrication process, suggest that glassy carbon may be a good conducting

substrate for VACNT electrodes.

KEYWORDS: vertically aligned carbon nanotubes . electrode . pyrolysis .
chemical vapor deposition
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used as a catalyst layer, and the thickness of the Al
exceeded 10 nm to ensure an electrical connection with
the metallic substrate. Two conducting electrodes were
demonstrated to provide conducting supports for the
VACNT electrodes: glassy carbon and Pt. Although the
glassy carbon electrodes with VACNTs showed excellent
electrochemical behavior, the Pt electrodes with VACNTs
exhibited poor electrochemical performance due to un-
stablemechanical contact between the VACNT layer and
Pt. Electron microscopy analysis revealed that the inter-
face between Pt and the VACNT layer was not mechani-
cally robust, whereas the interface between carbon and
the VACNTs was characterized by firm adhesion.

RESULTS AND DISCUSSION

Figure1 shows a schematic diagram of the sample
preparation process. Standard photolithography and
lift-offwere used to fabricate Pt bottomelectrodes, and
the electrode patterns made with negative photoresist
were pyrolyzed to yield glassy carbon electrode. De-
tails regarding sample fabrication are given in the
Materials and Methods section. After the conducting
electrode formation, the bilayer of Fe/Al was used as
a catalyst to grow VACNTs. We found that the presence
of Al is prerequisite to grow CNTs on a conducting

substrate; CNTs do not grow from Fe thin films
deposited directly on pyrolyzed photoresist, met-
al electrode, or polymer patterns. Figure 1h shows a
typical SEM image of a VACNT electrode. As shown in
the image, only VACNTs are exposed and may form
conducting paths since all other parts were insulated
with 200 nm thick SiO2. Supporting Information Figure
S1 shows a high-resolution TEM image of VACNTs
directly grown on a glassy carbon electrode. VACNTs
are multiwall carbon nanotubes with a 10�20 nm
diameter and ∼10 walls maximum. Catalyst nanoparti-
cles are on the tips of CNTs for thinner tubes, as shown
in the Supporting Information Figure S1, but thick tubes
or branched ones have catalyst particles on their stem.
Since we used Al as a buffer layer to prevent the

poisoning of the catalyst, concernsmay arise regarding
the poor electrical conductance due to the presence of
oxidized Al. Considering our fabrication conditions and
processes, catalyst deposition in a high-vacuum envi-
ronment, and oxygen-free, low-pressure CVD growth of
CNTs, it would be rather difficult to observe the effects
of barriers in electrical conduction due to the oxidized
Al. To check the electrical connection between VACNTs
and bottom electrode patterns, we measured two-
probe conductance in between VACNTs and the

Figure 1. Schematics of sample fabrication process. (a) Fabrication of metal or carbon electrode using photolithography. (b)
Insulation of the entire surface with 200 nm thick SiO2 (green). (c) Opening windows for catalyst deposition and external
contact using photolithography (light blue; patterned photoresist). (d) Selective etching of SiO2 using buffered oxide etcher
(BOE). (e) Evaporation of catalyst layer (10 nm Al {dark blue} followed by 1�3 nm Fe {red}). (f) Lift-off. (g) Growth of VACNTs.
(h) Representative image of a VACNT electrode fabricated with the above process sequence. Yellow dashed lines indicate
bottom disk electrode fabricated with metal evaporation or pyrolysis of photoresists. As shown in the enlarged SEM image
on the right side, entire sample was coated with 200 nm thick SiO2 except for VACNTs. Scale bar: 10 μm.
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bottom electrode and analyzed the state of Al using
X-ray photoemission spectroscopy (XPS). Figure 2 shows
I�V characteristics measured between VACNTs and the
glassy carbon electrode. The inset shows a schematic of
the measurement layout. For electrical characterization,
samples with a large (∼1 mm2) VACNT area were fabri-
cated on both glassy carbon and Pt electrodes. Because
we used silver paste with very high viscosity, we could
safely rule out the possibility of diffused silver paste
making direct contact with the bottom electrode.
In Figure 2, showing linear I�V characteristics ob-

served between VACNTs and the carbon electrode,
VACNTs and the carbon electrode have ohmic contact.
Interestingly, the two-terminal resistance between
VACNTs and the carbon electrode is much smaller than
that of the carbon electrode itself. One may speculate
that the contact resistance between the silver paste
and glassy carbon is larger than the total sum of
contact resistance between the silver paint and

VACNTs, the resistance of VACNTs themselves, and
contact resistance between VACNTs and the glassy
carbon electrode. It has been reported that pyrolyzed
polymer films are unstable in air; the O/C ratio tripled
with 100 h exposure in lab air.17 Such an oxidized
carbon surface could have contributed to the observed
large contact resistance between the silver paste and
the carbon electrode. Also, the fact that a glassy carbon
surface normally requires “activation” to achieve an
electrochemically active surface18 could be correlated
with the poor contact resistance between the silver
paste and bare glassy carbon. I�V characteristics mea-
sured between VACNTs and Pt also show linear behav-
ior (data not shown), though two-terminal resistance
beween VACNTs and Pt is much larger than that of Pt
itself. While two-probe resistance of the glassy carbon
itself is around 1.65 kΩ, that of VACNTs and glassy
carbon is about 600�750 Ω. In the case of Pt, two-
probe resistance of the Pt itself was about 60�110
Ω, while 120�1.5 kΩ resistance was measured
between VACNTs and Pt. Two-probe resistances be-
tween Pt and VACNTs show a sharp increase with a
decrease in the VACNTs area. Although theXPS spectrum
in Supporting Information Figure S2 shows the presence
of oxidized Al in our sample, the I�V measurement
confirms that the presence of oxidizedAl does not hinder
the electrical connection between VACNTs and the
bottom electrode.
Then, we characterized VACNT electrodes with elec-

trochemical methods. Figure 3 compares the cyclic
voltammograms (CV) measured from the glassy carbon
with VACNTs and the Pt electrodes with VACNTs. CVs
weremeasuredwith a Pt counter electrode andAg/AgCl
as a reference electrode. The insets of Figures 3a and
b show scanning electron microscope (SEM) images

Figure 2. Two-probe conductance measurements between
VACNTs and aglassy carbonelectrode. All themeasurement
parameters were kept constant as much as possible. The
inset shows a schematic of the measurement system.

Figure 3. Electrochemical characteristics of the VACNT electrode. We used a Pt counter electrode and a Ag/AgCl reference
electrode, and the scan ratewasfixed as 50mV/s. (a) Electrochemical characteristics of a VACNTelectrodewith a glassy carbon
bottomelectrode. The blue curve corresponds to 20mMK3[Fe(CN)6] in deionized (DI) water, and the green curve corresponds
to 20 mM K3[Fe(CN)6] in 100 mM KCl. The inset shows an SEM image of the device being measured. (b) Electrochemical
characteristics of a VACNTs electrode on Pt. The blue curve corresponds to 20mMK3[Fe(CN)6] in DI water, and the cyan curve
corresponds to 20 mM K3[Fe(CN)6] in 100 mM KCl. The red curve and green curve correspond to the cyclic voltammogram of
DI water and 100 mM KCl, respectively. The inset shows an SEM image of a Pt electrode on which VACNTs were grown.

A
RTIC

LE



PARK ET AL . VOL. 5 ’ NO. 9 ’ 7061–7068 ’ 2011

www.acsnano.org

7064

of VACNTonglassy carbon electrodes andPt electrodes,
respectively.
As shown in the SEM images, high-density VACNTs

were grown on conducting substrates. VACNTs were
grown at 600 �C, 800 mTorr, using 100 sccm CH4 as a
carbon source. We used 1 nm thick Fe films on 10 nm
thick Al as a catalyst for these samples, and the growth
was carried out for 10 min with 320 W, 13.75 MHz RF
plasma. Under the same process conditions, VACNTs
grown on the carbon electrode looked very similar to
those grown on a Pt electrode. Theyweremostly small-
diameter multiwall CNTs with 10�20 nm diameter or
double-wall CNTs of 2�3 μm in length. Although they
looked very similar, the electrochemical properties of
the carbon electrode were dramatically different from
those of the Pt electrode. As shown in Figure 3a,
[Fe(CN)6]

3� ions in solution will be oxidized to
[Fe(CN)6]

4� with positive scan (heading toward the
positive direction) using a VACNT�carbon electrode,
and the faradaic current saturates around∼0.4 V. In the
reverse direction, [Fe(CN)6]

4� ions are reduced back to
[Fe(CN)6]

3�. For a planar electrode, the current de-
creases after passing the peak potential, due to the
consumption of oxidized (reduced) species, resulting
in typical peak-shaped current�voltage characteris-
tics. However, no decrease of current was observed
in Figure 3a. Such a behavior is common for micro-
electrodes, since analytes diffuse with hemispherical
diffusion in microelectrodes, leading to a higher mass
transport per unit electrode surface.19 The size of the
VACNT disk was about 40 μm diameter, and the voltage
separation between current peaks, ΔEp in the cyclic
voltammogram, was about 200 mV, comparable to the
value reportedbyFung et al.16 Thecharge transfer kinetics
of this system was relatively slow, partly because of the
high resistivity of the glassy carbon electrode and the lack
of oxygen functional groups at the electrode surfaces.20

The conductivity of the glassy carbon film (250 nm
thick) annealed at 900 �Cwas around 10�15 S/cm, and it
should be possible to further improve the conductivity by

optimizing the annealing conditions or doping the poly-
mer films before pyrolysis.
Recently, pyrolyzed photoresists are emerging as

new materials for conducting electrodes due to their
ease of manufacturing, and they could provide robust
contact for nanostructures. For example, Bonifas and
McCreery used pyrolyzed photoresist films as elec-
trodes formolecular devices,21 and Cheng and colleagues
fabricated ZnO nanowire arrays directly from pyro-
lyzed photoresists to yield ZnO array electrodes.22 On
the other hand, the Pt electrodes with VACNTs showed
a higher current, but no clear reduction or oxidation
peaks has observed. It is possible that the observed
current is a combination of the faradaic current with
charging current and other residual currents. Such poor
reaction characteristics suggest that there could be a
huge source of iR drop in this geometry: the VACNTs
and the Pt are electrically or mechanically separated.
The interface between the VACNTs and the contact

electrodes was examined by sculpting samples using a
focused ion beam (FIB) and imaging the cross sections
of the devices. Figure 4 compares SEM images of
the interfaces between VACNTs and glassy carbon
(Figure 4b) and Pt (Figure 4c), respectively.
As shown in Figure 4, whereas VACNTs bound firmly to

the glassy carbon electrode pyrolyzed from photoresist,
the VACNT layer exfoliated from the Pt electrode surface.
Because the VACNT layer was grown using a Fe/Al bilayer,
the interface between the Pt andAlwas subjected to high
temperatures during VACNT growth. Pt and Al form an
intermetallicmaterial at elevated temperatures,23which is
brittle and possesses poor adhesion properties due to the
stresses imposed during annealing. Interestingly, even in
the presence of the Fe/Al bilayer catalyst, VACNTs only
grew on the carbon and Pt electrodes; they were not
observed to grow on Au or Cr electrodes. To confirm that
the electrochemical signal measured using the glassy
carbon electrode indeed came from the VACNTs, we
decorated Au nanoparticles on the electrodes by electro-
chemical deposition.Weagainused cyclic voltammetry to
decorate Au nanoparticles, and the potential was cycled

Figure 4. SEM images of the cross sections of VACNT grown carbon or Pt electrodes. All samples were coated with a thick Pt
layer for protection. (a) Tilted viewof the sculpted sample imaged after FIB. This particular sample is a glassy carbon electrode
with VACNTs. The preparation of the sample for FIB is given in the Materials and Methods section. (b) Cross sectional view of
the VACNTs grown on a glassy carbon electrode. The fiber-like structures found in the image are artifacts from FIB, possibly
coming from local etch resistance of VACNTs. Similar artifacts were also found in VACNTs directly grown on Pt. (c) Cross
sectional view of the VACNTs grown on a Pt electrode. At the right side of the image, highlighted with a dashed circle, the
VACNT layer exfoliates from Pt.
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from�1 to 1 V in 50 μMHAuCl4 with a Ag/AgCl reference
electrode and Pt wire as the counter electrode. Figure 5
shows SEM images of the carbon disk electrodes with
VACNTs after decoration with Au nanoparticles.
As shown in Figure 5a, VACNTs formed smaller sized

bundles after decoration. A similar effect was observed
in vertically aligned arrays of nanorods or CNTs, and the
driving force was explained by the capillary force
originating from narrow nanochannels between high
aspect ratio nanostructures.24�27 Figure 5b shows an
SEM image of the Au-decorated VACNT electrode
under high magnification. As is clear from the image,
Au nanoparticles weremostly present on the tips of the
CNTs, and almost no Au nanoparticles were found on
the glassy carbon bottom electrode surfaces. We per-
formed the same experiments with longer tubes;
uniform-sized Au nanoparticles were decorated on the
tips of VACNTs as well as on the sidewalls (Supporting
Information Figure S3). These results confirm that we
successfully fabricated VACNT electrodes and that the
tips of the VACNTs as well as outermost sidewalls of
VACNTs were the most chemically active regions in

reduction of Au ions.28 We also decorated Au nano-
particles on VACNT electrodes directly grown on Pt
electrodes. Unlike the case of VACNT�glassy carbon
electrodes, only a few large Au nanoparticles were
found on VACNT�Pt electrodes, as shown in the
Supporting Information Figure S4, and some particles
were formed on the SiO2 layer where oxide leaks.
Because we showed that glassy carbon electrodes

with VACNTs exhibited superior electrochemical prop-
erties compared with the Pt electrode, we further
investigated the properties of the glassy carbon elec-
trodes with VACNTs. As the synthesis temperature
increased, the number of CNT defects decreased, and
one would expect that electrodes with VACNTs grown
at higher temperatures would perform better. Figure 6
shows a comparison of the electrochemical signals
from a bare glassy carbon electrode, a glassy carbon
electrode with VACNTs grown at 600 �C, and a glassy
carbon electrode with VACNTs grown at 700 �C. The
thickness of the Fe film that was used as a catalyst was
3 nm, and all process conditions were identical except
for the synthesis temperature. Figure 6a shows the

Figure 5. SEM images after Au decoration. (a) Glassy carbon disk electrode with VACNTs after Au decoration. (b) Magnified
SEM image of a Au-decorated, VACNT-grown glassy carbon electrode. Most of the Au particles were found on the tips of the
CNTs, and almost no Au particles were present at the bottom on the glassy carbon electrode surface.

Figure 6. Effect of synthesis temperature on the electrochemical characteristics of the microelectrodes. (a) Cyclic voltam-
mogramsmeasuredwith bare carbon (red), a carbon electrodewith CNTs grown at 600 �C (blue), and a carbon electrodewith
VACNTs grown at 700 �C (green). The insets compare the cyclic voltammograms of a bare carbon electrode and a carbon
electrode with CNTs grown at 600 �C. The redox-active species was provided by 20 mM K3[Fe(CN)6] in PBS solution, and the
scan rated was 50 mV/s. (b) SEM image of a glassy carbon electrode with CNTs grown at 600 �C. (c) SEM image of a glassy
carbon electrode with CNTs grown at 700 �C.
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cyclic voltammograms from those three devices with
K3[Fe(CN)6] as a redox-active species in phosphate-
buffered saline (PBS) solution. As shown in the SEM
images in Figure 6b, CNTs grown at 600 �C with a 3 nm
thick Fe catalyst exhibited short (<1 μm), tangled,
thicket-like morphologies. On the other hand, CNTs
grown at 700 �C were vertically aligned with a high
density and lengths longer than 10 μm. Supporting
Information Figure S5 compares the transmission elec-
tron microscopy (TEM) images of VACNTs grown at
600 �Cwith those of VACNTs grown at 700 �C. The elec-
trochemical characteristics of glassy carbon electrodes
with VACNTs changed dramatically with the synthesis
temperature. As shown in the inset of Figure 6a, bare
carbon electrodes themselves showed very poor elec-
trochemical characteristics, and CNTs grown at 600 �C
improved the performance only slightly. However,
VACNTs grown at 700 �C yielded clear electrochemical
signals that were 103 times greater than those of the
bare carbon electrode or electrodewith VACNTs grown
at 600 �C. The electrochemical signals measured were
far greater than the values measured from Au electro-
des of comparable size (Supporting Information Figure
S6). To confirm such an enhancement is indeed com-
ing from VACNTs, we processed the glassy carbon
electrode in VACNTs growth conditions without cata-
lyst. About 10% increase in conductivity was observed
in glassy carbon electrodes processed in VACNTgrowth
conditions, which is far too small to account for the
increase in electrochemical signals we observed.
Finally, we demonstrated the versatility of VACNT

electrodes by applying them to multielectrode arrays
(MEA) for extracellular signal measurement. As was
reported previously,29�31 CNTs facilitate the adhesion
and proliferation of cells. As a model system, we chose
rat bonemarrow stem cells (BMSCs) and induced them
to differentiate to neuronal cells. Details regarding cell

preparation are discussed in the Materials and Meth-
ods section. Figure 7 shows optical microscopy images
of VACNT MEAs with BMSCs; cells prefer to adhere
directly on top of VACNTs, while considerably fewer
numbers of cells are found on a commercial TiN
electrode under the same conditions (data not shown).
Also, cells exhibit an excellent affinity to VACNTs; cells
strongly adhere to VACNTs, or VACNTs are completely
encapsulated by cell bodies, as shown in the SEM
image in Supporting Information Figure S7.

CONCLUSIONS

We produced VACNTs on conducting substrates
using an Fe/Al bilayer as the catalyst. Among the
various conducting substrates tested, carbon elec-
trodes fabricated by pyrolysis of a negative photoresist
exhibited excellent compatibility with VACNTs. Even
though XPS analysis revealed the presence of oxidized
Al between VACNTs and the carbon electrode, ohmic
I�V characteristics were observed between VACNTs
and the carbon electrode. For a better understanding
regarding the origin of oxidized Al and its role on the
fabrication and electrical characteristics of VACNT elec-
trodes, further work should be done including in situ XPS
analysis. Microscopy revealed that the VACNT�carbon
electrodes possessed better binding affinity than the
VACNT�Pt electrodes. High-performance three-dimen-
sional electrodes couldbe fabricatedusing this approach,
and possible applications to electrochemical sensors and
electrophysiology probes were demonstrated. The sim-
ple fabrication process and excellent electrochemical
characteristics suggest that carbon electrodes made by
the pyrolysis of polymers are ideal conducting substrates
for growing VACNTs directly, and this all-carbon ap-
proach may be applied to high-performance electroche-
mical sensors, electron emission devices, and prosthetic
devices for in vivo signal measurements.32

MATERIALS AND METHODS

Fabrication of VACNT Electrodes. Fabrication of the VACNT elec-
trodes proceeded in three steps: bottom electrode formation,
insulation and catalyst patterning, and CNT growth. VACNTs

with metal electrodes were fabricated by using photolithogra-
phy and lift-off. We used positive photoresists (a bilayer of PMGI
(polymethylglutarimide) and GXR601, Microchem, Newton,
MA, USA) on silicon substrates with 500 nm thermal oxide.

Figure 7. MEA fabricated with glassy carbon�VACNT electrodes. (a) Optical micrograph of the VACNT MEAs with rat BMSCs.
(b) Confocalmicrograph of the VACNTMEAs. Dark spots correspond to VACNTs. The imagewas takenwith 488 nm excitation.
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The electrode metals were then deposited using e-beam eva-
poration with a thin layer of a Cr (3 nm) buffer layer. Deposition
of a Cr buffer layer is necessary in order to enhance the adhesion
of Pt on the SiO2 surface. Pt electrode patterns were completed
by lift-off in 80 �C heated Remover PG (Microchem, Newton,MA,
USA). To fabricate the carbon bottom electrode, we used
commercially available SU8-2002 negative photoresists
(Microchem, Newton, MA, USA), which are widely used to
produce structures with high aspect ratios.33 After making
patterns with SU8 resists on a Si substrate with 500 nm SiO2,
samples were annealed in vacuum at 900 �C for 30 min. The
thickness of the resist decreased from 2 μm to ∼250 nm after
annealing, providing a smooth surface (Supporting Information,
Figure S8). The resistivities of the pyrolyzed SU resist decreased
with increasing annealing temperature and annealing time.
Pyrolyzed polymer films result in a glassy carbon that can
withstand high temperatures. It is chemically stable and has a
low porosity and permeability. Glassy carbon is widely used as
an electrode material in electrochemistry, in high-temperature
crucibles, and as a component of prosthetic devices.34,35 After
bottomelectrode patterning, the entire samplewas coatedwith
SiO2 (200 nm) for insulation using low stress PECVD (at 350 �C,
1200 mTorr, with 75 sccm SiH4 and 3300 sccm N2O. The
deposition time for 200 nm oxide was 48 s). Then, patterns for
the electrode contacts and catalyst position were introduced on
the top layer. Insulating layers were selectively removed by wet
etching with buffered oxide etcher. Without removing the
photoresist patterns, a bilayer of 10 nm Al and 1�3 nm Fe
was evaporated as a catalyst layer. First Al and then Fe layers
were evaporated successively without breaking the vacuum,
and in order to prevent the oxidation of Al, and the base
pressure of the evaporation chamber was kept below 2 �
10�6 Torr. There is AlOx present in our VACNT electrodes, as
shown in the XPS images in Supporting Information Figure S2.
However, we confirmed that they did not affect the electrical
connection between VACNTs and the Pt or C electrode sig-
nificantly, by measuring the conductance between the glassy
carbon electrode (Pt electrode) and the VACNTs. It is possible
that Al was oxidized after VACNT growth. After lift-off, samples
were transferred to a 4 in. PECVD to carry out nanotube growth.
VACNTs were grown at 600�700 �C for 10 min with 100 sccm
CH4 as a carbon source. A small amount of hydrogen (10 sccm)
could be introduced in the chamber while heating or growing
CNTs, but the effect of hydrogen is not dramatic. Without H2,
more amorphous carbon layers were formed at the outer walls
of the CNTs. To facilitate the growth of VACNTs, the pressure of
the process chamber was kept at 800 mTorr, with 320 W, 13.75
MHz RF plasma. Figure 1 shows a schematic diagram of the
sample fabrication process and SEM images of VACNT
electrodes.

Sample Preparation for Investigating Microscopic Interfaces. To in-
vestigate the interface between the VACNTs and the contact
electrodes, samples were micromachined using a focused ion
beam (Helios Nanolab, FEI company). The ion beam was tilted
52� with respect to the electron beam and was used only for
milling. The VACNTs on the electrodeweremilledwith aGaþ ion
beam current of 6.5 nA with the acceleration voltage of 30 keV.

Electrochemical Characterizations. For electrochemical charac-
terizations, we used K3[Fe(CN)6] as the redox-active species
either in DI water, 100 mM KCl, or phosphate-buffered saline
solution as supporting electrolyte. Samples were encased in a
liquid cell made with plexiglass, which can hold ∼500 μL of
solution. VACNT electrodes were used as working electrodes,
and cyclic voltammetry was performed with a Ag/AgCl refer-
ence electrode and a Pt wire in the solution as counter
electrode. The scan rate was fixed as 50 mV/s unless specified
with other scan rates. For decoration of Au nanoparticles, we
prepared 100 μM HAuCl4 in PBS solution and performed cyclic
voltammetry from �1 to 1 V.

Cell Preparation and Growth. Rat bone marrow stem cells were
obtained from femurs of adult male Fisher rats as described
previously36 and maintained in the DMEM medium (Hyclone)
supplemented with 10% FBS (Gibco), 100 units/mL penicillin,
and 100 μg/mL streptomycin (Gibco). The nonadherent cells
were removed after 48 h and the adherent remained. BMSCs

were washed twice with fresh medium. The cells were then
continuously cultured for 10 days. Themediawas changed each
3 days. The cultured cells were seeded at five passages by 1 �
105/mL on the MEA culture chamber. To induce the neuronal
differentiation, we treated 20 μM compound 1 in the seeded
cells.37 After 2 days, we checked the extracellular potential of
the neuronal differentiated cells withMEA systems (MCS GmbH,
Reutlingen, Germany), and cell morphologies with a confocal
microscope (LSM5 Exiter, Zeiss, Jena, Germany). For scanning
microscope images, cells bound with VACNT MEA were dried
with graded alcohol and imaged using a Mira XII field emission
microscope (Tescan, Czech republic).
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