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Hierarchically Organized Carbon Nanotube Arrays from
Self-Assembled Block Copolymer Nanotemplates**
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The ideal 1D structure of carbon nanotubes (CNTs) lends
them various attractive properties such as tunable conductivity, extremely high electron mobility, and large charge storage
capacity.[1,2] Owing to their molecular scale dimensions and
unique electronic properties, CNTs are considered to be
promising building blocks for future nanoelectronics devices,
and are attractive candidates for overcoming the fundamental
limitations of conventional Si-based microdevices.[3] CNTs
need to be integrated within device architectures for
nanoelectronics applications.[4,5] However, the development
of a robust large-scale organization process for assembling
CNTs remains a formidable challenge.
For applications such as field emission[6] and nanoelectronics,[7] it is necessary to grow vertically oriented CNTs
having desired properties at predetermined locations.[5] Of the
various synthetic approaches for growing CNTs, chemical
vapor deposition (CVD), which is a facile and easily scalable
process, is the most widely used method for the vertical growth
of CNTs. In a typical CVD experiment, metal particles on a
substrate surface catalyze the vertical growth of CNTs. As a
consequence, the diameter and position of the obtained
individual CNTs are determined by the size and lateral
distribution of the catalyst particles.
Catalyst particles for the vertical growth of CNTs are
generally prepared by the deposition and heat treatment of a
thin metal catalyst film on a substrate.[8,9] The deposited film
dewets to form catalyst nanoparticles upon the heat treatment
process.[10–12] However, the prepared catalyst particles are
usually polydisperse in size and randomly distributed over the
substrate surface. The application of lithographic patterning
processes may lead to a narrower size distribution and
relatively uniform lateral distribution of catalyst particles,
but the intrinsic resolution limit of conventional photolithography processes implies that it is impossible to controllably
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fabricate catalyst particles with the desired nanoscale dimensions.
In the present work, we have developed a novel approach to
fabricate hierarchically organized vertical CNT arrays by
combining plasma-enhanced CVD (PECVD) with selfassembled block copolymer nanotemplates. Block copolymers
are ubiquitously used self-assembling polymeric material that
provide access to a variety of periodic nanoscale morphologies
with feature sizes ranging from 5 to 50 nm.[13–21] Unlike other
nanopatterning techniques such as focused electron-beam
lithography or scanning probe lithography, block copolymer
assembly is a parallel patterning process, thereby enabling easy
scale-up. In our approach, an asymmetric block copolymer,
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
has been used to form cylindrical nanostructures with
center-to-center distances between neighboring cylinders of
72 and 34 nm. These cylindrical assemblies have been used as
nanotemplates for the hierarchical organization of CNTs. The
entire process is schematically illustrated in Figure 1. A thin
block copolymer film has been initially self-assembled on a
neutral silicon wafer substrate to form a nanoscale morphology
consisting of perpendicular PMMA cylinders within a PS
matrix.[22,23] Next, the cylinder cores have been selectively
etched to produce polymeric nanotemplates with hexagonally
packed cylindrical nanopores.[14] The masked deposition of a
iron catalyst has been performed over the nanotemplate, and a
subsequent lift-off process has been used to establish control
over the size and lateral distribution of the catalyst particles.
The size and nanoscale distribution of the catalyst particles
have been defined by the pattern size of the nanotemplate,
whereas their lateral distribution over large areas is controlled
by the micrometer-scale patterns physically engraved in the
metal mask. After catalyst deposition, heat treatment at 750 8C
has been used to further reduce the size of the catalyst
particles. Upon the subsequent PECVD growth of CNTs, the
diameter and lateral distribution of the CNTs is determined by
the size and location of the catalyst particles. The vertical
alignment of the CNTs has been controlled by adjusting the
strength of an applied electric field. The CNT growth process
has been directed to produce a well-organized 3D hierarchical
architecture. Since the overall process including nanotemplate
self-assembly, catalyst deposition, and CNT growth entails
parallel processing, this novel approach is readily scalable to
macroscopic scales.
The left panel in Figure 2a shows a scanning electron
microscopy (SEM) image of the as-deposited catalyst
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related to the size of the catalyst particles. In our approach,
the size of the as-deposited catalyst particles is identical to the
nanopore size in the block copolymer template. The nanopore
size (D) and center-to-center distance between neighboring
nanopores (L) of the block copolymer template depend on the
molecular weight of the block copolymer (M), which is given
by the following scaling law:
2

D; L a M 3
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Thus, adjusting the molecular weight
of the block copolymer leads to
variations in both D and L (aerial
density of nanopores). Further control
over the catalyst size has been achieved
by adjusting the amount of deposited
catalyst film and by varying the heattreatment protocol. This enables tuning
of the catalyst size without influencing
the distance between neighboring catalyst particles (aerial density of catalyst
particles). Figure 3 present a series of
SEM images of catalytic nanoparticles,
as well as transmission electron microscopy (TEM) images of the corresponding CNTs grown from these
nanoparticles. The pore size of the
Figure 1. Schematic depiction of the hierarchical organization process used to fabricate vertical CNT block copolymer template in Figure 3a
arrays. A block copolymer thin film has been self-assembled onto a substrate, giving rise to hexagonally is 43 nm and the thickness of the
packed cylinders perpendicular to the surface. The cylinder cores have been selectively etched to form a deposited catalyst film is 7 nm. The
nanoporous PS template. Selective deposition of the catalyst over the nanotemplate through a metal
catalyst size has been reduced from 43
mask, followed by a lift-off step yields monodisperse catalyst nanoparticles hierarchically patterned at
multiple length scales. Heat treatment of the catalyst particles and subsequent PECVD growth of CNTs to 34 nm after heat treatment. The
from laterally patterned catalyst particles leads to the formation of highly oriented hierarchical CNT CNTs grown from these catalysts have
arrays.
a diameter of about 16 nm and a wall
thickness of about 5.2 nm, corresponding to the existence of 15–17 walls
(Fig. 3b). High-resolution TEM images reveal that the CNTs
nanoparticles. The catalyst particles have been selectively
have a bamboo-like structure because of the ammonia
deposited through the nanopores of the block copolymer
environment in the PECVD chamber.[24,25] Upon decreasing
templates such that the hexagonal arrangement of the catalyst
particles exactly duplicates the nanoscale morphology of the
the pore size of the block copolymer template to 21 nm and
template. The right panel in Figure 2a shows a SEM image of
the thickness of the deposited catalyst film to 7 nm (Fig. 3c
the nanoparticles after heat treatment. Heat treatment at
and d), the catalyst nanoparticles have been found to be
750 8C for 1 min reduces the size of the catalyst particles from
16 nm in size after heat treatment. The CNTs grown from
21 to 14 nm. The diameter of CNTs grown on the catalyst
these catalysts have a diameter of 9 nm and a wall thickness
nanoparticles is approximately half of the agglomerated
of 2.5 nm, corresponding to the existence of 7–9 walls. The
catalyst particle size (Fig. 2b). Since the catalyst particles
size of the catalyst nanoparticles and the CNT diameter can
are extremely monodisperse in size, the CNTs grown from
be further reduced by depositing a thinner catalyst film. Upon
these catalysts are also very uniform. Figure 2c–h shows
further decreasing the thickness of the deposited catalyst film
low-magnification views of hierarchically organized CNT
to 3.5 nm for pores with a diameter of 21 nm (Fig. 3e and f),
arrays prepared by employing parallel, square, and hexagonal
the obtained CNTs have a diameter of 6 nm, and the wall
grid masks. Further variation of the shape of the deposition
thickness is 1.4 nm, corresponding to the presence of 4–5
mask is likely to yield CNT arrays with non-regular shaped
walls. The diameter and aerial density of vertically grown
structures, which may potentially be useful for the device
CNTs can be independently controlled by varying the
integration of vertical CNTs.
molecular weight of the template material and the thickness
The diameter of CNTs grown by the CVD method is closely
of the catalyst film.
Figure 4 summarizes the statistical analysis results for the
catalyst size and the diameter of the CNTs. As described
above, the catalyst size is typically decreased after heat
treatment and the final size of the catalyst is influenced by the
pore size of the nanotemplate and the thickness of the
deposited catalyst film. Figure 4b presents the statistical
distribution of the CNT diameters obtained for the various
catalyst nanoparticles. Both the CNT diameters and the
thickness of the CNT walls are proportional to the diameter
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CNT alignment becomes successively
poorer.[24,27] In order to enhance the
vertical alignment, which is crucial for
various applications in microelectronic
devices, a PECVD method has been
used. The electric field established in
the PECVD chamber enhances the
vertical alignment of the CNTs because
of the high electrical polarizability of
these structures. The large dipole
moments induced in CNTs by the
external electric field impose aligning
torques on the growing CNTs, resulting
in the growth of highly oriented vertical
CNT arrays.[26,28,29]
In a capacitively-coupled plasma, a
strong electric field can be focused
along the narrow cathode sheath region
(Fig. 5a).[30] The width of the cathode
sheath region (d) can be estimated by
the following equation:


1
"0 Te =2
d / lD ¼
en0

(2)

where lD is the Debye shielding length,
n0 is the electron density, e0 is the
permeability of free space, and Te is the
electron temperature. High working
pressures increase n0 and reduce Te,
thus decreasing d.[31,32] In the present
experiments, the distance between the
two electrodes has been fixed at 1 cm
and a dc voltage of 650 V has been
applied to the anode relative to the
grounded sample. For experiments
using an ammonia environment, d has
Figure 2. a) High-magnification scanning electron microscopy (SEM) image of nanopatterned iron been estimated to be about 3 mm at
catalyst particles before (left) and after (right) heat treatment. The hexagonal arrangement of the 30 torr (1 torr ¼ 133 Pa), whereas it is
catalyst particles precisely duplicates the morphology of the nanotemplate. The average size of the only 1 mm at 400 torr. The reduced
particles is reduced from 21 to 14 nm after heat treatment. b) High-magnification cross-sectional SEM
image of CNTs grown from catalyst nanoparticles. The diameter of the CNTs is approximately half of the sheath region enhances the electric field
catalyst particle size. c) Cross-sectional and d) plane-view SEM image of a hierarchical CNT array in the sheath region. Figure 5b and c
prepared using a parallel grid. e,f ) SEM image of a hierarchical CNT array prepared using a square grid. shows high-resolution SEM images
g,h) SEM image of a hierarchical CNT array prepared using a hexagonal grid.
demonstrating the influence of the
chamber pressure on the degree of
vertical alignment of CNTs. The alignof the iron nanoparticles and the thickness of the deposited
ment of CNTs is poor at a working pressure of 30 torr. In
catalyst film.
contrast, the CNTs are highly aligned at a pressure of 400 torr.
The CNTs grown by a catalytic CVD method have been
The diameter of the CNTs remains the same and is not
observed to be spontaneously oriented upwards because of the
influenced by varying the working pressure inside the chamber.
self-supporting influence of neighboring CNTs.[16] However,
In conclusion, we have demonstrated a facile and robust
conventional thermal CVD does not yield a highly oriented
hierarchical organization process for obtaining vertically
vertical architecture because of the thermal fluctuations and
aligned CNT arrays. The masked deposition of a catalyst over
gas flows established within the chamber during the growth
a nanoporous block copolymer film provides control over the
process.[26] As the aspect ratio of the CNTs increases, the
size and large-area lateral ordering of catalyst particles on
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Figure 3. Plots of the nanopore size in the block copolymer nanotemplate (F) and the thickness of the iron catalyst (T ) versus the diameter and wall
thickness of the obtained CNTs. Upon tuning F and T for the deposited catalyst, the average diameter and aerial density of the CNTs can be independently
controlled. SEM images of nanopatterned catalyst particles and the corresponding vertical CNTs along with high-resolution TEM images of the CNTs for
a,b) F ¼ 43 nm and T ¼ 7 nm; c,d) F ¼ 21 nm, T ¼ 7 nm; and e,f ) F ¼ 21 nm, T ¼ 3.5 nm.

Figure 4. Statistical size distribution of a) catalyst nanoparticles before and after heat treatment and b) CNTs grown from the catalyst nanoparticles. Both
the diameter and the wall thickness of the CNTs are proportional to the catalyst size.
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Experimental
Materials: Asymmetric block copolymers, PS-b-PMMA forming
cylindrical nanostructures (molecular weights, PS/PMMA of 140 k/
60 k, D for PMMA ¼ 43 nm, L ¼ 72 nm; and molecular weights, PS/
PMMA of 46k/21k, D for PMMA ¼ 21 nm, L ¼ 34 nm) were purchased
from Polymer Source. The iron source for electron-beam evaporation
(purity: 99.95%) was purchased from Thifine. Pure ammonia and
acetylene gases were purchased from Showa Denko K.K. and Kyungin
Chemical Industrial, respectively. Copper grids for TEM analysis were
purchased from Electron Microscopy Sciences.
Preparation of Nanopatterned Catalyst Particles: The surface of a
silicon wafer was treated with a random brush copolymer, and a thin
film (thickness: 60 nm) of the block copolymer was spin-coated onto the
wafer surface. After high-temperature annealing at 190 8C, the
substrates were irradiated with UV light and subsequently rinsed
with acetic acid and water to remove the PMMA cylinder cores and
crosslink the PS matrix. The substrate was then treated with oxygen
plasma for 10 s in order to remove the remnant cylinder cores.
Subsequently, an iron catalyst film was deposited over a selective
region of the block copolymer. Copper grids with various shapes were
used as masks in the selective deposition step. After the deposition
process, the remnant PS nanoporous template was lifted-off by
ultrasonication in toluene. This process yielded catalyst nanoparticles
of uniform size, arrayed along the hexagonal nanotemplate lattice at
predefined areas.
PECVD Growth of Vertical CNTs: CNT growth was carried out on
the catalyst-deposited substrates using PECVD. The substrate was first
heated to 750 8C under a 100 sccm flow of ammonia gas (chamber
pressure: 1.3 torr). After the substrate temperature reached 750 8C, the
substrate was thermally annealed (typically for less than 3 min) in order
to reduce the size of the catalyst particles. The chamber pressure was
then increased to 400 torr and the dc plasma was activated using an
anode dc voltage of 650 V relative to the grounded substrate. After the
introduction of acetylene gas at a flow rate of 25 sccm for 1 min, the
substrate was covered with a dense multiwalled CNT array grown from
the catalyst array. The growth rate of the CNT arrays was
approximately 16.3 mm min1.
Received: November 1, 2007
Published online: November 15, 2007
Figure 5. a) Schematic depiction of the PECVD growth of a vertical CNT
array. The vertical distribution of the plasma determines the width of the
cathode sheath region (d ). High-magnification SEM images of the bottom
and top parts of vertical CNTs grown at chamber pressures of b) 30 torr and
c) 400 torr. The chamber pressure of 400 torr provides an electric field
strong enough to produce highly aligned CNTs.

the substrate. The PECVD growth of CNTs from laterally
patterned catalyst arrays yields highly oriented vertical CNTs;
the CNTs are uniform in diameter and the lateral distribution
of the CNTs is hierarchically ordered and follows the
distribution of the catalyst particles. In this novel approach,
the morphology of individual CNTs and the 3D organization of
CNTs are both independently tunable. In other words,
parameters such as the CNT diameter, local and large-area
lateral distributions, and the degree of vertical alignment can
all be separately adjusted. Furthermore, this approach may
potentially be useful for the catalytic growth of other 1D
nanomaterials, suggesting interesting possibilities for the
device integration of various functional nanomaterials.
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