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Carbon nanotubes (CNTs), with their exceptional electrical
properties, chemical stability, and mechanical strength, have
attracted a great deal of attention. This makes the material
attractive for a wide range of applications, including com-
posite materials,1 battery electrode materials,2 nanoelectron-
ics,3,4 and nanoscale sensors.5 However, the properties of
CNTs are highly dependent on their structure and size. Such
sensitivity to size and structure imposes a potential barrier
to the realization of the novel properties of CNTs in many
applications. In the growth of CNTs by chemical vapor
deposition (CVD), the diameters of CNTs are determined
by the sizes of catalysts.6 One way to obtain CNTs with fewer
chiral arrangements is to use smaller catalyst particles. Thus,
CNTs with smaller diameters, for example less than 2 nm,
are most likely to be single-walled with fewer geometrical
arrangements. This should limit the band gap range and allow
the possibility of having all metallic or all semiconducting
CNTs from a given growth. Moreover, such small-diameter
nanotubes have larger band gaps, which minimize off-state
leakage, thereby increasing the transistor on/off current ratio
in transistor applications.7 Significant progress has been made
in driving catalyst size, and thus nanotube diameters, down

into the subnanometer range. Using plasma-enhanced CVD
(PECVD), Li and co-workers have grown nanotubes with
diameters ranging from 0.8 to 1.5 nm.8 More recently, the
NEC group has announced 1.3( 0.4 nm diameter nanotubes
using conventional CVD.9 However, to the best of our
knowledge, no previously published method has demon-
strated that uniformly distributed CNTs or lithographic
selectively grown CNTs with tube diameters around or less
than 1 nm can be produced over a large surface area.

One promising route to synthesize catalysts with controlled
size and spacing for CNT growth is to use diblock copoly-
mers where one of the blocks contains the catalyst metal
and the other is a non-metal-containing block.10 Polystyrene-
b-polyferrocenylsilane (PS-PFEMS) diblock copolymers
have been reported as iron catalyst precursors capable of
generating single-walled CNTs and multiwalled CNTs.11,12

In this communication, we utilized the self-assembling ability
of PS-PFEMS diblock copolymer to generate controlled size
and periodically spaced PFEMS cylinders in a polystyrene
matrix.13 Following UV-ozonation and thermolysis at 700
°C in air, PFEMS mineralizes to form iron nanoparticles in
a silicon-based ceramic matrix. The ceramic matrix reduces
the agglomeration of the iron nanoparticles, allowing the
growth of CNTs with diameters of 1 nm or less. Combining
this characteristic with the excellent processability of the
polymer material, we have been able to produce uniformly
distributed carbon nanotube networks. More importantly, we
have successfully demonstrated that this catalytic system can
be used to generate patterned catalytic islands for selective
growth of carbon nanotubes at predefined locations over a
large surface area.

For the experiments described herein, iron-containing
nanostructures for carbon nanotube growth were prepared
from spin-coated films of PS-PFEMS (chemical formula
as shown in the inserted Figure 1), which was synthesized
via sequential living anionic polymerization.14 A combination
of gel permeation chromatography and1H NMR revealed
that the mean number of repeat units of PS was 263 and
that of PFEMS was 44, giving an approximate volume
fraction of PFEMS of 25%. The polymer molecular weight
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(Mn) was 38700 with a polydispersity of 1.01. Bulk
morphological studies using small-angle X-ray scattering on
the material confirmed that the block copolymer forms
PFEMS cylinders in a PS matrix during annealing as seen
in Figure 1a.

For full-film carbon nanotube growth, a PS-PFEMS film
with a film thickness of 15 nm was prepared by spin casting
at 4000 rpm for 30 s from a dilute toluene solution onto a
500 nm thermal oxide layer on silicon and quartz substrates.
After coating, the samples were annealed. The surface
morphology of the spin-coated thin polymer film after
annealing was characterized by atomic force microscopy
(AFM). The AFM image in Figure 1b indicates that the film
exhibits a periodically ordered hexagonal morphology with
cylindrical PFEMS domains embedded in a PS matrix
oriented perpendicular to the substrate. The domain size of
PFEMS is about 15.8 nm with a spacing of 30.1 nm based
on 2D Fourier transform analysis. Due to the well-ordered
structure generated in the diblock polymer film by spin-
coating, precise control of size and periodicity of the iron-
containing nanostructures was thus obtained. The process is
simple, needing no additional tool settings, and is fully
compatible with standard device-fabrication processes. After
annealing, UV-ozone treatment was carried out to remove
organic components and convert nonvolatile inorganic
components into SiO2 and Fe2O3 as confirmed by X-ray
photoelectron spectral analysis.

After thermolysis at 700°C in air, the carbon nanotube
growth was carried out in a CVD system as described
previously15 and the thin film-coated substrate was heated

to 900 °C under 500 sccm H2. Subsequently, a mixture of
800 sccm CH4 and 20 sccm C2H4 was added to the gas flow
to initiate carbon nanotube growth. The growth time was 10
min. After the growth, the feed of CH4 and C2H4 was
switched off and the furnace was cooled to room temperature
under a flow of H2. Figure 2 shows a representative scanning
electron microscope (SEM) image of the substrate after the
CVD growth. It depicts a semi-ordered CNT network
[subsequently referred to as CNT mat] at both high (inset)
and low magnification. Raman analysis was performed to
examine the overall quality of the CNTs on a thermal oxide
substrate. The excitation source was a 20 mW, 488 nm laser
with a spot size of 25µm. The integration time was
approximately 20 s for each spectrum. A typical Raman
spectra of CNTs is displayed in Figure 3. The D band at
1380 cm-1 is the second-order defect-induced Raman mode
involving one phonon elastic scattering process. Thus, the
intensity of this peak is directly correlated with the level of
defects or dangling bonds in the sp2 arrangement of graphene.
The G band centered at 1590 cm-1 is the first-order Raman
process attributed to an in-plane oscillation of carbon atoms
in the sp2 graphene sheet.16-18 The very low intensity of the
D band signal, and narrow width and high intensity of the
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Figure 1. (a) Small-angle X-ray scattering profile of bulk PS-b-PFEMS. (b) AFM height image of spin-coated PS-b-PFEMS film after annealing.
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G band signal, indicate that the CNTs have very low defect
and dangling bond density. This is also supported by the
strong intensity of the D* band at 2760 cm-1, which is the
result of an inelastic two phonon double resonance emission
process.

Micro-Raman spectroscopy around the radial-breathing
mode (RBM) frequency,ωRBS, was used to obtain the
diameters of the carbon nanotubes. In this experiment, CNTs
grown on a quartz substrate were used for the analysis.

Raman scattering at lower energy corresponds to the radial-
breathing vibrational modes with A1 g symmetry.16-18 This
unique characteristic can only be observed in nanotubes with
one or a few walls. The analysis characterized the carbon
nanotubes over a∼1 µm2 area using a 2.0 mW, 632 nm
laser. The integration time was 20 min for each spectrum.
The tube diameters are estimated using the relationshipd(nm)
) 233/ωRBS. The overlapping of tubes produces a slight shift
in the Raman RBM frequency.18 This effect is ignored in
the calculation of tube diameters. AFM height measurement
of tubes lying on the substrate was also used to estimate the
diameters. The majority of the CNTs have diameters around
0.7 nm as shown in Figure 4.

It is well-established that the diameters of CNTs depend
on the diameters of the catalysts. Typically, single-walled
CNTs are grown at a temperature higher than 800°C. It is
evident that catalysts such as iron nanoparticles agglomerate
at such high temperatures.19,20 Many attempts have been
made to reduce the agglomeration of iron catalytic nano-
particles at highly elevated temperatures by using either
porous materials such as porous SiO2, Al2O3, and zeolite or
Al2O3 and MgO powders. However, the aforementioned
methods are not compatible with the integration of CNT
synthesis with device fabrication. Furthermore, these methods
result in a broad distribution of CNT diameters since there
are no self-limiting mechanisms to control the diameters of
the nanocatalysts. In our approach, self-assembly precisely
controls the size and spacing of PFEMS blocks. UV-
ozonation transforms the ferrocenyl unit in the PFEMS
segment into iron oxide while the alkyl silane unit turns into
SiO2. We hypothesize that iron-rich clusters surrounded by
SiO2 limit the mobility and coalescence of clusters at the
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Figure 2. Low- and high-magnification SEM images showing a highly uniform CNT mat.

Figure 3. Raman spectra of a single-walled CNT mat at high frequency.
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Figure 4. Raman spectra of a CNT mat at radial-breathing region and AFM image and height profile of carbon nanotubes.

Figure 5. (a) SEM images of single-walled CNTs grown from patterned catalytic islands. (b) AFM height image of CNTs from a patterned catalytic island.
(c) Raman spectra at the radial-breathing region.
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growth temperature, resulting in CNTs with smaller diameter
and narrower size distribution than previously reported using
conventional CVD methods.

For patterned carbon nanotube growth, a bilayer lift-off
process was used to generate patterned catalyst surfaces.
Shipley LOL1000 was spun onto a thermal-oxide-coated
silicon wafer and then baked at 180°C for 10 min to give
a film with thickness of 60 nm. Subsequently, an 800 nm
thick OCG 825 resist film was formed on top of the
LOL1000 layer by spin-coating and baked at 105°C for 3
min. This bilayer system was exposed using an ASML2500/
40 stepper with an exposure wavelength of 365 nm and
subsequently developed in a metal ion free aqueous base
developer. After the patterns were created on a substrate, a
PS-PFEMS diblock polymer solution was deposited by spin-
coating. After proper annealing, the resist and underlayer
structures were then removed by a solvent lift-off. A similar
UV-ozone process was used to produce iron-containing
silicon oxide nanostructures. Due to the excellent thin film
formation capability of this polymer system and the ability
of the polymer to re-flow into topographic features such as
holes, patterned islands of PS-PFEMS with uniform height
were generated.

Optical inspection on three-inch wafers showed that the
solvent lift-off process completely removed all materials,
leaving only the catalytic islands behind. CNTs were grown
using similar CVD conditions to that described above except
that the growth time was reduced from 10 to 5 min. The
SEM images in Figure 5a depict arrays of carbon nanotubes
grown from lithographically defined 0.9µm catalytic islands
over a large surface area. There is no evidence of nanotube
growth initiated in the regions between the catalytic islands,
indicating that the lift-off process is a very effective means
to generate patterned catalyst substrates. The process is very
simple and compatible with common semiconductor litho-
graphic processes. The AFM height image in Figure 5b and
Raman analysis at the radial breathing mode as shown in
Figure 5c indicate that the majority of tubes have diameters

of 1 nm or less. However, a few tubes with large diameters
are also found. On average, around 15 CNTs are emitted
from a 0.9µm catalytic island. Smaller islands produce fewer
CNTs and so the number of CNTs can be adjusted by the
size of the catalyst island.

In summary, we have demonstrated that iron clusters
prepared from the PS-PFEMS diblock polymer are very
effective catalysts for single-walled carbon nanotube growth.
Unlike other catalytic systems which have a very limited
shelf life and must be prepared and used immediately, the
diblock copolymer forms a relatively stable solution. Thin
films prepared from this polymer system are capable of self-
assembling into PFEMS columns embedded in a PS matrix.
The presence of silicon in the iron-containing polymer
segment appears to reduce the aggregation of iron nanopar-
ticles at the growth temperature. Uniformly distributed single-
walled carbon nanotubes with diameters of 1 nm or less have
been produced by this approach. Patterned catalyst islands
can be readily generated using conventional semiconductor
processing. Sub-nanometer single-walled carbon nanotubes
have been successfully grown on the lithographically pre-
defined catalyst patterns over a very large area. The process
can be readily integrated into semiconductor device fabrica-
tion and extended to any wafer format for spatially selective
growth of SWNTs.
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