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Abstract
Applications of carbon nanotubes such as field emission or microelectrode
sensor arrays require a patterning of vertically aligned carbon nanotubes
over large areas. A highly purified and concentrated monodisperse cobalt
colloid was produced for use as a catalyst for growth of carbon nanotubes.
Nanocontact printing was employed to deposit the cobalt nanoparticles in
regular patterns with feature sizes at the 100 nm scale onto silicon wafers at
low cost over large areas. Vertically aligned carbon nanotubes were grown
by direct current plasma enhanced chemical vapour deposition at
temperatures ranging from 300 to 640 ◦ C.
(Some figures in this article are in colour only in the electronic version)

Carbon nanotubes (CNTs) are promising nanoscale building
blocks for a wide range of potential applications. Many
applications such as field emission, interconnects in integrated
circuits, and microelectrode sensors arrays call for the ability
to pattern or position nanotubes with a vertical orientation
in controlled arrays, sometimes over sizable areas [1–5].
There are two basic ways to provide low cost patterning and
alignment of nanotubes on a surface: either by aligning already
grown nanotubes by some solution-based post-processing
route [6–8], or by pre-patterning a catalyst on the surface
and then growing nanotubes by chemical vapour deposition
(CVD) [9].
A number of groups have delivered a dilute liquid/nanotube mixture to a surface and used surface tension
forces during the evaporation of the solvent to give a near vertical alignment [6–8]. This process is interesting for sensors
but not ideal for many other applications such as field emission
where a strong attachment of the nanotubes to the substrate is
desirable.
For catalyst pre-patterning, electron-beam lithography can
create patterns with a precision of a few nanometres and is
very suitable for high value products [2]. However, the serial
electron-beam writing process is not suitable for large area, low
0957-4484/05/091636+05$30.00 © 2005 IOP Publishing Ltd

cost applications. Alternatively, printing or soft lithography
can be used to pattern the catalyst [10, 11], but so far all reported
attempts were typically limited to 10 µm resolution. Catalyst
can also be evaporated through shadow masks made from a
self-assembled mat of polystyrene beads [12]. However, this
method does not allow the design of arbitrary patterns. Block
copolymers containing organometallics [13] could be used for
catalyst deposition at spacings up to 100 nm, but these spacings
are too short for field emission and there is little flexibility to
form arbitrary patterns.
In thermal CVD experiments, the nucleation density
of nanotubes can be high and the resulting high packing
density causes the nanotubes to be vertically aligned [14, 15].
However, field emission ideally requires arrays of single
nanotubes of typically 1 µm height spaced by at least twice
their height—2 µm—in order to minimize the field screening
by adjacent nanotubes [2, 16]. Similarly, microelectrode
arrays require each microelectrode to be well separated [4].
It has also been shown that a catalyst nanodot must be
below 80–100 nm in diameter for it to nucleate only a single
nanofibre [9]. However, under these conditions, there is
no packing density to cause vertical self-alignment. Plasma
enhanced chemical vapour deposition (PECVD) provides a
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Figure 1. HRTEM image of Co nanoparticles in the as-prepared
colloidal solution. The circle encloses a typical Co nanoparticle.

solution, as the alignment is now provided by the electrical field
across the plasma sheath [8, 17–20]. Carbon nanotubes grown
in nanosized patterns or even isolated free-standing nanotubes
can be vertically aligned using PECVD.
This paper reports the low cost nanopatterning of cobalt
colloid catalyst particles at the 100 nm scale by nanocontact
printing over large areas to allow the growth of vertically
aligned nanotubes by PECVD directly on the substrate surface.
To achieve this result, three significant advances were required:
(a) the development of a highly purified and concentrated
metal colloid such as cobalt to act as a catalyst for CNT
growth;
(b) the design of a nanocontact printing stamp to enable
catalyst ink to be printed in nanosized patterns, and
(c) the tuning of PECVD conditions to grow well-defined
vertically aligned carbon nanotubes.
Organometallic or metal salt precursors require in situ
decomposition to produce the metal catalyst nanoparticles for
CNT growth. Controlling such processes is cumbersome when
a precursor is deposited in a nanosized pattern. A cobalt colloid
contains pre-formed metal catalyst nanoparticles and hence it
is an ideal candidate for acting as the ink for contact printing
to produce nanosized patterned CNT arrays by PECVD.
To grow CNTs with small diameters we used an AOT
(bis(2-ethylhexyl)sulfo succinate sodium salt) stabilized Co
colloid with an estimated particle size of 2–4 nm [21]. This is
prepared by a modified ‘inverse micelle’ method previously
reported by Chen et al [22]. The temperature during the
reduction of the Co2+ to Co metal was controlled by an ice–
acetone bath, as elevated temperatures may lead to larger
particle sizes [23].
The as-prepared colloid solution contains a large excess
of surfactant (typically 6 g of surfactant was used in the
preparation of colloid containing 23 mg of Co), which may
inhibit its catalytic activity. Thus, the excess was removed
by flocculating the colloid with methanol. The flocculated
colloid is easily re-dispersed in methanol by stirring. A further

Figure 2. Scheme of CNT pattern fabrication via nanocontact
printing and DC PECVD growth.

purification and narrowing of the particle size distribution was
achieved by filtration through a 0.2 µm PTFE syringe filter
and centrifugation (14 000 rpm, 1–4 min). Care was taken to
avoid contact of the colloid with air during this purification
step to exclude oxidative decomposition. High resolution
transmission electron microscopy (HRTEM, JEOL 3010,
300 kV) analysis confirmed the presence of monodisperse
crystalline Co nanoparticles with a size of 2–4 nm (figure 1).
The nanocontact printing of the Co colloid into sub400 nm features and subsequent PECVD growth are
summarized in figure 2. V-shaped and pyramid-shaped
silicone masters were fabricated by anisotropic etching with
KOHaq and used to form line- and dot-patterned poly-dimethyl
siloxane (PDMS) stamps, respectively [24]. The bottom ends
of the V-shaped trenches have a width of less than 50 nm and
hence provide a very low cost nanofabrication route. The
stamp consists of a 30–50 µm thick film of hard PDMS to
reproduce sub-50 nm features, and a 5–10 mm layer of soft
PDMS in order to facilitate printing over a large area [25].
Before each printing cycle, the stamp was sonicated in absolute
ethanol, washed in water and blow-dried. A freshly prepared
and purified concentrated solution of Co colloid was used
as ink, which was deposited on the stamps and gently dried
under N2 flow. Silicon substrate wafers were cleaned with
acetone, absolute ethanol, water and treated with a mild oxygen
plasma [25]. A dried stamp was placed on the surface of the
cleaned silicon wafer, with care taken to ensure uniform contact
between the surfaces and no horizontal displacement. The
stamp mass of 0.5–1 g was often sufficient to ensure contact
1637
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Figure 3. AFM image (a) and cross-section (b) of a cobalt colloid
line pattern on a Si wafer surface. (c) Top view SEM image of an
as-printed colloid dot pattern on a Si wafer surface.

during printing; however, additional pressure exerted by hand
or a weight was also used. The precise printing pressure and the
amount of Co colloid deposited on the stamp during the inking
process have not yet been optimized and thus some variation
in pattern feature sizes is observed. The stamp was kept in
contact with the silicon wafer for 5–30 s and then removed.
The silicon wafers with printed patterns of Co colloid were
kept under Ar atmosphere prior to PECVD deposition.
Patterns of cobalt colloid catalyst on the silicon wafer
surface were studied by scanning electron microscopy (SEM,
JEOL 6340 FEGSEM) and atomic force microscopy (AFM,
tapping mode). Regular line and dot patterns such as in figure 3
can be printed over large areas. Lines of 300 nm width and
30–60 nm height are typically observed as seen in figure 3(b).
This indicates that a relatively large amount of colloid ink
transfers from the stamp to the surface. Hence, the linewidth
of the Co colloid patterns is considerably larger than that of
the PDMS stamp [25]. It was found that higher Co colloid
loadings give better CNT growth for the case of non-patterned
surfaces [21]. Indeed, less transfer of catalyst ink leads to
sparser CNT growth. The colloid loading used is a compromise
between too little catalyst which can give a sparse growth,
probably due to plasma etching of the catalyst [26], and too
much colloid which can give too wide a pattern.
Aligned CNTs were then grown using a DC PECVD
system in a stainless steel vacuum chamber with a base pressure
below 10−6 mbar. Details of the PECVD process and the
temperature control are given elsewhere [26, 27]. The samples
were heated in a 0.6 mbar NH3 atmosphere for 15 min to
reach the desired temperature. The DC plasma discharge was
then generated by applying 600 V between the sample holder
(cathode) and a gas inlet (anode) located at about 2 cm above
the sample holder. The acetylene feed gas, C2 H2 (grade 1.5),
was introduced via a separate mass flow controller. The
1638

Figure 4. SEM images (top view) of CNT patterns on Si wafers: (a)
CNT line pattern over a large area (grown at 300 ◦ C); (b) individual
100–150 nm wide CNT line (grown at 300 ◦ C); (c) CNT dot pattern
over a large area (grown at 530 ◦ C).

C2 H2 :NH3 ratio was kept constant at 50:200 sccm at a total
pressure of 0.7 mbar and a discharge current was typically
30 mA, corresponding to a plasma power of less than 20 W.
The nanotube patterns were examined by SEM (JEOL
6340 FEGSEM, LEO 1530VP FEGSEM). We see that thin,
vertically aligned and similarly sized nanotubes have grown
directly on the surface. Figure 4(a) shows an example of
patterns of vertically aligned CNTs grown at 300 ◦ C over a
large area. Figure 4(b) shows a top view SEM image of
a thin line of the vertically aligned CNTs grown at 300 ◦ C.
A top view of CNTs grown at 530 ◦ C in a dot array is
shown in figure 4(c). These images give a good indication
of the resolution achievable by nanocontact printing. Each
line consists of a narrow row of nanotubes, indicating that
nanocontact printing could provide feature sizes small enough
to create single, isolated nanotubes.
The linewidth is less than 100 nm in a good case
(figure 4(b)) with typical linewidths of 100–300 nm in other
printing attempts with the same stamp. The decrease of
linewidth indicates that the Co colloid has sintered into
smaller islands during sample heating. This sintering or
nanostructuring process was previously found to occur for
sputtered Ni films [19]. This would explain the difficulty, so
far, of growing nanotubes from very thin lines or small dots,
where simply too little Co catalyst may be present.
Figure 5 shows a side view of the nanotube line (a) and
dot ((b), (c)) patterns grown at 450 and 640 ◦ C respectively,
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Figure 6. HRTEM image of a CNT grown on a Si wafer in a line
pattern at 450 ◦ C (scale bar 5 nm).

Figure 5. SEM images (side view) of CNT patterns on Si wafers:
(a) individual CNT line (grown at 450 ◦ C); (b) CNT dot pattern over
a large area (grown at 640 ◦ C); (c) high magnification image of a
CNT dot pattern (grown at 640 ◦ C).

showing the quality and height of the nanotubes. The height
of CNTs shown in figure 5(a) is 500–700 nm, indicating a
growth rate of ∼0.7 nm s−1 at this temperature.
In figures 5((b), (c)) are shown SEM images of CNTs
grown at 640 ◦ C from the colloid printed in dot patterns. The
printing is able to provide dots with about 150 nm diameter
(figure 3(c)). Figures 5((b), (c)) show that in most cases a
single nanotube grows from each dot due to colloidal particles
sintering together at high temperatures. This shows that the
printing was able to achieve the high resolution necessary
for the desired applications. However, the non-uniformity of
nanotube height shows that the growth from each dot is at
present non-uniform and needs further optimization. It should
be noted that growth from arrays patterned by shadow masks
was initially non-uniform, before further optimization [12].
Potentially, our nanoprinting process would also be useful
for patterning catalysts for nanotube production for use in
applications such as field effect transistors, where lateral
growth by CVD might be used [28]. Higher resolution printing
can be achieved [29, 30], but the resolution reported here is seen
to be sufficient for the present applications.

The internal structure (figure 6) of CNTs grown has
been studied by HRTEM using a JEOL 3010 (300 kV). This
image shows that the nanotubes have reasonably parallel and
continuous side walls. The tips are invariably found to contain
Co catalyst particles, confirming the tip growth mechanism.
The metal particles in the CNT tips are larger than the original
Co colloid nanoparticles. This indicates that a sintering of
the Co colloid occurred prior to CNT growth. CNT growth
at 450–550 ◦ C tends to give better CNT quality and with
more bamboo-like structure compared to the CNTs grown at
lower (300 ◦ C) temperatures, which have structures closer to
herringbone type [21].
A comparison of SEM and TEM images shown in figures 5
and 6 reveals that the quality of the nanotubes reported here is
slightly better than that of those grown at a similar temperature
from a Ni thin film catalyst [26]. The smaller nanotube
diameters and narrower nanotube diameter distribution found
here indicate a better control of the catalyst particle size.
Indeed, thermal CVD growth using analogous Co colloid
catalyst produces CNTs with very similar diameters [11]. A
smaller diameter and better control of diameter and diameter
distribution is important for field emission applications [2].
In conclusion, we report the successful DC PECVD
growth of vertically aligned CNTs in patterns over large
areas using nanocontact printed highly purified cobalt colloid
catalyst precursors. This method allows easy fabrication
of patterns with two length scales: nanoscale features on
a micron-scale grid. Pattern feature sizes in the 100 nm
scale were achieved, which would otherwise require e-beam
lithography. Carbon nanotubes have small and uniform
diameters; they are firmly attached to the substrate surface
and have very good vertical alignment. Our method takes
advantages of low cost, ease of operation and patterning over
large surface areas.
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