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Abstract

Carbon nanofibres are grown using a highly purified cobalt colloid catalyst. Nanocontact printing was used to deposit catalyst in patterns with
sub-micron resolution over large areas on silicon wafers. Plasma Enhanced Chemical Vapour Deposition allows the direct growth of vertically
aligned carbon nanofibres with good surface adhesion at lower temperatures. Production of the catalyst is described. Rutherford back-scattering
detection Scanning Electron Microscopy and Transmission Electron Microscopy analysis confirmed tip-growth mechanism. Raman spectroscopy
was used to map the patterned nanofibre arrays.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) and nanofibres (CNFs) are prom-
ising components for many applications, such as field emission
devices, sensors, fuel cells, supercapacitors and batteries [1].
The design of nano-sized devices often involves patterns of
carbon nanotubes or nanofibres firmly attached to the support
[2]. The ability to grow vertically aligned nanotubes in patterns
is an extra advantage or even a prerequisite for many appli-
cations including field emission devices such as electron sources
for microwave amplifiers, X-ray tubes or ionisation detectors
[3,4]. This process relies on the selective growth of nanotubes
only where the catalyst is present. Dense mats of nanotubes can
be grown by chemical vapour deposition (CVD) with vertical
alignment due to their steric crowding [5,6]. However, a number
of applications including field emission require arrays of well
separated, free-standing nanotubes. A steric crowding mecha-
nism will not provide alignment in that case.

Plasma Enhanced Chemical Vapour Deposition (PECVD),
on the other hand, allows the direct growth of vertically aligned
multiwalled nanotubes and nanofibres [2,7,8]. PECVD growth
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can be carried out at much wider range of temperatures down to
low temperatures, inaccessible by standard thermal CVD [9–
12]. The nanotubes are vertically aligned due to the growth in the
electric field of the plasma sheath. CNTs grown in this way are
generally multiwalled and, thus, robust enough to support
themselves individually. Moreover, for electrochemical applica-
tions, stacked, herringbone or generally more defective CNFs
offer a more active surface and possible intercalation between
the graphene layers [13].

The accurate, large-scale 2D patterning of colloidal catalysts
by conventional lithography is more difficult than sputtering or
evaporation of thin films. CNT arrays have been fabricated
using, for example, photolithography or micro-contact printing
to pattern catalysts with 10 μm pattern feature sizes [14,15].
Alternatively, ink jet printing of cobalt colloid catalyst would
allow the fabrication of nanotube patterns with comparable fea-
ture sizes [16]. Catalyst patterns have also been made by evapo-
ration through shadow masks [17]. Finally, nano-imprint has
been used to transfer polymethyl methacrylate (PMMA) masks
[18], which are then used as a template for shadow masking.

We have recently reported nanocontact printing as an effec-
tive low-cost technique for patterning cobalt colloid catalyst for
the fabrication of CNF arrays with sub-micron feature sizes
[19,20]. In order to integrate such arrays into conventional
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Fig. 1. Colloid purification by flocculation with methanol: (a) as synthesised
colloid; (b) after 30 min of flocculation; (c) final layering after 3 h.
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electronic devices it would be necessary to learn how to ensure a
good electrical contact between the resulting nanotubes and
metallised substrate [21]. We are currently developing a high-
precision printing equipment allowing printing of colloid
catalyst patterns over patterned metal substrates for the fabri-
cation of addressable CNT arrays, which could be further inte-
grated into electronic devices.

Here we present further results on the colloid synthesis, im-
proved patterning, and the characterisation of our patterned arrays
of vertically aligned carbon nanofibres by means of Scanning
Electron Microscopy and Rutherford back-scattering detection,
High Resolution Transmission Electron Microscopy and Raman
spectroscopy. A reliable method is required for monitoring of
quality of CNTarray fabrication. Thus, we report on the results of
Raman mapping of the as-grown samples for a qualitative
assessment of the CNF patterns in terms of growth selectivity.

2. Experimental

Cobalt colloid was synthesised via the inverse micelle
method using CoCl2 (aq) and NaBH4 (aq) micellar solutions in
Fig. 2. HRTEM images showing individual c
iso-octane stabilized by AOT (bis(2-ethylhexyl)sulfo succinate
sodium salt). Reactants are divided into small micelles sur-
rounded by molecules of surfactant and dispersed in inert or-
ganic solvent. On mixing, metal salt reduction is confined to the
volume of collided micelles, with surfactant molecules pre-
positioned to stabilize produced metal particle. In order to re-
move an excess of surfactant required at the reduction stage, the
cobalt colloid is then purified by flocculation (Fig. 1) with
methanol according to the procedure reported by Raja et al. [22].

We have found that nanocontact printing required use of
concentrated solutions of purified colloid as the ink. In a typical
preparation, colloid made starting with 50 ml iso-octane, 6.0 g
AOT, 1.2 ml of 0.3 M CoCl2 and 0.6 M NaBH4, respectively,
was flocculated by 60 ml of methanol. The separated floc-
culated colloid was then re-dispersed in 10–20 ml of methanol.
Additional filtration through 0.2 μm PTFE syringe filter and/or
quick centrifugation was used to remove any large particle
aggregates prior to printing. This allowed us to focus the
particle size distribution in the colloid to a narrow range around
3.5 nm. Fig. 2 shows a High Resolution Transmission Electron
Microscopy (HRTEM) JEOL 3010 (300 kV) images of the
colloid confirming presence of monodisperse crystalline cobalt
nanoparticles ∼2–4 nm in diameter.

The nanocontact printing was performed using freshly
prepared and purified cobalt colloid as ink. Poly-dimethyl
siloxane (PDMS) stamps were fabricated with V-shaped lines or
pyramids with sub-100 nm tip sizes and periodicity of 3–4 μm.
The dot- and line-patterned stamps were made by replica
moulding of Si masters fabricated by anisotropic etching or
Focused Ion Beam (FIB) milling [23–25]. The line patterned V-
shaped stamps were also made using commercially available
silicon V-shaped 3 μm grating used for atomic force microscopy
(AFM) tip characterization (TGG01 from MikroMashCo) as a
master.

The PDMS stamp was cleaned by sonication in absolute
ethanol, washing in water and blow-drying in nitrogen prior
to each printing cycle. It was then inked with cobalt colloid
and gently dried under N2 flow. Silicon wafer substrates
(∼5×5 mm2 size) were cleaned with acetone, absolute ethanol,
and water. They were treated with a mild oxygen plasma prior to
printing to improve their hydrophilicity [18]. The contact
olloidal nanoparticles. Scale bars: 5 nm.



Fig. 3. Scheme of line-patterned CNF array fabrication.
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between the dried stamp and cleaned silicon wafer was
established manually (5–30 s), with care taken to ensure contact
uniformity and avoid horizontal displacements. Fig. 3 sum-
marises the overall process for the case of line-patterned CNF
array fabrication. “As printed” samples were stored under Ar
atmosphere prior to growth.

To perform CNF growth, “as-printed” samples were trans-
ferred into a DC PECVD vacuum chamber (background pressure
Fig. 4. SEM images of: cobalt colloid printed in (a) line- and (b) dot-patterns on sili
510 °C, respectively. Scale bars: (a) 10 μm; (b) 1 μm; (c) 3 μm; (d) 2 μm.
b10−6 mbar) and placed onto a resistively heated graphite block.
A typical deposition process [10,11] involves a 15 min annealing
in 200 sccm NH3 flow (0.6 mbar) until the target growth
temperature is reached. Plasma was then ignited by applying a 600
V DC discharge between the sample holder (cathode) and a gas
inlet (anode) placed ∼3 cm above it. C2H2 was then fed into the
chamber through a side gas inlet for a total 50:200 sccm C2H2:
NH3 gas mixture (0.7 mbar). The gas mixture we used here was
previously optimized to minimize any amorphous carbon
deposition onto the un-patterned areas via NH3 etching
[8,10,26,27]. During a 30min typical CNF deposition, the average
plasma current was kept constant to 30–40 mA delivering a b20
W power. This ensures minimization of plasma heating effects.

The samples were characterized by Scanning Electron
Microscopy (SEM, Jeol 6340 FEGSEM, LEO 1530VP
FEGSEM), High Resolution Transmission Electron Microsco-
py (HRTEM, Jeol 3010, 300 kV) and Raman spectroscopy
(Renishaw 1000 spectrometer, 514.5 nm laser excitation). For
HRTEM analysis, the CNFs were removed from the substrates
and dispersed onto holey carbon Cu TEM grids. In order to
perform Raman mapping, the Raman spectrometer was coupled
to a 200×200×20 μm excursion XYZ stage (Phyzik Instru-
ments) capable of nanometer steps.

3. Results and discussion

We have successfully patterned arrays of lines and dots of
colloidal catalyst by nanocontact printing with sub-micron
resolution, and then grown patterned arrays of nanotubes by DC
PECVD. Moreover, our high temperature growth results
promise the ability to manufacture arrays with a single CNF
per dot. The sub-100 nm pattern feature size is desired in this
case, as it is previously shown that metal catalyst dots of such
diameters can give arrays with only one nanotube per dot [7].
con surface; carbon nanofibres grown in (c) line- and (d) dot-arrays at 640 and



Fig. 6. (a, c) SEM and corresponding (b, d) RBS images of pattern fragments for
dot- and line-patterned CNF arrays. Scale bars: 100 nm in all cases.
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SEM images of colloid catalyst printed onto silicon wafer
surface shown in Fig. 4(a,b) confirm uniformity of pattern
transfer by nanocontact printing over large substrate areas.
These images provide an indication of the resolution achievable
by nanocontact printing. Pattern feature sizes vary depending on
the printing conditions, with feature sizes at 100 nm scale.

The catalyst behaviour during the pre-growth annealing is
one of the crucial factors determining the type and quality of
synthesized CNT/CNFs. In the case of thin films, heating in
NH3 atmosphere tends to restructure the metal catalyst into
small islands. Coalescence triggers the coarsening of the film
surface and its rearrangement in metal islands suitable to
nucleate CNTs/CNFs [8,28]. Metal colloid precursors offer an
advantage of pre-formed nano-sized particles with a chemically
predefined diameter distribution. However, the pre-growth
annealing causes nanoparticle aggregation and clustering due
to sintering and Ostwald ripening effects [29,30]. Diameters of
the as-grown CNTs/CNFs should correlate to the resulting metal
catalyst particle sizes. This provides room for the growth
process optimization required to fabricate arrays with a single
CNT/CNF per printed catalyst dot.

Line- and dot-patterned nanotube arrays grown on silicon
wafers using cobalt colloid catalyst are shown in Fig. 4(c,d),
respectively. We see that thin, vertically aligned and similarly
sized CNFs have grown directly on the surface. Fig. 4(c) shows
that each line consists of a narrow row of CNFs, indicating that
nanocontact printing can provide catalyst pattern feature sizes
small enough to nucleate single, isolated CNFs. The sub-100 nm
line width is achievable in a good case with typical line widths
of 100–300 nm in other printing attempts with the same stamp.
Fig. 5 shows that the feature sizes of the CNF arrays grown
from colloid catalyst patterned using nanocontact printing and
from e-beam patterned thin Co films are comparable. Fig. 4(d)
shows SEM images of CNFs grown at ∼500 °C from printed
dot patterns of the colloids shown in Fig. 4(b). The figures
Fig. 5. SEM images of CNFs grown by DC PECVD from (a) cobalt colloid
nanocontact-printed in lines at 640 °C and (b) from a 100 nm-wide, 5 nm-thick
e-beam patterned cobalt metal catalyst line at ∼550 °C. Scale bars: (a) 200 nm,
(b) 1 μm.
show that in most cases just a few nanofibres grow from each
dot. Increased growth temperatures (N600 °C) could lead to the
growth of a single CNF per dot due to the more pronounced
sintering of catalyst nanoparticles into a larger droplet. This
shows that the printing was able to achieve the resolution
required to fabricate one nanofibre per dot arrays for above-
mentioned applications.

Further characterisation of fabricated CNF arrays by direct
non-destructive methods, confirmed tip-growth mechanism and
selective nanofibre growth limited only to the areas covered by
printed colloid catalyst. We have previously reported tip-growth
mechanism for the vertically aligned nanofibres densely grown
over large areas of silicon wafer substrates based on
Transmission Electron Microscopy (TEM) analysis [9]. How-
ever, this required transfer of as-grown nanofibres from silicon
wafer onto a holey carbon film supported on copper grid,
commonly used in TEM analysis. Such method is destructive.
Furthermore, it is cumbersome for samples containing relatively
Fig. 7. HRTEM image of CNF tip (growth temperature: 450 °C). Scale bar:
10 nm.



Fig. 8. (a) Raman spectra of vertically aligned CNFs grown at 450 °C, and
Raman maps of (b) dot- (200 nm scan step) and (c) line-patterned (400 nm scan
step) arrays. Raman maps are acquired integrating the Raman signal in the
1200–1700 cm−1 spectral region.
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few nanofibres, such as patterned nanofibre arrays reported
here. Therefore, a direct and preferably non-destructive method
is required in order to determine the growth mechanism.
Scanning Electron Microscopy analysis using Rutherford back-
scattering (RBS) detection is ideal for this purpose. RBS has
better sensitivity in the detection of elements with higher atomic
numbers, and thus it enhances the image contrast among the
different elements present in a sample in comparison with
conventional SEM secondary-electron imaging. SEM and
corresponding RBS images clearly show that cobalt catalyst
nanoparticles are located in the CNF tips in the case of dot- and
line-patterned arrays (Fig. 6). TEM analysis (Fig. 7), despite
mentioned above difficulty in sample preparation, provides
additional confirmation of the tip-growth mechanism. Thus, tip
growth mechanism can be postulated for the reported here
arrays of vertically aligned nanofibres DC PECVD grown using
cobalt colloid catalyst nanocontact printed on silicon substrate.
Tip growth mechanism ensures vertical alignment due to the
compensatory effect of plasma electromagnetic field [31].
HRTEM image (Fig. 7) also shows the crystalline quality of the
grown CNFs with a structure intermediate between herring-
bone and bamboo-like. The highly crystalline cobalt particle at
the CNF tip is much larger than the original colloid
nanoparticles (Fig. 2) due the sintering during annealing stage.

We assessed the uniformity and chemical selectivity of our
line- and dot-patterned arrays of vertically aligned CNFs by
Raman mapping. This technique has been successfully used in
the past to locate selected, individual CNT bundles and even
single CNTs in far-field [32,33] and near-field configurations
[34]. In the far-field case, sub-micron resolution is achieved
even if the laser spot size is larger than the used scanning steps.
Fig. 8(a) shows a Raman spectrum representative of the CNF
arrays in Fig. 8(b,c). The G-peak is due to the bond stretching of
all pairs of sp2 atoms in both rings and chains [35]. The D-peak
is due to the breathing modes of sp2 atoms in rings [35]. There is
no radial breathing mode because the CNFs are NN5 nm in
diameter and they are not single-walled. The selectivity of our
growth process is demonstrated in Fig. 8(b,c). They show
Raman maps of the dot- and line-patterned samples, acquired
integrating the Raman signal in the 1200–1700 cm−1 spectral
region, and scanning the samples with steps of 200 and 400 nm,
respectively. No carbon signal is detected outside the patterned
area, as shown in Fig. 8(a). This implies a highly selective CNF
growth with no deposition of amorphous carbon or other carbon
nanostructures between the colloid patterned areas. Such
selectivity is important for both field emission and electro-
chemical applications.

4. Conclusions

We successfully used nanocontact printing to pattern cobalt
colloid over large areas for the selective growth of vertically
aligned carbon nanofibre arrays (lines and dots). The prepara-
tion of the colloid ink is described. The tip growth mechanism
was postulated using Scanning Electron Microscopy analysis
with Rutherford back-scattering detection and confirmed by
Transmission Electron Microscopy analysis. A novel approach
to pattern mapping was developed using Raman spectroscopy.
Raman maps obtained clearly show selective nanofibre growth
only over catalyst pattern.
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