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1  Introduction

Vertically aligned carbon nanotubes (VACNTs),
sometimes called forests or carpets, are a promising
material due to their unique physical and scale-
dependent physical properties [1-3]. Continuous
production of VACNTs is required for large-scale
applications in electronic devices, fuel cells and
structural composite materials [4] among others.
Chemical vapour deposition (CVD) is the only
available technique to produce large areas of
VACNTs, and most of the studies done for this
technique are done for stationary growth in batch
CVD processing [5-7]. Recently, it has been
demonstrated that there is no significant differences
between the VACNTs grown at different velocities
up to 1.1 mm/s in terms of quality, morphology and
length using a CVD process in a custom cold wall
continuous-feed reactor [8]. Here, a controlled
process to synthesize aligned CNTs in a continuous
manner is discussed. Uniform growth is achieved
using different substrates including alumina fibers in
bundle form and silicon wafers.

2 Experimental

2.1 Continuous Growth System

The cold wall reactor designed to grow VACNTs at
ambient pressure consists of three elements: a
conveyance mechanism to move the substrate
continuously, a controlled heating stage to heat the
substrate locally, and a gas supply system to deliver
the reactant mixture to the growth substrate (figure
1) [9].
VACNT growth occurs continuously by passing the
various substrates (containing catalyst) through the
heating stage, which is the reaction zone of the
reactor. In all cases, the catalyst was pretreated (also
continuously in the same reactor) under hydrogen to

form (metallic) Fe nanoparticles. The conveyance
mechanism was activated by a computer-controlled
drive pulley (Figure 1). By modifying the
conveyance mechanism, the system can be rapidly
reconfigured for growth on several substrates, such
as fiber bundles and silicon wafers [9].

Fig.1. Schematic of the cold wall reactor, preheater
(a), and conveyance mechanism inside the cold wall
reactor developed to grow VACNTs continuously

(b). To grow VACNTs on silicon wafers, the
substrates are placed on a moving belt made from
two stainless steel wires driven by a drive and tail

pulley, and passed through the heating stage

2.1 VACNT Synthesis in the Continuous Growth
System
Once the cold wall reactor is sealed, all of the lines
connected to the system were flushed to displace the
air from the system. The heater stage and the
preheater were gradually heated to 820oC and 775oC
respectively while flowing H2/He. Once the target
temperature had been reached, the substrate was
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pulled by the drive pulleys into the heaters for
conditioning. After pretreatment, the reactant
mixture of He/H2/C2H4 (72/400/200 sccm
respectively) was introduced, and the direction of
rotation was reversed to proceed with VACNT
growth by pulling the substrate through the reactor
from the drive to the tail pulley. After growth, the
system was cooled to room temperature. Further
details of this process can be found elsewhere [9].

2.2 Fiber Substrate

Alumina fiber was used as a substrate to obtain
fuzzy fibers for composite applications Long
alumina fiber bundles (about 40 cm) were extracted
from a commercially available thick (900 g/m2)
alumina fiber cloth woven into a 0°/90° satin-weave
(Cotronics). The fiber bundles were coated with an
iron nitrate/isopropanol solution, wound around
reels, and passed through the heater stage. The effect
of the velocity of the substrate on the CNTs growth
has been studied by moving the fibers continuously
at different rates, which determines how long the
substrate is in the short (~1 cm) reaction zone during
the growth (0.2, 0.54, 1.2 and 4.0 min). The process
was optimized for the Cotronics fiber bundles and
alumina fiber bundles extracted from a different
weave fabric (Nextel) commonly used in composites
for high temperature applications. Following the
process indicated above, the fiber bundles were set
in the system to grow CNTs continuously on their
surface (Figure 2).

Fig 2. Optical image of the alumina fibers (Nextel)
placed inside the cold wall reactor.

2.3 Silicon Wafer Substrate

Two stainless steel wires serve as a conveyor
belt for the Si wafer growth substrate. Silicon wafers
pieces (1x1 cm2) coated with catalyst by e-beam
evaporation (1nm Fe/10 nm Al2O3) were placed in
series on top of the rails, just before the heater stage.
The time in the reaction zone during the growth was
set at 1.10 minutes.

2.4 VACNT Synthesis in Batch System
In order to compare the VACNTs produced in the
continuous system with the VACNTs produced in
our standard batch system, CNTs were grown on
Cotronics fiber bundles using our standard hot-wall
reactor.
The system is a quartz tube (22 mm ID) heated by a
standard CVD furnace (Lindberg/Blue M, 20 cm
heated length). A tube furnace was placed inline as a
preheater. The preheater furnace and the furnace
were ramped to 775oC and 820 oC, respectively,
flowing H2/He at 400/72 sccm. The growth times
were determined from the time the substrate had
been in the reaction zone in the continuous system.
To emulate the same conditions, a “fast-heat”
approach was followed [9]. This process was used to
grow CNTs on alumina fibers (time in the reaction
zone during the growth: 0.2, 0.54, 1.2 and 4.0 min)
and on silicon wafers (1.10 min).
It is important to note that the batch system and the
continuous growth system are completely different
types of CVD reactors, i.e., hot-wall versus cold-
wall approach. Although the same gas mixtures and
temperatures are applied in the batch and continuous
systems, reactor morphology, dimensions, residence
times, thermal distribution, and etc. are different in
both systems.

3  Results

3.1 Fiber Substrate
Aligned CNTs (not nanofibers) were grown
successfully on the surface of both kinds of alumina
fibers: Cotronics and Nextel. For the Cotronics
fibers, a study of the different growth parameters
was performed. Depending on the time the substrate
had stayed in the reaction zone during the growth
step, different kinds of CNT morphologies were
observed. A “Mohawk” type of organized CNTs
[10] was observed for the longest times (0.2, 0.5,
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1.2, 4.0 min) in the reaction zone (Figure 3) and a
radially-uniform CNT distribution was observed for
the shortest times in the reaction zone, yielding the
shortest CNTs. These morphologies were reported
previously on batch-processed CNTs on fibers and
associated with differences in growth conditions and
catalyst conditioning [9]. For the batch processes,
the same morphologies were found, which shows the
same correlation with the time the substrate had
been in the reaction zone. For the continuous and
batch system, the time in the reaction zone is
linearly proportional with the length of CNTs [9].
The different lengths of VACNTs on both systems,
longer VANCTs in the batch system, is expected
because of the differences between the batch (hot-
wall) and the continuous system (cold-wall) [9].

Fig. 3. VACNTs grown on alumina fiber fed at
different velocities. a) Time in the reaction zone=
0.20 min, b) time in the reaction zone= 4.0 min.

Alumina filaments are homogeneously covered by
CNTs irrespective of the velocity of the fiber.

For the longest time in the reaction zone, CNTs from
both systems were inspected by TEM. An average
outside diameter of 10 nm with 9-10 observed walls
was measured for the continuous system, and 12 nm
with 7-8 observed walls for the batch system.

3.2 Silicon Wafer Substrate
VACNTs were grown on silicon wafers using the
continuous system at 1.1 cm/min. The typical
morphology of the aligned CNTs (alignment with
waviness) were observed by SEM (Figure 4).
VACNTs do not show substantial differences in
morphology when compared with VACNTs grown
using a batch system. CNTs from the continuous
system were analyzed by TEM and found to be
multiwalled (10-12 walls) with an average outer
diameter of 16 nm (Figure 5) and an average length
of about 60 m. MWNTs from the batch system, in
comparison, were found to be 2-4 walls with an
outer diameter of 5.2 nm and a length of 90 m.
These differences between the two systems may be
attributed to differences arising from the cold-wall
nature of the continuous system (as opposed to the
hot-wall configuration of the batch process) and the
“fast-heat” technique used in the batch process (as
explained above for the alumina fiber).

Fig 4. Detail of VACNTs grown continuously on a
silicon wafer showing the wavy morphology of the

CNTs.
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Fig 5. TEM image of several MWNTs taken from
the VACNT forest grown continuously on a silicon

wafer.

4 Conclusions
Aligned-CNT growth on fiber tows and threads is
desirable to create ‘fuzzy fiber’ hybrid advanced
composites with superior mechanical and
multifunctional properties [11] due to the long
aligned CNTs in the matrix phase of the composite.
We have demonstrated a fully continuous process to
produce VACNTs on various substrates. Relatively
high areal density VACNTs are obtained on all the
substrates used including alumina fibers and silicon
wafers. Using a continuous system such as the one
we have demonstrated, VACNTs of similar quality
and properties can be grown 26 times faster with
reduced helium and hydrogen consumption than a
batch process. Furthermore, this system enables
growth on a wide variety of substrates include both
rigid and flexible 2-D substrates and fibers. This
system might be also reconfigured to other CVD
processes such as graphene or semiconductor
nanowire growth. These characteristics make this
system easily scalable to larger production of dense
VACNT forests for composite materials
architectures, electronic or thermal applications, and
other materials.
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