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Abstract
We present a sandwich-grown method for growing laterally interconnected single-walled
carbon nanotube (SWCNT) networks with a high degree of graphitization by microwave
plasma chemical vapour deposition (MPCVD). An Al2O3-supported Fe catalyst precursor
layer deposited on an oxidized Si substrate with an upper Si cover is first pretreated in pure
hydrogen, and then exposed to a gas mixture of methane/hydrogen for growth process at a
lower growth temperature and a faster rate. The effects of various parameters, such as catalyst
film thickness, gas flow rate, working pressure, growth time and plasma power, on the
morphologies and structural characteristics of the SWCNT networks are investigated, and
therefore provide the essential conditions for direct growth of laterally interconnected SWCNT
networks. Analytical results demonstrate that the SWCNT-based lateral architecture comprises
a mixture of graphene-sheet-wrapped catalyst particles and laterally interconnected nanotubes,
isolated or branched or assembled into bundles. The results also show that the formation of the
laterally interconnected SWCNT networks is related to the sandwich-like stack approach and
the addition of an Al2O3 layer in the MPCVD process. The successful growth of lateral
SWCNT networks provides new experimental information for simply and efficiently preparing
lateral SWCNTs on unpatterned substrates, and opens a pathway to create network-structured
nanotube-based devices.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Single-walled carbon nanotubes (SWCNTs) in the form of
networks have displayed great potential in many applications
due to their two-dimensional (2D) nanostructure and
unique electrical and mechanical properties. The potential
applications range from mechanically flexible systems [1–5]
to high-performance devices [6–13]. Various approaches

have been used for forming CNT network structures,
including spin-coating [14], spraying [15], dip-coating [16],
vacuum filtration [17], Langmuir–Blodgett deposition [18]
and laminar flow deposition [19]. For the various above-
mentioned network formation methods, a well-dispersed CNT
colloidal solution and a substrate with good wettability
to obtain homogeneously distributed CNT networks are
highly required. In this way, the processes of sonication,
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chemical treatment, centrifugation/decantation cycles and/or
lithographical patterning must be applied. During these
treatments, many tubes are damaged, cut and/or contaminated,
which either increases the required number of CNTs or
reduces/degrades the reliable electrical properties of the
networks afterwards. Based on the background, direct
synthesis of the CNT networks by chemical vapour deposition
(CVD) becomes an appealing alternative as it requires the
minimum amount of CNT processing and leaves out complex
multistep solution methods into a simple one-step plasma
treatment. More importantly, CVD enables extremely good
control over various topological parameters, to an extent that
is unlikely to be possible by solution deposition.

Jung et al [20] presented a thermal CVD method to
build highly dense self-assembled SWCNT networks on
patterned substrates (Si or SiO2) with optimized experimental
parameters, in which the growth temperature is applied in
the range 800–900 ◦C, and the size of the transition metal
particles is 3–7 nm. Yuan et al [21] employed Si nanocrystals
decomposed from a thin silicon-on-insulator (SOI) substrate
as a template to synthesize self-assembly CNT networks using
Fe as a catalyst in a CVD system at 900 ◦C. Furthermore,
Cao et al [2] used a Fe/Co/Mo tri-metallic and a ferritin
suspension catalyst to grow metallic and semiconducting
SWCNT networks on oxidized Si substrates by CVD at
840 ◦C and 900 ◦C, respectively, for active layers of thin-
film transistors. In 2007, Edgeworth et al [22] reported
two different catalyst preparation methods, sputtered Fe and
ferritin, to grow SWCNT networks on SiO2 substrates at
an optimal growth temperature of 875 ◦C via a catalytic
chemical vapour deposition (CCVD) method. Efforts so far
have involved a high-temperature method with long process
time to synthesize CNT networks; however, no process
has been studied for the formation of highly graphitized
interconnected SWCNT networks at a temperature of below
800 ◦C and at a faster rate, and furthermore no work has been
reported for the clarification of the connection phenomenon
of the CNT networks as well. It is therefore of interest to
investigate a simple and reliable process for efficient growth
of highly graphitized lateral SWCNT networks at a relatively
lower temperature, and further identify the structure of the
interconnected networks of SWCNTs.

In this study, we demonstrate a sandwich-grown method
for direct growth of laterally interconnected SWCNT networks
with a high degree of graphitization at a lower temperature
(�600 ◦C) and a faster rate by microwave plasma chemical
vapour deposition (MPCVD). A detailed investigation of the
effects of various parameters, such as catalyst film thickness,
methane/hydrogen ratio, working pressure, growth time and
plasma power, on the morphology and characteristic of the
SWCNT networks is presented. In addition, the crystalline
structure and average diameter distribution of the SWCNT-
based lateral architecture are examined in detail. This approach
offers a simple and effective way to arrive at such structures
with good crystalline nature. Moreover, it opens a pathway
to create network-structured nanotube-based devices without
any complex multistep solubilization procedures applied.

Figure 1. Schematic diagram of specimen stacking sequences.

2. Experimental

A novel sandwich-like stack approach was used for direct
growth of laterally interconnected networks of SWCNTs in
a MPCVD system, as shown in figure 1. A thermally oxidized
silicon wafer was used as the substrate. An Al2O3 layer
of 10 nm was deposited on the SiO2/Si wafer first, followed
by an iron (Fe) film with a thickness of 2–10 nm. Both
the Al2O3 layer and the Fe film were prepared using direct
current (dc) reactive sputtering. The Si cover used in this
work was designed to suppress the ion bombardment damage
of plasma on catalysts and growing tubes, and to avoid catalyst
particles being poisoned easily by excess carbon species
or amorphous carbon deposits. After the MPCVD system
was evacuated to a base pressure of below 10−2 Torr by a
rotary pump, hydrogen gas was then introduced at a chamber
pressure of 30 Torr, forming H-plasma to heat and activate
catalyst precursor layers to obtain catalyst particles. The
H-plasma pretreatment conditions were as follows: plasma
power of 400 W, H2 flow rate of 100 sccm and 15 min process
time. After in situ pretreatment, CH4 and H2 mixtures
were introduced to initiate CNT network formation at a total
pressure of 10–30 Torr and plasma power of 600–900 W for
3–8 min growth time with CH4/H2 ratios of 1/10 (5/50 sccm)
to 0.03/10 (1.5/500 sccm). The substrate temperature was
monitored to be �600 ◦C by shielded thermocouples. The
morphologies and crystalline structures of the H-plasma-
pretreated catalyst particles and CNT network grown samples
were analysed by field-emission scanning electron microscopy
(FESEM, JEOL-6500; FEI Nano SEM, Nova 200) and high-
resolution transmission electron microscopy (HRTEM, JEM-
2100F), respectively. A micro-Raman spectroscope (Jobin
Yvon LabRam HR; Renishaw RM-1000) with a 514.5 nm
(2.41 eV) laser line excitation source was employed to identify
the characteristics of the as-deposited nanostructures. To
obtain averaged spectra, for each sample, more than six
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different locations were examined by Raman spectroscopy
using an approximately 5 µm diameter laser spot. In addition,
the surface morphologies of the substrate with and without
Al2O3 deposited were observed using atomic force microscopy
(AFM, VEECO DI 3100 and Asylum Research MFP-3D
ORCA).

3. Results and discussion

A series of experiments were conducted to achieve
highly graphitized laterally interconnected SWCNT network
growth. We mainly investigated the effects of catalyst film
thickness, CH4/H2 ratio, working pressure, growth time and
plasma power on the development of SWCNT-based lateral
architectures. The morphological and structural characteristics
of the SWCNT networks were verified using FESEM, micro-
Raman spectroscopy and HRTEM techniques.

3.1. Effect of catalyst film thickness on SWCNT network
growth

Figures 2(a)–(c) show typical FESEM morphologies of the
as-produced nanostructures synthesized with a CH4/H2 ratio
of 1.5/300 sccm, chamber pressure of around 16 Torr and
plasma power of 750 W for 6 min growth time, in which the
insets show the SEM images of the catalyst precursor layer of
various thicknesses after H-plasma pretreatment. The catalyst
precursor is designed by placing 2 nm, 5 nm and 10 nm thick Fe
film, respectively, on a SiO2/Si substrate with an Al2O3 support
layer of 10 nm. From the inserted SEM images of figures 2(a)–
(c), it can be observed that under the same pretreatment
conditions (H2 flow rate of 100 sccm, chamber pressure of
30 Torr, plasma power of 400 W and 15 min process time), the
morphology of the Fe particles changes from sphere to bar-
like significantly, and the size of the particles becomes bigger
as the thickness of the Fe film increases. With subsequent
CNT growth at the selected growth parameters as mentioned
above, it is found that, as a 5 nm-thick Fe precursor layer is
applied, catalyst particles of suitable size are formed after
H-plasma pretreatment which successfully develop laterally
interconnected SWCNT networks, as displayed in figure 2(b).
For the samples of Fe thicknesses 2 and 10 nm, however, it
can be clearly seen that the as-produced nanostructure profiles
differ significantly from those of the 5 nm sample. In the
case of the sample with 2 nm Fe after 6 min growth time,
the as-grown carbon filaments in the form of random and
entangled nanotubes/fibres exhibit a relatively higher yield
than those on 5 and 10 nm samples for a given area, as shown
in figure 2(a). Since the amount of feed stock gas introduced
is the same for all the samples, the observed variation in
the yield of carbon filaments with various Fe thicknesses
under the applied growth condition can be assigned to size-
dependent catalyst activity [23–26]. In other words, in the
smaller sized catalyst formed from the 2 nm Fe layer, as
represented in the inset of figure 2(a), the diffusion length/time
for carbon atoms to arrive at growth sites would become
shorter, resulting in an acceleration in the growth processes
of carbon filaments [23–26]. Therefore, an improved yield of

carbon filaments can be obtained on the 2 nm sample under
our experimental conditions. Conversely, on thickening the
Fe film to 10 nm, it is likely that a thicker catalyst precursor
layer is easily converted into a larger number of relatively
larger Fe particles, as shown in the inset of figure 2(c), which
consequently produce graphite-encapsulated catalyst particles
with a low yield of carbon filaments growing from them on
the substrate, as shown in figure 2(c). The result is expected
for the sample with a thicker Fe layer, since in large Fe
particles the diffusion length/time of carbon atoms increases
which leads to a decrease in the formation rate of carbon
filaments [23–26]. Furthermore, it was reported that growing
a tube over larger particles formed by a thicker catalyst layer
would be energetically more costly [27–29]. Therefore, it is
suggested that there may not be enough energy/carbon supplied
to form nucleation seeds for the growth of carbon filaments
in the case of the 10 nm sample under the applied growth
conditions, thus resulting in a few carbon filaments (indicated
by arrows in figure 2(c)) with graphite-sheet-wrapped particles
dominating (the particles without carbon filament growth in
figure 2(c)) within the product. On the basis of the above SEM
observations, it is suggested that the nature of carbon deposits is
dependent on the catalyst particle activity, while a particularly
important one is the catalyst precursor thickness dependence
of laterally interconnected SWCNT network growth in our
performed experiment. This is attributed to the consequences
of relative rates for feedstock decomposition and migration on
or through the catalysts and the energy needed for forming the
SWCNT networks which are sensitive to particle size [27, 28].
The above-mentioned fact indicates a narrow growth window
for the growth of laterally interconnected SWCNT networks,
and according to our results the catalyst particles with suitable
size formed by a 5 nm-thick Fe layer are more active and
favourable for developing the networks of SWCNTs. Further
studies are still needed to elucidate the nature of catalyst crystal
structure and its effect on the successful growth of SWCNT-
based lateral networks in this MPCVD process.

We further use Raman spectroscopy to obtain the
structural information of the CNTs synthesized using 2 nm,
5 nm and 10 nm thick Fe catalyst precursor layers, as illustrated
in figure 2(d), in which the radial breathing modes (RBMs)
and sharp G-band peaks in the regions 120–350 cm−1 and
1550–1605 cm−1, respectively, can evidently demonstrate the
existence of SWCNTs [30–32]. From the RBM features in
figure 2(d), the SWCNTs synthesized by 5 nm Fe exhibit a
specific and designated diameter distribution in the resonant
case of using 514.5 nm excitation, whereas the 10 nm Fe
sample shows a relatively broader diameter distribution, and
no RBM feature is observed in the 2 nm Fe sample. The
corresponding tube diameter can also be further estimated
according to the relationship between the RBM frequency
and SWCNT diameter [30, 31]. On the basis of the major
peaks in the range 121–183 cm−1 for the 5 nm Fe sample,
the SWCNTs in the networks correspond to an approximate
diameter distribution of around 1.35–2.11 nm. By direct
comparison of the diameter distribution with a Kataura plot
[30–33], it is likely that our sample has a higher portion of
semiconducting SWCNTs than metallic ones. The findings
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Figure 2. SEM images and Raman spectra of the CNTs grown on Al2O3/SiO2/Si substrates with Fe precursor films of (a) 2 nm, (b) 5 nm
and (c) 10 nm, respectively; (d) the corresponding Raman spectra. The insets in (a), (b) and (c) show the SEM images of the
H-plasma-pretreated samples (at CH4/H2 = 1.5/300 sccm, working pressure of 16 Torr and plasma power of 750 W for 6 min growth time).

on different samples of the same runs (with a total of
more than 20 runs) confirm again good homogeneity of the
synthesized SWCNT networks, but it is by no means intended
to characterize the relative abundance of semiconducting
and metallic SWCNTs as the 514.5 nm laser excitation
only resonates with a fraction of SWCNTs; while it also
does not allow us to conclude that the presented growth
method indicates the possibility for selective synthesis of
semiconducting tubes since the mechanism for preferentially
growing semiconducting SWCNTs in the networks remains
to be understood further. However, a previous study [34] has
suggested that the relative abundances of semiconducting and
metallic nanotubes do not necessarily follow the 2 : 1 ratio since
various parameters and factors involved in a CVD process
could be responsible for the preferential growth of a certain
type of SWCNTs. Furthermore, it is of particular interest that
in our recent electrical measurements, a non-linear behaviour
of the I–V characteristics at low temperatures and a strong
decrease in the conductivity with decreasing temperature are
obtained from our SWCNT networks. The preliminary results
from more than 20 devices reveal dominant features of the
semiconducting nanotubes within the networks. Although
we cannot currently elucidate the mechanism underlying
the preferential growth phenomenon, it is believed that the
successful growth of SWCNT networks with semiconducting

nature does occur in our performed experiment. Further
studies are currently underway to reasonably estimate the
quantitative percentages of semiconducting SWCNTs in our
networks, and to understand the mechanism for preferentially
producing semiconducting structures in SWCNT networks.
Moreover, studies on electrically characterizing devices
fabricated with such SWCNT-based lateral architecture are
currently underway in our group.

In addition, sample purity can be evaluated using the
fitted-peak area ratio of the G-band as a characteristic of
graphite to the D-band representing defects in the graphite
structures, namely IG/ID, in the Raman spectra from CNTs to
estimate the degree of crystallinity of CNTs [30–32]. A high
IG/ID ratio demonstrates high quality of CNTs with good
crystalline nature and clean parallel walls, i.e. high degree of
graphitization of CNTs with little impurity/amorphous carbon,
and low disorder and number of defects [30–32]. Herein, the
SWCNT networks grown by the 5 nm-thick Fe exhibit superior
graphitization from its considerably high IG/ID (=27.4)
compared with those grown by 2 and 10 nm. This implies
that the SWCNT networks synthesized by the 5 nm-thick Fe
are of high quality, i.e. highly crystallized SWCNT networks
with low disordered structures and amorphous carbon present.
In addition, the two most intense G-band peaks, labelled G+

around 1593 cm−1 and G− around 1570 cm−1, can be used
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to distinguish between metallic and semiconducting SWCNTs
through strong differences in their Raman lineshapes; of which
the broadened spectral lineshape fitted by the Breit–Wigner–
Fano (BWF) line is for metallic tubes, while the narrow
Lorentzian lineshape is for semiconducting SWCNTs [30–32].
The observed narrow G−-band lineshape in the case of 5 nm
Fe sample indicates that SWCNTs with semiconducting nature
in the networks are expected. The result is highly consistent
with the above RBM analysis; however, further evidence for
the presence of a high percentage of semiconducting tubes in
the SWCNT networks is needed and is currently under study.

To investigate the structure and diameter of the
laterally interconnected SWCNT networks, we perform TEM
observations of the sample grown with 5 nm thick Fe film. As
can be seen in figure 3(a), the CNTs grow from the specific sites
of particles and then connect with neighbouring particles/tubes
to develop laterally interconnected networks. The situations
analysed in figures 3(b)–(h) further display that the CNT-
based lateral architecture comprises a mixture of graphene-
sheet-wrapped catalyst particles and laterally interconnected
nanotubes, isolated or branched or assembled into bundles.
In addition, from figures 3(c)–(e) it can be clearly seen that
the walls of the SWCNTs connect continuously with the
outer layer of the graphitic shells, where the insets are low
magnification images. We envision that the SWCNTs are
reeled out from the graphene sheets of particles, behaving
as continuous walls, and finally attach to other neighbouring
particles/tubes. Additionally, the TEM images in figures 3(f )–
(h) illustrate the formation of branching nanotubes during
the growth. Such continuous branching nanotubes produce
multiple-way junctions within our SWCNT networks. On the
basis of our images it is not easy to formulate a specific/concise
growth mechanism for the multi-branching SWCNT network
structure. However, it is believed that structural variations must
take place at the sidewalls of growing tubes and/or the growing
CNT tips which then lead to the branching of CNTs [35–38].
Such variation to form branched CNTs has been explained
from a topological point of view and the formation of defects
[35–38]. It is considered in general that local instabilities
and defects incorporated in the growing CNTs may provide
a favourable/required condition for CNT branching [35–38].

It is interesting to note that there is no strong correlation
between the diameter of the tubes and that of the particles
(average diameter 30–100 nm in this work) for the case of our
SWCNTs in networks. The result is obtained from more than
20 samples in the TEM study, of which over 20 nanotubes
are observed for each sample. Although a few smaller
particles encapsulated at the tip of tubes, which determines
tube diameter can sporadically be found as exemplified in
the circled part of the inset of figure 3(d), it is suggestive of
particle fragmentation being likely caused by germination of
dissolved carbon atoms in the bulk of catalysts during carbon
growth [28] since the average size of most catalyst particles
before and after carbon deposition appears in a similar range, as
presented in figure 2(b) and its inset. Since the interconnected
networks of SWCNTs synthesized by the presented growth
method grow mainly from the specific sites of particles and/or
branch from the growing tubes, the size of the SWCNTs is

always smaller than the dimension of particles. At present, it
is not completely clear about the precise nature and origin of
the effects induced by our sandwich-like stack approach and
the supported catalyst responsible for the formation of laterally
interconnected SWCNT networks; however, the findings from
this study point out that for CVD SWCNTs, the diameter of
the tubes grown by the graphitization process is not always
determined by the size of the particles. This is consistent
with previous studies [28, 39, 40] because the final morphology
and diameter of the as-synthesized carbon nanostructures are
dependent not only on the growth parameters such as carbon-
containing gases, temperature and gas partial pressure, but
also on various factors involved in a CVD process, such
as catalyst composition and catalyst support. Moreover,
we carefully examine the average diameter distribution of
numerous SWCNTs, and determine that for the SWCNTs in
bundles the diameter is around 1.35 nm estimated from more
than 100 CNTs for a single tube, whereas the diameter obtained
from more than 100 isolated tubes in the TEM study is about
1.64 nm or 2.11 nm. The results are considerably close to
the calculation from the frequency of the major three RBM
peaks in the Raman spectra presented above. The Raman and
TEM analyses demonstrate the successful growth of highly
graphitized laterally interconnected SWCNT networks with a
specific diameter distribution from a 5 nm-thick Fe precursor
layer by the presented growth method. Therefore, it is selected
as the optimum catalyst precursor thickness and employed in
the experiments carried out thereafter.

3.2. Effect of CH4 to H2 flow ratio on SWCNT network growth

The CH4 to H2 flow ratio is another crucial parameter
for the growth of SWCNT networks in this work. The
morphologies of the CNTs formed with various CH4/H2 ratios
of 1.5/300 sccm, and 5/50 sccm, 1.5/50 sccm, 1.5/100 sccm,
1.5/200 sccm, 1.5/400 sccm and 1.5/500 sccm are presented in
figures 2(b) and 4(a)–(f ), respectively, and the corresponding
Raman spectra are displayed in figure 4(g). Other growth
parameters include a working pressure of 16 Torr, growth time
of 6 min and plasma power of 750 W. It can be observed from
figures 4(a) and (b) that as the flow rate of CH4 is decreased,
while keeping the flow rate of H2 constant at 50 sccm, the
height of the CNT film is observed to decrease. Moreover,
when the flow rate of CH4 is maintained at 1.5 sccm, the
morphology of the CNTs changes from vertically grown into
surface-developed while varying the flow rate of H2 from 50
to 100 sccm, as shown in figure 4(c). On further increasing
the H2 flow rate, the overall yield of the surface-grown tubes
is observed to increase for the given areas, as displayed in
figures 2(b) and 4(d) and (e). However, at the highest H2 flow
rate of 500 sccm, the yield of the laterally grown nanotubes
is observed to reduce on the substrate. It is suggested that
the balance between carbon deposition and etching would be
shifted gradually with the variation of CH4/H2 ratios, which
correlates with the kinetic competition between carbon and
hydrogen reactive species. That is to say, the introduction
of a higher CH4 flow rate at a H2 flow rate of 50 sccm is
basically to supply more carbon sources, which enhances the
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Figure 3. (a), (b) Low magnification TEM images of the SWCNT networks; (c)–(e) HRTEM images of the SWCNTs grown from the
catalyst particles, where the insets are low magnification images; (f )–(h) HRTEM images of the SWCNT networks with branching
structures (the circled parts).

growth rate of CNTs due to a relatively rapid saturation of
catalyst particles, and thus vertical CNTs are easily formed
through a pushing effect. Alternatively, increasing the H2 flow
rate at a fixed CH4 flow rate of 1.5 sccm, the etching effect
caused by reactive hydrogen species on excess carbon species
and/or defect-enriched CNTs will become predominant, and
thus achieve the production of ‘pure’ SWCNT networks with a
minimum content of impurity and amorphous carbon, as shown
in figures 2(b) and 4(e). Nevertheless, if a very high H2 flow
rate (such as 500 sccm) is introduced, the excess H2 content
in the plasma would excessively etch off the as-deposited
carbonaceous species on the catalyst surfaces, leading to an
insufficient time for carbon growth which involves surface
carbon decomposition, carbon diffusion and then precipitation;
hence only a low yield of SWCNTs can be collected, as
displayed in figure 4(f ). The result provides the information
required for future experiments in which hydrogen must be
present over a threshold amount to change the vertical structure
to lateral type and then to develop SWCNT-based lateral
architecture with a negligible quantity of impurity/amorphous
carbon. Figure 4(g) compares the typical Raman spectra
obtained from the CNTs grown at various CH4/H2 ratios.
As shown, for the CH4/H2 ratios of 1.5/50–1.5/500 sccm,
all the SWCNTs exhibit comparable graphitization and
intense RBM peaks; in contrast, at the CH4/H2ratio of
5/50 sccm, no RBM is observed, suggesting a possible high
percentage of multi-walled CNTs (MWCNTs)/carbon fibres
on the sample. The main RBM peaks from different
samples are located nearly at ∼120–185 cm−1, indicating
that the SWCNTs formed at various CH4/H2 ratios have
an approximate diameter distribution ranging from 1.34 to
2.12 nm in the resonant case of using 514.5 nm laser line
excitation. It can also be found that the IG/ID ratio increases
significantly with increasing H2 flow rate and reaches a

maximum of 31.5 at CH4/H2 ratio of 1.5/400 sccm, signifying
that hydrogen is beneficial to keep the exposed surface
clean of amorphous/disordered carbon [41], so that a weaker
D-band profile can be acquired. Based on the fact that
highly graphitized laterally interconnected SWCNT networks
with relatively lower disordered structures/amorphous carbon
present can be obtained at the CH4 to H2 flow ratios of
1.5/300–1.5/400 sccm, hence the CH4/H2 composition ratio
of 1.5/300 sccm is set for MPCVD during all the experiments.

3.3. Effect of working pressure on SWCNT network growth

The influence of working pressure on the formation of SWCNT
networks is explored by varying the working pressure in the
range from 10 to 30 Torr under a CH4/H2 ratio of 1.5/300 sccm
and plasma power of 750 W for 6 min growth time, as depicted
in figure 2(b) and figures 5(a)–(c) for working pressures of
16 Torr, and 10 Torr, 23 Torr and 30 Torr, respectively. It can
be found that only sparse CNTs are formed in the growth
process performed at 10 Torr for a given area, while the yield
of the CNTs increases dramatically as the working pressure
increases. This suggests that the supply of carbon-containing
sources needs to be kept high enough to enable network
architecture development under the applied growth condition.
At the low pressure of 10 Torr, the probability of carbon-
containing molecules reacting with catalyst particles reduces
due to a lower density of the carbon-containing molecules,
and thus fewer catalyst particles get activated for CNT growth.
On the other hand, the low operating pressure causes a low-
temperature plasma as a result of the non-equilibrium state
between ions, electrons and other radicals/atoms in the plasma
zone, full of active species, which leads to an unsatisfactory
surface energy status and an insignificant destabilization-
enhanced activity for inducing CNT growth, and thus few
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Figure 4. SEM images and Raman spectra of the CNTs grown by 5 nm-thick Fe with CH4/H2 ratios of (a) 1.5/50, (b) 5/50, (c) 1.5/100,
(d) 1.5/200, (e) 1.5/400 and (f ) 1.5/500 sccm, respectively; (g) the corresponding Raman spectra (at working pressure of 16 Torr and plasma
power of 750 W for 6 min growth time).

carbon filaments can be grown on the substrate, as shown in
figure 5(a). As the working pressure is increased, the reactive
species concentration in the chamber is adjusted, which means
that the number of collisions between gas molecules and the
catalyst surface is increased proportionally [42–44]. That
is to say, when the CVD process is carried out at higher
working pressures, more carbon-containing molecules interact
with the catalyst particles [42–44]. As a result, more catalyst
particles get activated for CNT growth, and this leads to an
improved yield of SWCNTs in the networks [42–44], as shown
in figure 2(b), and figures 5(b) and (c) for pressures varied from
16 to 30 Torr. The pressure dependence indicates a correlation
between the number of activated catalyst particles and the
concentration of supplied carbon atoms, and also implies that
by changing the working pressure in a controllable manner,

the yield of SWCNTs in the networks can be manipulated.
It is important as different electrical applications require
different morphologies and quantities. The Raman spectra
from the samples grown at different pressures are illustrated
in figure 2(d) and figure 5(d) for working pressures of 16 Torr,
and 10 Torr, 23 Torr and 30 Torr, respectively. It is noted
that the samples grown with the working pressure in the
range 16–30 Torr exhibit strong RBM peaks and extremely
weak D bands, indicating the existence of highly graphitized
SWCNT networks with low disordered structures and/or little
amorphous carbon present. In addition, based on the similar
ratio of IG/ID obtained from the growth process performed at
16–30 Torr working pressures, we suggest that more carbon-
containing molecules in a higher working pressure process are
consumed mainly by the generated active sites to nucleate
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Figure 5. SEM images and Raman spectra of the CNTs grown by 5 nm-thick Fe at working pressures of (a) 10 Torr, (b) 23 Torr and (c)
30 Torr, respectively; (d) the corresponding Raman spectra (at CH4/H2 =1.5/300 sccm and plasma power of 750 W for 6 min growth time).

CNTs rather than causing the accumulation of amorphous
carbon structure. In addition, the observed frequencies of the
RBM peaks for the growth process performed at 23–30 Torr
working pressures correspond to SWCNT diameters in the
range 1.31–1.35 nm in the resonant case of using 514.5 nm line
of Ar laser for excitation. The investigations of the effect of
working pressure on SWCNT network growth provide useful
information in designing CVD processes for manipulating the
production of SWCNTs in networks for various desired device
applications.

3.4. Effect of growth time on SWCNT network growth

The effect of varying the growth time on the resulting SWCNT
networks is given in figure 2(b) and figures 6(a)–(c) for growth
times of 6 min, and 3 min, 4 min and 8 min, respectively, while
keeping the CH4/H2 ratio, working pressure and plasma power
at 1.5/300 sccm, 16 Torr and 750 W, respectively. As shown in
figure 6(a), at the growth time of 3 min, only a few lateral
CNTs connect with their neighbouring particles for a given
area, while at 4 min, figure 6(b), more particles are linked
together by growing CNTs. Increasing the growth time is likely
to increase the quantity of interconnected CNTs; however, as
the continuous growth time is extended to 8 min, SWCNT-
based lateral architecture is developed but with agglomerated
particles and a significant number of MWCNTs among the

networks as displayed in figure 6(c). The possible reason
is that when the growth time increases, carbon-containing
gas decomposes and diffuses into active catalyst particles,
while hydrogen continuously keeps the surface clean of carbon
and prevents catalyst deactivation for CNT growth. If the
growth time is very long, catalyst particles are inclined to
aggregate, and more defective carbon filaments/amorphous
carbon structures get accumulated as a result of sufficient
plasma heating. Accordingly, the growth of a large number
of bended/entangled carbon filaments and the assembly of
catalyst particles at 8 min growth time, as presented in
figure 6(c), illustrates the result of long time formation in the
MPCVD process. Thus, 6 min is considered to be the optimum
growth time for synthesizing laterally interconnected SWCNT
networks with a negligible quantity of agglomerated particles
and MWCNTs/carbon fibres in our performed experiment,
as shown in figure 2(b). The corresponding Raman spectra
of the as-deposited samples for growth times of 3, 4 and
8 min are shown in figure 6(d). The RBM signals from the
CNTs grown at 4 min and 8 min are observed in the frequency
ranges 121–185 cm−1 and 184–205 cm−1, respectively, which
are indicative of the SWCNTs having an approximate diameter
distribution of 1.34–2.11 nm in 4 min networks and 1.20–
1.34 nm in 8 min networks in the resonant case of using
514.5 nm laser line excitation. Although more defects and
disordered graphitic material are present for the extended
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Figure 6. SEM images and Raman spectra of the CNTs grown by 5 nm-thick Fe at growth times of (a) 3 min, (b) 4 min and (c) 8 min,
respectively; (d) the corresponding Raman spectra (at CH4/H2 = 1.5/300 sccm, working pressure of 16 Torr and plasma power of 750 W).

growth time of 8 min, as indicated by the slightly larger, more
structured D peak, consistent with figure 6(c), the observed
high IG/ID ratios for the growth time of 4–8 min still evidence
the growth of highly graphitized SWCNT networks. The
growth time studies show that the presented growth method
represents a more efficient way to prepare SWCNT-based
lateral networks on substrates directly.

3.5. Effect of plasma power on SWCNT network growth

The effect of plasma power on the growth of SWCNT
networks is also studied. Figures 7(a) and (b) display the
CNTs synthesized at plasma powers of 600 W and 900 W,
respectively. For the study, CNT growth is carried out
at a CH4/H2 ratio of 1.5/300 sccm and working pressure
of 16 Torr for 6 min. Referring to figures 2(b), and 7(a)
and (b), the production of CNTs in the networks generally
increases with increasing plasma power for given areas. In
general, a microwave plasma operating at a low power is a
low-temperature plasma which will lead to a lower plasma
decomposition rate of hydrogeneous and carbonaceous gases,
and thus result in a lower tube growth rate. The sparse tube
appearance at the lower plasma power condition of 600 W
may be due to insufficient temperature in the plasma space
for rapidly generating reactive species for CNT growth within
the selected growth time. As the plasma power is increased
up to 750 W or even to 900 W, the higher introduced plasma

power can not only ionize more gases but also cause local
surface heating, leading to a situation where plenty of carbon
species reach the catalyst particles, followed by a CNT growth
procedure to carry out the formation of laterally interconnected
SWCNT networks. Further comparing the 750 W sample
with the 900 W sample, it is obvious that a relatively higher
plasma power process is likely to result in the formation of
many large-sized carbon filaments over the substrate as shown
in figure 7(b). This is because the increased temperature
and reactant gases’ decomposition rate resulting from the
relatively higher plasma power supply will promote more
surface instability on the catalyst particles and/or nanotubes,
and therefore induce more active nucleation sites for the
formation of CNTs. It is concluded that for the presented
growth method, the microwave power of 750 W is the optimum
plasma level to grow interconnected networks of SWCNTs
with a negligible quantity of MWCNTs/carbon fibres in our
performed experiment. Figure 7(c) shows the Raman spectra
of the as-grown samples synthesized at plasma powers of
600 W and 900 W, respectively. The high IG/ID ratio (=24.3)
and RBM peaks confirm the formation of SWCNT networks
with a high degree of graphitization on the 900 W plasma power
sample. The observed frequency range of the RBM signals
corresponds to the SWCNTs in the networks with a diameter
distribution of about 0.99–1.65 nm in the resonant case of using
514.5 nm excitation. Whereas the very weak RBM density at
173 cm−1 and the low ratio of the intensity of G peak to D peak
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Figure 7. SEM images and Raman spectra of the CNTs grown by 5 nm-thick Fe at plasma powers of (a) 600 W and (b) 900 W, respectively;
(c) the corresponding Raman spectra (at CH4/H2 = 1.5/300 sccm, working pressure of 16 Torr and growth time of 6 min).

obtained from the 600 W sample suggest the existence of a low
yield of SWCNTs and the presence of a higher proportion of
sp3-like carbon on the substrate.

From the FESEM, HRTEM images and Raman
spectroscopy mentioned above, we can thus conclude as
follows: the interconnected SWCNT networks synthesized by
a sandwich-grown method in this work are surface-grown
and of good crystalline nature. By the presented growth
method and at the selected growth parameters, a 5 nm-thick
Fe precursor layer supported by an Al2O3 layer is proven
to be the optimum catalyst precursor to form the SWCNT-
based lateral architecture. Furthermore, higher H2 flow rate
basically results in lower impurity and/or amorphous structure
among the networks at a fixed amount of CH4 content of
1.5 sccm, i.e. the degree of graphitization of SWCNT networks
is enhanced with lowering CH4/H2 ratio, and it reaches a
maximum at the CH4/H2 ratio of 1.5/400 sccm. By increasing
the working pressure in a controllable manner the yield of the
SWCNTs in the networks can be altered for future desired
applications. In addition, very long growth duration and
high plasma power will favour the aggregation of catalyst
particles and the accumulation of bended/entangled carbon
filaments/amorphous carbon structures over the samples as
a result of the higher temperature and more active species
generated in the plasma. Thus the optimum conditions for
growing highly graphitized laterally interconnected SWCNT

networks with a negligible quantity of large-sized carbon
filaments are growth time of 6 min and plasma power of 750 W.

3.6. Effect of specimen stacking and Al2O3 support layer on
SWCNT network growth

Explanations of the fundamental growth mechanism of the
sandwich-grown method as proposed in figure 1 are still a
bit speculative; however, the following observations may shed
some light on some indispensable factors responsible for the
formation of laterally interconnected SWCNT networks in this
work. We first consider the effect of specimen stacking on the
growth of SWCNT networks. We perform SEM observation of
a sample in direct contact with the microwave plasma without
an upper Si cover throughout the CNT growth process, as
shown in figure 8(a), in which the inset reveals the schematic of
the specimen position with respect to the plasma. The growth
is performed with CH4/H2 of 1.5 sccm/300 sccm flow rate at
16 Torr working pressure and 750 W plasma power for 6 min.
As seen in the figure, only chain-like/agglomerated deposits
containing carbon are observed on the substrate. The result
confirms that if the catalyst particles are in direct contact with
the microwave plasma, the selected growth parameters are
unfavourable for CNT growth. In other words, the sandwich-
like stack approach plays one of the determinant roles in
nucleating SWCNTs and then forming the interconnected
network architecture.
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Figure 8. SEM images of (a) the carbon nanostructures formed on a substrate in direct contact with the microwave plasma without an upper
Si cover, and (b) the carbon nanostructures formed on a substrate without Al2O3 as a support layer (at CH4/H2 = 1.5/300 sccm, working
pressure of 16 Torr, plasma power of 750 W and growth time of 6 min). The insets in (a) and (b) show the schematic of the specimens.

Another important result in our experiment is the strong
dependence of the SWCNT networks grown on an Al-based
support layer. We prepare a substrate without Al2O3 between
the catalyst precursor film and the substrate for this MPCVD
process. By conducting a comparative SEM study we find
that the morphologies after growth on a plain SiO2 surface
and on an Al2O3 layer are obviously different, as displayed
in figures 8(b) and 2(b). The inset in figure 8(b) shows
the schematic of a specimen that has undergone the process
with the same parameters without an Al2O3 layer. Without
the use of an Al2O3 support layer, SWCNT networks cannot
form under the applied growth conditions. One possible
explanation involves the stability difference in the two oxide
layers. By comparing the heat of formation for Al2O3 and
SiO2, we note that Al2O3is an extremely stable oxide since
its heat of formation (−1675.7 kJ mol−1) is much larger than
that of SiO2 (−910.7 kJ mol−1) [45]. It is suggested that
the catalytic activity of Fe may be partially poisoned by a
reaction/interaction between Fe and the support layer [45, 46].
The poisoning effect should be more severe on SiO2 due to
the relatively lower stability compared with that of Al2O3,
resulting in a difficulty in growing CNTs on the SiO2/Si
under the applied growth conditions [45, 46]. Furthermore,
the roughness of the catalyst support layer could be another
factor affecting SWCNT growth [47–50]. It is reported that
the introduction of the Al-based catalyst support layer between
the substrate and the catalyst leads to the appearance of more
active nucleation sites on the catalyst surface for carbon atoms
to reach and further for nanotubes to grow, and also improves
the diffusion of reactant gases to the catalyst clusters due to
an increase in surface roughness/porosity [47–50]. As also
confirmed by our AFM measurements, the RMS value of
roughness of the Al2O3 surface present is about 1 nm, which
is indeed higher than 0.27 nm for the SiO2 case. The above
investigations imply that Al2O3 in our case could not only
prevent the catalysts from reacting with the SiO2 surface, but
also provide more active nucleation sites to catalyse SWCNT
growth. As the studies reported here indicate, both the
sandwich-like stack approach and the Al2O3 support layer

are important contributing factors towards obtaining SWCNT
networks under our experimental conditions. However, details
of the formation mechanism of the laterally interconnected
SWCNT networks and the key role played by the applied
sandwich-like stack approach and the catalyst support material
for producing the SWCNT networks in this MPCVD process
need further verification.

4. Conclusions

In summary, direct growth of highly graphitized laterally
interconnected SWCNT networks by a MPCVD process
is demonstrated at a lower growth temperature (�600 ◦C)
and a faster rate using a sandwich-grown method with an
upper Si cover and a 5 nm-thick Fe layer supported by a
10 nm Al2O3 layer deposited on a SiO2/Si substrate. A
detailed examination of the effects of various parameters on
the formation of SWCNT networks is also presented. The
yield of SWCNTs in the networks for a given area can be
altered by varying the growth parameters. The result is
important as different electrical applications require different
morphologies and quantities. The preferential growth of
highly graphitized laterally interconnected SWCNT networks
with little impurity/amorphous carbon, and low disorder and
number of defects is accomplished at a CH4/H2 ratio of
1.5/300–1.5/400 sccm, working pressure of �16 Torr, growth
time of 6 min and plasma power of 750 W. The HRTEM
investigations show that the SWCNT-based lateral architecture
consists of a mixture of graphene-sheet-wrapped catalyst
particles and laterally interconnected nanotubes, isolated or
branched or assembled into bundles, in which the average
diameter distribution of the SWCNTs is around 1.35 nm for
the tube in a bundle and 1.64 nm or 2.11 nm for an isolated
tube under the applied growth conditions. In addition,
the sandwich-like stack approach and Al2O3 support layer
have demonstrated to be indispensable factors responsible
for the generation of SWCNT networks in this MPCVD
process. However, further studies are needed to elucidate
the mechanism for the formation of such SWCNT-based
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lateral architecture and to clarify the key role played by
various factors involved in this MPCVD process for the
successful growth of SWCNT networks. The morphological
and structural characterizations of the SWCNT networks have
immediate and immense implications for the development
of network-structured nanotube-based electronic systems and
diverse sensing devices, especially signifying a simple and
efficient SWCNT network synthesis process and opening new
possibilities for direct device integration.
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