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Vertically aligned single-walled carbon nanotubes (VA-SWNTs) have been synthesized by an Al-

activated plasma-enhanced chemical vapor deposition (PECVD) method. On this basis, we have

developed a facile but effective method for direct growth of multicomponent micropatterns of

VA-SWNTs interposed within the patterned areas surrounded by vertically aligned multi-walled

carbon nanotubes (VA-MWNTs) onto an Al-activated iron substrate. The Al-activated iron

substrate was prepared by region-selectively depositing an Al thin layer on either an Fe-coated

substrate or a commercially available iron foil. This simple approach allows for an effective

integration of various aligned carbon nanotubes with different electronic characteristics into

multifunctional materials and devices.

Introduction

For many applications involving carbon nanotubes, it is highly

desirable to prepare carbon nanotubes in an aligned and/or

micropatterned form so that their structure/properties can be

readily assessed while they can be effectively incorporated into

multicomponent systems with potential synergetic effects.1

Although the formation of aligned/micropatterned multi-

walled carbon nanotubes (MWNTs) has been known for some

years,2 the synthesis of vertically aligned single-walled carbon

nanotubes (VA-SWNTs) in either a patterned or a nonpat-

terned form is a recent development. The slow progress in the

VA-SWNT growth is largely caused by the difficulty in

preparing densely packed small catalyst particles (y1 nm in

diameter) that do not aggregate into bigger ones at the

high temperature required for the single-walled nanotube

growth.3–10 With the recent developments in nanoscience and

nanotechnology, there is a pressing need to integrate multi-

component nanoscale entities into multifunctional materials

and devices. In this context, we have previously reported a dry

contact transfer technique11 for preparing multicomponent

carbon nanotube micropatterns, in which COOH-containing

non-aligned MWNTs were region-selectively adsorbed within

the heptylamine-plasma-treated areas interdispersed into the

patterned structure of aligned MWNTs.11,12 More recently, we

have also demonstrated the formation of multicomponent

carbon nanotube micropatterns with self-assembled non-

aligned MWNTs interposed within the patterned structure of

aligned SWNTs.13 The integration of non-aligned MWNTs

into either aligned MWNT or aligned SWNT micropatterns

demonstrated above could lead to novel multicomponent/

multifunctional materials and devices.

On the other hand, it is practically important to directly

grow VA-SWNTs on metallic (conducting) substrates, espe-

cially for fabricating nanotube-based electronic devices. Much

like the case with aligned MWNTs grown on metal sub-

strates,14 however, only a little effort has recently been made to

grow vertically aligned SWNTs and double-walled carbon

nanotubes on certain Ni-containing alloy foils via a water-

assisted chemical vapour deposition (CVD) process using

sequentially sputtered Al2O3 (30 nm)/Fe (1 nm) as catalyst.15

Guided by some earlier studies on the preparation of stable Al-

containing small catalyst particles,3,7,16 we used here a thin

layer of Al coating on commercially available iron foils

(0.25 mm thick, Aldrich) or other Fe pre-coated substrates

(e.g. SiO2/Si wafer) to effectively minimize possible aggrega-

tion of the Fe catalyst particles formed in situ during the high-

temperature and plasma-enhanced CVD (PECVD) growth of

VA-SWNTs. We further found that micropatterns of VA-

SWNTs interposed with their multi-walled counterparts were

readily produced on either Fe-coated substrates or commer-

cially available iron foils pre-coated with a patterned thin Al

film, as reported below.

Experimental

Materials and characterization

Iron foils with a thickness of 0.25 mm were purchased from

Aldrich, and Al thin coatings were prepared on a Denton Sputter

coating system (Explorer 14). The coating thickness was

determined by a Dektak 6M Surface Profiler. Scanning electron

microscopic (SEM) and transmission electron microscopic

(TEM) images were recorded on a Hitachi S-4800 high-

resolution SEM and Hitachi H-7600 TEM unit, respectively.

Raman spectra were obtained using an inVia micro-Raman

spectrometer (Renishaw) with a 785 nm laser. Current–voltage

measurements on the aligned carbon nanotubes grown on an Fe

foil were performed using an EG&G potentiostat (model 263A).
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Substrate preparation

For electropolishing, the iron foil acting as a cathode was first

electrochemically activated by putting it into an aqueous mixture

solution of Na2CO3 (25–30 g mL21), NaOH (20–25 g mL21),

and Na3PO4 (25–30 g mL21), with a stainless steel sheet or nickel

sheet being used as the anode. The applied voltage and current

were controlled within 2–4 V and 0.3–0.5 A, respectively, for

about 10–15 min. Thereafter, the iron foil was immersed into an

aqueous solution of H2SO4 (27 wt%) and HC1 (10 wt%) for 5 min

at 40–60 uC. After being thoroughly rinsed with deionized water,

the iron foil was then placed into an electropolishing solution of

H3PO4 (65 wt%), H2SO4 (15 wt%), CrO3 (5 wt%), glycerol

(12 wt%), and H2O (3 wt%) as the cathode against a carbon bar

anode. A voltage of 3 V and current of 0.5–0.6 A were applied

for 10–25 min at 45–70 uC.

Al patterning by photolithography

For photolithographic patterning of Al, a thin layer of

photoresist (3312 photoresist, 8 CPS, AZ) was spin-cast on an

iron substrate (spinning speed: 4000 rpm). After annealing at

90 uC for 1 min, the substrate was exposed to UV light (350 nm,

y350 W) through a photomask. After removal of the

photomask for selectively dissolving the photoresist within the

UV-exposed areas in a developer solution (300 MIF Developer,

AZ), the photoresist-patterned substrate was air dried and a thin

layer of Al (1–5 nm) was then sputter-coated on the whole

substrate surface. This was followed by acetone rinsing to

completely dissolve the photoresist, leading to the formation of a

micropatterned Al coating on the iron substrate for the

subsequent nanotube growth, as shown in Fig. 2 (see later).

Carbon nanotube growth

VA-SWNTs were synthesized by pre-coating a thin layer of Al

(1–5 nm) on Fe (or Fe-coated) substrates, followed by PECVD

(80 W, 13.56 MHz) of 5 mTorr C2H2 and 400–600 mTorr H2

for 10–15 min at 750 uC. VA-MWNTs were also prepared on

an Fe coated (3–5 nm) substrate (e.g. SiO2/Si wafer) without

the Al pre-coating under the same growth conditions.

For comparison of the electrical properties of VA-SWNTs

and VA-MWNTs, we also grew VA-MWNTs on an iron foil

pre-coated sequentially with a thin layer of Al (10 nm) and a

3 nm Fe film by the PECVD process under similar conditions

as described above.

Results and discussion

In a typical experiment, VA-SWNTs were synthesized on an

Al-activated commercially available bulk iron foil (or an Fe-

coated SiO2/Si wafer) by PECVD (80 W, 13.56 MHz) of

5 mTorr C2H2 and 400–600 mTorr H2 for 10–15 min at 750 uC.

Fig. 1a shows the spot-like growth of non-aligned MWNTs or

amorphous carbon fibers only on the pristine commercially

available Fe foil. This is also confirmed by the corresponding

Raman spectrum given in Fig. 1d. As seen in Fig. 1d, there is a

strong D band centered around 1300 cm21, characteristic of

amorphous carbon, with a relatively weak G band over 1500–

1700 cm21 arising from the multi-walled carbon nanotube

structure. Upon coating with a thin layer (y2 nm) of Al,

however, the same Fe foil supported the growth of carbon

nanotubes (Fig. 1b). The non-uniform coverage of the poorly

aligned nanotubes seen in Fig. 1b resulted, most probably,

from an ineffective nanotube growth on the rough, and

possibly contaminated, surface of the underlying commercial

Fe foil. In contrast, well-aligned carbon nanotubes (y3 mm

long) uniformly grew on the same commercially available Fe

foil after electropolishing (see Experimental section) prior to

the Al coating (Fig. 1c). The Raman spectrum of the nanotube

sample shown in Fig. 1c recorded with a 785 nm laser (Fig. 1e)

clearly shows the resonant radial breathing modes (RBMs) in

the range of 130–280 cm21 for SWNTs.17 The clearly

separated doublet at ca. 1570 and 1600 cm21 seen for the G

band in Fig. 1e is also a characteristic feature of SWNTs. A

Fig. 1 a–c) Scanning electron microscopic (SEM) images of an Fe foil without (a) and with Al pre-coating (b, commercial iron foil; c,

electropolished iron foil) after the nanotube growth. d) and e) Raman spectra of the as-grown nanotubes shown in a) and c), respectively. f) A TEM

image of the as-grown nanotubes shown in c).
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transmission electron microscopic image of individual nano-

tubes from an ethanol dispersion of the sample shown in

Fig. 1c reveals, once again, the SWNT structure (Fig. 1f). With

the Al-activation, therefore, we have successfully synthesized

VA-SWNTs on the commercially available iron foil, which

otherwise cannot support VA-SWNT growth.

On the above basis, we proceeded to grow VA-SWNT

micropatterns by region-selectively coating a thin layer of Al

on the bulk iron substrate. As shown in Fig. 2a, we used a

photopatterning method, as described in detail in the

Experimental section, to region-selectively deposit Al on the

commercially available bulk iron foil, after electropolishing,

for patterned growth of VA-SWNTs. Fig. 2b and c show the

top-view SEM images recorded at different magnifications for

the VA-SWNT micropattern thus prepared, while a cross-

section view of the same aligned nanotube array is given in

Fig. 2d. As can be seen, VA-SWNT micropatterns having a

close replication of the photomask structure with well-aligned

nanotubes growing only in the Al covered regions, suitable for

microelectronic device fabrication, are clearly evident.

Apart from the growth of VA-SWNTs on iron foils by the

Al activation described above, we also found that thin Fe

catalyst coating (3–5 nm) on conventional substrates (e.g.

SiO2/Si wafer) used for the growth of VA-MWNTs (Fig. 3a

and c) can also be activated to grow VA-SWNTs by pre-

coating with a thin layer of Al (Fig. 3b and d). This finding,

together with Al patterning, enabled us to readily prepare

multicomponent micropatterns with the Al-activated VA-

SWNTs interposed within the patterned VA-MWNT arrays

on an Fe pre-coated substrate (e.g. SiO2/Si wafer).

Fig. 4a shows the steps for patterned deposition of an Al

thin coating through a TEM grid (as the physical mask) onto a

SiO2/Si wafer pre-coated with a 3 nm Fe film to support the

region-selective growth of VA-SWNTs over the Al covered

areas and VA-MWNTs in the Al-free regions. Fig. 4b shows a

top view of the resultant nanotube micropattern, in which the

hexagonal windows of the TEM grid ‘‘mask’’ were replicated.

The corresponding side view in Fig. 4c clearly shows the

shorter VA-SWNTs interposed within the hexagonal areas

surrounded by longer VA-MWNTs. The single-walled and

multi-walled nanotube characteristics of those shorter VA-

SWNTs and longer VA-MWNTs within the three-dimensional

(3-D) multicomponent nanotube micropatterns shown in

Fig. 4b and c were confirmed by area-selected micro-Raman

spectra (spot size # 2 mm). To obtain more detailed

information on the 3-D nanotube micropattern formation,

we undertook a close examination of the growth process

by taking SEM images at different growth periods. We

found that the VA-SWNTs grew faster than the surrounding

VA-MWNTs at the initial stage up to several microns within

Fig. 3 SEM images and Raman spectra of aligned carbon nanotubes

formed on 3 nm Fe-coated SiO2/Si wafers without (a, c) and with (b, d)

a 2 nm Al pre-coating.

Fig. 4 a) Schematic representation of Al patterning on an Fe-coated

substrate for the patterned growth of three-dimensional interposed

VA-SWNTs and VA-MWNTs. b) and c) Top and cross-section views

of the 3-D VA-MWNT/VA-SWNT micropatterns. Scale bars: 50 mm.

Fig. 2 a) Schematic representation of photopatterning Al on a

commercially available iron foil for the growth of VA-SWNTs. b)

and c) Top views of the VA-SWNT micropattern at different

magnifications. d) A side view of the VA-SWNT micropattern at a

higher magnification.
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1–2 min (Fig. 5a and b). At the growth time of ca. 8 min, the

VA-MWNTs became taller than VA-SWNTs (Fig. 5c and d).

Further increase in the growth time caused a continuous

growth of the VA-MWNTs while the height of the VA-

SWNTs remained unchanged (Fig. 5e and f). Compared with

VA-MWNTs, therefore, it seemed that the VA-SWNTs

showed a faster growth speed and a shorter growth lifetime.

This is because the smaller catalyst particles for the SWNT

growth possess a higher surface to volume ratio, and hence an

enhanced supply of carbon source for the initial fast nanotube

growth. The larger surface area for the smaller catalyst

particles also caused an increased susceptibility of surface

contamination to poison the catalyst activity for a short

growth lifetime. The interplay of the above two factors is

responsible for the observed length differences between those

VA-SWNTs and VA-MWNTs in the resultant 3-D multi-

component nanotube micropatterns.

It is also interesting to note that those VA-MWNTs adjacent

to the VA-SWNTs around the edge of the hexagonal windows

bent toward the window center, resulting in the formation of a

hollow cover over the VA-SWNTs within the hexagonal

window (Fig. 4b and c and Fig. 5d–g) due probably

to mismatches in the growth rate and strength of the

van der Waals (vdW) forces between the VA-SWNTs and

VA-MWNTs at their interface. The difference in the nanotube

growth rates could cause the further growing MWNTs to be

‘‘pulled’’ down by the ‘‘dead’’ SWNTs at the edge of the

hexagonal windows through possible interfacial entanglements

between the single-walled and multi-walled nanotubes at the

late growth stage (Fig. 5d, f, and g). Although the detailed

formation mechanism for the bent aligned MWNTs is pending

further study, the above description seems to be supported by

the observation that some of the curved MWNTs were still

connected with the VA-SWNTs after the bending, and that the

overall length of the bent nanotubes is similar to that of the

VA-MWNTs (Fig. 5g). In order to understand why VA-

WMNTs can grow on substrates pre-coated with a thin layer

of iron whereas the pristine bulk iron foil cannot support the

aligned nanotube growth, we have further undertaken a high-

resolution SEM examination of the surface of both the bulk

iron foil and a SiO2/Si wafer-supported Fe thin coating during

the heating process required for the nanotube growth, but

deliberately eliminated the carbon source. Our preliminary

results indicate that densely packed Fe nanoparticles (y20 nm)

of the size suitable for the growth of VA-MWNTs could form

from the thin Fe-coating but not on the bulk iron foil under

the current conditions. The above observed difference could be

attributed to different particle nucleation processes on these

two different iron substrates.

Unlike the 3-D single-component VA-MWNT micropat-

terns reported earlier,18 the newly prepared 3-D multicompo-

nent VA-MWNT/VA-SWNT micropatterns should show even

more interesting region-specific electronic properties attractive

for fabricating multifunctional micro-/nano-electronics with

region-specific features while the conducting substrate pro-

vides a direct electrical contact. Indeed, our preliminary results

from the I–V measurements on the non-patterned VA-SWNT

and VA-MWNT arrays, using a sputter-coated gold layer on

the top of the nanotube film as a counter electrode (inset of

Fig. 6), indicate semiconducting and metallic behaviors for the

VA-SWNTs and VA-MWNTs, respectively (Fig. 6).

Fig. 5 Tilt and side SEM images of hybrid patterned growth of

aligned SWNTs and MWNTs with different magnifications at

different growth times. a, b) 1–2 min; c, d) 8 min; e, f) 15 min, and

g) a higher magnification view of f).

Fig. 6 Current (I)–voltage (V) curves of the as-grown non-patterned

VA-SWNTs on a 2 nm Al coated Fe foil and VA-MWNTs on an Fe

foil pre-coated sequentially with a thin layer of Al (10 nm) and a 3 nm

Fe film.
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Conclusions

We have demonstrated a facile but effective method for Al-

activated syntheses of VA-SWNTs by coating a thin layer of

Al on either commercially available iron foils or substrates pre-

coated with an Fe nanofilm. We further found that substrates

pre-coated with an Fe nanofilm conventionally used for the

growth of VA-MWNTs can also be activated by a thin layer of

Al to support the VA-SWNT growth. These findings, together

with the region-selective deposition of an Al thin layer on

either bulk iron foils or Fe-nanofilm-coated substrates, have

enabled us to produce not only pure VA-SWNT micropatterns

directly on the iron foil but also three-dimensional multi-

component micropatterns with VA-SWNTs interposed within

the patterned areas surrounded by VA-MWNTs. Therefore,

this simple approach is of practical significance as it allows the

direct growth of aligned carbon nanotubes on various

conducting substrates and an effective integration of various

aligned carbon nanotubes with different electronic character-

istics into multidimensional/multifunctional materials and

devices.
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