
Growth of high-density vertically aligned arrays of carbon nanotubes by
plasma-assisted catalyst pretreatment
S. Esconjauregui, B. C. Bayer, M. Fouquet, C. T. Wirth, C. Ducati et al. 
 
Citation: Appl. Phys. Lett. 95, 173115 (2009); doi: 10.1063/1.3256012 
View online: http://dx.doi.org/10.1063/1.3256012 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v95/i17 
Published by the American Institute of Physics. 
 
Related Articles
Electrical transport properties of boron-doped single-walled carbon nanotubes 
J. Appl. Phys. 113, 054313 (2013) 
Electric field induced needle-pulsed arc discharge carbon nanotube production apparatus: Circuitry and
mechanical design 
Rev. Sci. Instrum. 83, 123907 (2012) 
Cylindric quantum wires in a threading magnetic field: A proposal of characterization based on zero bias electron
transport 
J. Appl. Phys. 112, 123715 (2012) 
A doping-free approach to carbon nanotube electronics and optoelectronics 
AIP Advances 2, 041403 (2012) 
Magnetic and electrical properties of PbTiO3/Mn-Zn ferrite multiphase nanotube arrays by electro-deposition 
J. Appl. Phys. 112, 104310 (2012) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 07 Feb 2013 to 129.169.173.162. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/233908216/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Esconjauregui&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. C. Bayer&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Fouquet&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. T. Wirth&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. Ducati&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3256012?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v95/i17?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4790505?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4772575?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4770431?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4773222?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4765731?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Growth of high-density vertically aligned arrays of carbon nanotubes
by plasma-assisted catalyst pretreatment

S. Esconjauregui,1,a� B. C. Bayer,1 M. Fouquet,1 C. T. Wirth,1 C. Ducati,2 S. Hofmann,1

and J. Robertson1

1Department of Engineering, University of Cambridge, 9 JJ Thomson Avenue, Cambridge CB3 0FA,
United Kingdom
2Department of Materials Science and Metallurgy, University of Cambridge, Cambridge CB3 0FA,
United Kingdom

�Received 21 April 2009; accepted 6 October 2009; published online 30 October 2009�

A plasma-assisted thermal pretreatment of catalyst films �Ni, Co, or Fe� greatly facilitates the direct
growth of high-density vertically aligned arrays of small diameter carbon nanotubes �CNTs� on
conductive TiN by purely thermal chemical vapor deposition. Purely thermal catalyst pretreatment
gives limited or no growth. The plasma-assisted pretreatment promotes a stronger catalyst-support
interaction, which reduces catalyst mobility and hence stabilizes smaller catalyst particles with a
higher number density. © 2009 American Institute of Physics. �doi:10.1063/1.3256012�

Carbon nanotubes �CNTs� have many potentially uses in
electronics, as interconnects in integrated circuits, field emit-
ters, supercapacitor electrodes, sensors, or thermal manage-
ment surfaces.1–6 Many such applications require small di-
ameter nanotubes in the form of densely packed vertically
aligned mats on conducting substrates. There are two ways to
obtain vertically aligned CNTs �VACNTs�. The first is to use
plasma enhanced chemical vapor deposition �CVD�, in
which the electric field of the plasma sheath aligns the nano-
tubes normal to the surface.7,8 This method is particularly
suitable for growing larger diameter multiwall nanotubes in
sparse arrays, suitable for field emission.8 The second
method is to grow densely packed arrays by CVD, where the
high packing density itself causes the vertical alignment. In
that case, the high density generally arises from a particular
catalyst design such as thin Fe catalyst layers on Al2O3
support.2,9–11 The limitation of this method is that these ma-
terials are insulators. Direct CVD growth of CNTs on con-
ducting substrates such as TiN is more challenging and does
not usually yield high-density mats.12–16

A growing CNT is entirely fed by the catalyst particle, so
the catalyst particle size dictates the CNT diameter. For
surface-bound CVD, the catalyst-support interactions play a
crucial role in controlling the catalyst particle size distribu-
tion. Physical vapor deposited catalyst films dewet upon an-
nealing, whereby the catalyst transformation is driven by the
difference in surface energy of the support layer and the
metal catalyst.17 An oxide support has low surface energy, so
this naturally induces dewetting of higher surface energy
metals. But if the support is also a high surface energy metal,
the catalyst dewets less readily.14 Generally, unlike inert ox-
ides, a high surface energy metal will strongly interact with
the gas atmosphere; hence, a metal-metal catalyst-support
system, at the elevated temperatures and reactive atmo-
spheres of CNT CVD, is more difficult to control.

Here, we note that the nucleation density and diameter of
nanotubes can be controlled by restructuring the catalyst
prior to growth, in a separate restructuring step, and sepa-
rately controlling the restructuring conditions.18,19 We em-

ploy this technique here to establish a method to obtain high
density mats of small diameter nanotubes on TiN support.

We first dc magnetron sputter a 100 nm TiN onto a Si
wafer coated with 200 nm of thermal SiO2. We then sputter a
nominally 1 nm thick layer of high purity Fe, Co, or Ni onto
the TiN layer �after exposing the TiN sample to air�. Using a
cold-wall plasma chamber �base pressure �10−6 mbar�,
these layers are subjected to either purely thermal pretreat-
ment �TP� or plasma-assisted thermal pre-treatment �PP�. TP
is performed for 5 min at 450 to 800 °C in 100 mbar of H2.
Alternatively, the catalyst is pretreated at similar range of
temperatures, time, and pressure in a 50 W dc plasma. Im-
mediately after either pretreatment, the chamber is evacuated
and CNT growth is carried out by purely thermal CVD in
undiluted C2H2 at �0.5 mbar for 10 min–1 h. Note that the
absence of a direct plasma during growth �as against a re-
mote plasma5� is important, as it avoids ion damage to CNTs.
TiN support, catalyst and CNT films are examined by a scan-
ning electron microscope �SEM�, high resolution transmis-
sion electron microscopy �HRTEM�, x-ray diffraction
�XRD�, and atomic force microscope �AFM�. Nanoparticle
and CNT densities are estimated from SEM and AFM im-
ages using both IMAGEJ and GWYDDION software.

After pretreatment, the catalytic films are strongly re-
structured �Fig. 1�. Following TP, the films clearly become
discontinuous with a broad distribution of particle sizes,
Figs. 1�a� and 1�c�. Conversely, all the films following PP
show smaller particle sizes and higher number density, Figs.
1�d� and 1�f�. AFM analysis shows a regular distribution of
few-nanometer nanoparticles with minimal separation or
overlap, Fig. 2�a�. The TP films have RMS roughness of
�50 nm; whereas the PP films have a smoother and more
homogeneous surface topology with �3 nm rms roughness
and a nanoparticle height of only �5 nm. The original nano-
particles are smaller, as they oxidize when transferred in air.
We also analyzed the restructuring of the TiN film under TP
or PP. XRD and AFM respectively reveal that TiN remains
polycrystalline with no changes in surface roughness �results
not shown�. For a qualitative comparison, we plotted the
lateral size distribution of the catalyst particles from each
pre-treatment in Figs. 2�b� and 2�d�. Figures 2�b� and 2�c�a�Electronic mail: cse28@cam.ac.uk.
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compare the restructuring of 1 nm Fe film on TiN at 600 °C
for 5 min without or with plasma assistance, respectively.
These nanoparticles have a narrow lateral size distribution of
9�1 nm for PP, compared to 24�11 nm for TP, Fig. 2�d�.
The particle density increases from �1.3�0.2��109 cm−2

for TP to �8.6�0.7��1011 cm−2 for PP, as estimated from
SEM and AFM images. Ni and Co show a similar behavior.

These different catalyst topographies have a strong effect
on the nucleation, growth, and morphology of the resulting
CNTs �Fig. 3�. Growth is rather poor after TP, Figs. 3�c� and
3�d�. These nanoparticles produce entangled CNTs lying lat-
erally and with little alignment, Fig. 3�c�. Large nanopar-
ticles hardly show CNT nucleation for our CVD conditions,
Fig. 3�d�; hence TP only yields low-density partly aligned
CNTs, Fig. 5�a� and 5�b�.

In contrast, PP leads to growth of high-density VACNTs
for all Fe, Co, or Ni catalysts. At 600 °C, we obtained mat
densities as high as �1012 CNTs /cm2, as estimated from
SEM images, Fig. 3�a�. The mats are homogeneous over the
sample. The HRTEM image in Fig. 4 indicates that the CNTs
are mainly double and triple walled, with diameters under
5 nm. We achieved similar growth down to 480 °C, Fig.
3�b�. For all growth conditions, XRD reveals that TiN re-
mains polycrystalline with no phase changes �results not
shown�.

To assess the CNT growth mode, we exposed PP films to
interrupted growth conditions.6 After PP, C2H2 flow is on for
1 min stopped for 5 min; and then on for another 10 min.
This creates a two-layer mat with a thicker bottom layer, Fig.
5�c�. The thin top layer grew first �1 min growth�, followed
by the thicker bottom layer �10 min growth�. These results
confirm base growth.

We find PP to be advantageous for many catalyst-support
systems, such as Ni–SiO2,19 Fe–Ta, which suggests a ge-
neric mechanism. We note the high degree of CNT alignment
obtained for PP catalysts. This alignment closely resembles

FIG. 1. SEM images of 1 nm Ni, Co, and Fe deposited onto TiN and
pretreated for 5 min at 550 °C in 100 mbar of H2 under ��a�–�c�� TP and
��d�–�f�� PP with a dc plasma power of 50 W.

FIG. 2. �Color online� �a� AFM analysis of 1 nm Fe deposited onto TiN and pretreated for 5 min at 550 °C under PP in 100 mbar of H2 and a dc plasma power
of 50 W �500�500 nm2�. ��b� and �c�� SEM images of 1 nm Fe deposited onto TiN and pretreated by TP and PP, respectively, at 600 °C. �d� Histograms
showing lateral size distribution with Gaussian fitting �red solid lines� of nanoparticles obtained in �b� and �c�.

FIG. 3. SEM images of CNTs grown for 10 min in 0.5 mbar of C2H2 on �a�
Fe and �b� Co films receiving PP; �c� Ni and �d� Co films following TP. For
�a�, �c�, and �d�, the growth temperature is 600 °C, but for �b� it is 480 °C.
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that observed using the Al2O3 /Fe system.11 There, alignment
arises from the strong Fe–Al2O3 interaction, which inhibits
the sintering of Fe nanoparticles. We thus suggest that PP
promotes catalyst-support interactions, which stabilize
smaller size catalyst particles. This is consistent with the

observed base growth. Figures 5�b� and 5�d� schematically
illustrate CNT growth for TP and PP films.

In summary, we have demonstrated that Ni, Co, or Fe
nanoparticles obtained by PP create high-density mats of
small-diameter CNTs on conductive TiN supports. The key
role of the plasma is to enhance the catalyst-support interac-
tion, inhibiting sintering and reducing both the catalyst par-
ticle size and size distribution. The nanoparticles promote the
growth of VACNTs with a high degree of homogeneity over
large areas. PP may find applications in microelectronics,
since it provides a useful path to large scale growth of
VACNTs.

We acknowledge help from C. Zhang and F. Yan. This
work was funded by VIACARBON Project No. ICT-2007
8.1-216668. S.H. acknowledges funding from the Royal
Society.
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FIG. 4. HRTEM of CNTs grown on TiN/Fe films receiving PP. Growth
conditions are 600 °C for 10 min in 0.5 mbar of C2H2. CNTs have parallel
and continuous walls.

FIG. 5. �Color online� SEM images of CNTs grown for 10 min in 0.5 mbar
of C2H2 at 600 °C on �1 nm Fe with �a� TP and �c� PP, with supply of
hydrocarbon for �1 min, stopped for 5 min, and restarted for another 5
min. �b� and �d� are schematics of the growth processes for TP and PP,
respectively.
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