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Abstract
Temperature-dependent resistivity measurements were carried out on bamboo-shaped multiwalled carbon nanotubes
(MWNTs) grown by thermal chemical vapor deposition. They were deposited on Al2O3/Ti and SiO2/Ti substrates using cobalt
and iron catalysts, respectively. As a result, a metallic conductivity, i.e. resistivities with a positive temperature slope, was
observed for the MWNTs grown on the SiO2/Ti substrates. The different temperature behaviors of the resistivity for the
MWNTs grown on different substrates are discussed in view of the substrate morphology and crystallinity. q 2002 Elsevier
Science Ltd. All rights reserved.
PACS: 81.05.Tp; 72.80.Le; 68.55.Jk
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1. Introduction
Carbon nanotubes (CNTs) constitute a new class of
materials with a broad range of potential applications such
as gas reservoirs, battery electrodes, and ®eld emission
displays [1±4]. The growth of high quality and large amount
of CNTs is essential for their practical applications. Various
synthetic methods such as arc discharge [5], laser vaporization [6], pyrolysis [7], organometallic precursor pyrolysis
[8], and plasma-enhanced [9] or thermal chemical vapor
deposition (CVD) [10,11] have been developed for the
production of CNTs. Because of many advantages such as
high purity, high yield, simple process, selective growth,
vertical alignment, and large-area uniformity, synthesis of
CNTs using CVD method has attracted much attention. In
order to ®nd the best conditions of CVD synthesis of the
CNTs, many trials have been made with various substrate
morphologies [12,13] and catalysts [14,15].
In this work we have synthesized bamboo-shaped multiwalled carbon nanotubes (MWNTs) by thermal CVD
* Corresponding author. Fax: 182-2-927-3292.
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using different substrates and catalysts, and their electrical
properties were investigated by the measurements of the
temperature-dependent resistivity. The resistivity has generally been reported to increase gradually with decreasing
temperature for the cases of bundles [16,17], ®lms [18]
and unoriented bulks of the MWNTs [19]. Despite low resistivities sometimes observed for the MWNTs, positive dr /dT
characteristic of a metal has not yet been reported. In this
work, improved electrical properties of MWNTs have been
obtained by employing different substrates and growth
temperatures. Besides, a metallic behavior of decreasing
resistivity with decreasing temperature, i.e. positive dr /dT,
has been observed for MWNTs grown on Fe catalyst
deposited SiO2/Ti substrates.
2. Experiments
The bamboo-shaped MWNTs were grown by thermal
CVD on Co catalyst deposited Al2O3/Ti substrates at
temperatures of 750±950 8C, and on Fe catalyst deposited
SiO2/Ti substrates at temperatures of 850±950 8C (Fig. 1). A
1-mm thick Ti ®lm, used as an electrode, was thermally
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Fig. 1. SEM micrographs of vertically well-aligned MWNTs grown
at 950 8C on (a) the Co catalyst deposited Al2O3/Ti substrate and on
(b) the Fe catalyst deposited SiO2/Ti substrate. (c) TEM image for
the bamboo-like structured CNTs grown using the Fe catalyst,
showing the closed tip without encapsulated catalytic particles
and the curvature of compartment layers directed to the tip.

deposited on the Al2O3 and SiO2 substrates, and the Co and
Fe catalysts were subsequently deposited on top of Al2O3/Ti
and the SiO2/Ti, respectively. The catalysts are responsible
for the diameter sizes and growth rates of the CNTs [20].
The resistance was measured in the temperature range 6±
295 K by a four-probe method, with contacts of gold wires
by silver paste, on the surface of the CNTs and on the Ti
layer. The active area of the electrodes was 0.5 ^ 0.1 mm 2,
and the resistivity was calculated from the measured resistance, the active area of the electrodes, and the lengths of the
CNTs. The scanning electron microscope (SEM) images
were used to measure the lengths of CNTs and the substrate
morphology. Atomic force microscope (AFM) was also
used to investigate the substrate morphology.

3. Results and discussions
The temperature-dependent resistivities for the bambooshaped MWNTs are shown in Fig. 2. The resistivities of
MWNTs grown on the Al2O3/Ti substrates are an order of
magnitude higher than those of MWNTs grown on the SiO2/
Ti substrates. It is also noticed that higher growth temperatures give rise to smaller resistivities. For the MWNTs
grown Al2O3/Ti substrates showing negative temperature
slopes, the resistivity of the MWNTs grown at 750 8C is

Fig. 2. (a) The temperature-dependent resistivity of bamboo-shaped
MWNTs grown on the Co catalyst deposited Al2O3/Ti and Fe catalyst deposited SiO2/Ti substrates, at the temperatures of 750, 850,
and 950 8C. (b) Enlarged view of (a) for the MWNTs grown on the
Fe catalyst deposited SiO2/Ti substrates, showing positive dp/dT, a
metallic character, and a low-temperature upturn.

about two times higher than that of the MWNTs grown at
850 8C, and is about four times higher than that of the
MWNTs grown at 950 8C. The situation is similar for
the samples grown on the SiO2/Ti substrates. In other
words, the resistivity of the sample grown at 850 8C is
about two times higher than that grown at 950 8C.
It is worthwhile to pay attention to the temperature slopes
of the resistivities, dr /dT, at high temperatures above about
50 K. The sample grown on the Al2O3/Ti substrate at the
lowest temperature of 750 8C shows a noticeably positive
slope in the temperature dependence of the resistivity that
increases rapidly with decreasing temperature, whereas
those grown at higher temperatures of 850 and 950 8C
show only very weak temperature dependences, with almost
zero slopes. In our work, it was found by a reduced activation energy analysis that the MWNTs grown on the Al2O3/Ti
substrates at 850 and 950 8C show metallic behaviors and
the MWNTs grown at 750 8C show a critical (metal±
insulator transition) behavior [21]. In contrast to the case
of the Al2O3/Ti substrates showing negative dr /dT, the
MWNTs grown on the SiO2/Ti substrates show positive
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Fig. 3. (I) SEM images for (a) Co catalyst deposited Al2O3/Ti and (b) Fe catalyst deposited SiO2/Ti substrates; (II) AFM images for (a) Co
catalyst deposited Al2O3/Ti and (b) Fe catalyst deposited SiO2/Ti substrates.

dr /dT as indicated in Fig. 2(b), a metallic character, as well
as a low-temperature upturn which has also been reported
for ropes and unoriented bulks of single-walled carbon
nanotubes (SWNTs) [22,23].
It is worthwhile to consider the origin of the different
electrical properties for different growth conditions. The
lower resistivity of the MWNTs grown at higher temperatures has been explained by the increase in the crystallinity
of the graphene sheets and in the localization length [21,24].
In order to understand the different electrical properties
of MWNTs grown on different substrates, the substrate
morphologies were investigated. Fig. 3 shows the SEM
micrographs of the substrates taken after carefully removing
the MWNTs on the substrates with a razor. As a result, the
roughness of the Al2O3/Ti substrates was found to be an
order of magnitude greater than that of the SiO2/Ti
substrates (Table 1). The higher roughness of the Al2O3/Ti
substrates can be attributed to the fact that Al2O3 substrate is
Table 1
Roughness values for the Co catalyst deposited Al2O3/Ti and Fe
catalyst
deposited SiO2/Ti substrates (Rpv  Zmax 2 Zmin ; Rrms 

p
PN
PN


n1 uZn 2 Zu=N: Z: height, N:
n1 Zn 2 Z= N 2 1; Rave 
number of samples)

Al2O3/Ti/Co
SiO2/Ti/Fe

Rpv (nm)

Rrms (nm)

Rave (nm)

1530 ^ 529
252 ^ 132

200 ^ 22.4
24.0 ^ 14.0

156 ^ 20.2
18.4 ^ 11.9

in polycrystalline form whereas the substrate SiO2 is in
amorphous form, which was con®rmed by X-ray diffraction.
The substrate morphology is an important factor in the CVD
growth of CNTs [12,13], and the lower roughness of the
SiO2/Ti substrates would give rise to improved crystallinity
of the CNTs, and better electrical properties. The catalyst is
another factor of determining the electrical properties of the
CNTs. In our previous work, it was found that Fe catalyst
gave rise to much better crystallinity of CNTs than the Co
catalyst did [14].
In summary, temperature-dependent resistivity measurements were carried out on bamboo-shaped MWNTs grown
on Al2O3/Ti substrates and SiO2/Ti substrates. As a result,
the resistivities were found to successively decrease with
increasing growth temperature, and lower resistivities
were measured for the samples grown on the Fe catalyst
deposited SiO2/Ti substrates than for those grown on the
Co catalyst deposited Al2O3/Ti substrates, which were
explained in terms of the crystallinity of the MWNTs.
Besides, positive temperature slopes characteristic of metallic properties were observed from the samples grown on the
Fe catalyst deposited SiO2/Ti substrates.
Acknowledgements
This work was supported by the Korea Ministry of
Science and Technology (National Research Laboratory),
the Korea Research Foundation (BK21), and was also

622

J.W. Jang et al. / Solid State Communications 122 (2002) 619±622

supported by Electronics
Research Institute.

and

Telecommunications

References
[1] A.C. Dillon, K.M. Jones, T.A. Bekkedahl, C.H. Kiang, D.S.
Bethune, M.J. Haleen, Nature 386 (1997) 377.
[2] G. Che, B.B. Lakshimi, E.R. Fischer, R. Martin, Nature 393
(1998) 346.
[3] A.G. Rinzel, J.F. Hafner, D.T. Colbert, R.E. Smalley, Mater.
Res. Soc. Symp. Proc. 359 (1995) 61.
[4] C.N.R. Rao, B.C. Satishkumar, A. Govindaraj, M. Nath,
Chem. Phys. Chem. 2 (2001) 78.
[5] D.S. Bethune, C.H. Kiang, M.S. de Vries, G. Gorman, R.
Savoy, J. Vazquez, R. Bayers, Nature 363 (1993) 605.
[6] A. Thess, R. Leep, P. Nikolaev, H. Dai, P. Petit, J. Robert, C.
Xu, Y.H. Lee, S.G. Kim, A.G. Rinzler, D.T. Colbert, G.
Scuseria, D. Tomanek, J.E. Fischer, R.E. Smalley, Science
273 (1996) 483.
[7] M. Terrones, N. Grobert, J. Olivares, J.P. Zhang, H. Terrones,
K. Kordatos, W.K. Hsu, J.P. Hare, P.D. Townsend, K.
Prassides, A.K. Cheetham, H.W. Kroto, D.R.M. Walton,
Nature 388 (1997) 52.
[8] B.C. Satishkumar, A. Govindaraj, C.N.R. Rao, Chem. Phys.
Lett. 307 (1999) 158.
[9] Z.F. Ren, Z.P. Huang, J.W. Xu, J.H. Wang, P. Bush, M.P.
Siegal, P.N. Provencio, Science 282 (1998) 1105.

[10] W.Z. Li, S.S. Xie, L.X. Qain, B.H. Chang, B.S. Zou, W.Y.
Zhou, R.A. Zhao, G. Wang, Science 274 (1996) 1701.
[11] S. Fan, M.G. Chapline, N.R. Franklin, T.W. Tombler, A.M.
Cassell, H. Dai, Science 283 (1999) 512.
[12] C.J. Lee, D.W. Kim, T.J. Lee, Y.C. Choi, Y.S. Park, W.S.
Kim, Y.H. Lee, W.B. Choi, N.S. Lee, J.M. Kim, Y.G. Choi,
S.C. Yu, Appl. Phys. Lett. 75 (1999) 1721.
[13] T. Katayma, H. Araki, H. Kajii, K. Yoshino, Synth. Metals
121 (2001) 1235.
[14] J.H. Park, C.J. Lee, J. Phys. Chem. B (2002) in press.
[15] Y.Y. Wei, G. Eres, V. Merkulov, D.H. Lownde, Appl. Phys.
Lett. 78 (1983) 1394.
[16] S.N. Song, X.K. Wang, R.P.H. Chang, J.B. Ketterson, Phys.
Rev. Lett. 72 (1994) 697.
[17] L. Langer, L. Stockman, J.P. Heremans, V. Bayot, C.H. Olk,
C. Van Haesendonck, Y. Bruynseraede, J.-P. Issi, J. Mater.
Res. 9 (1994) 927.
[18] W. de Heer, W.S. Bacsa, A. Chatelain, T. Ger®n, R.H. Baker,
L. Forro, D. Ugarte, Science 268 (1995) 845.
[19] Y.H. Lee, D.H. Kim, N. Kim, B.K. Ju, J. Appl. Phys. 88
(2000) 4181.
[20] J.W. Jang, D.K. Lee, C.H. Lee, C.E. Lee, T.J. Lee, C.J. Lee,
S.J. Noh, in preparation.
[21] J.E. Fischer, H. Dai, A. Thess, R. Lee, N.M. Hanjani, D.L.
Dehaas, R.E. Smalley, Phys. Rev. B 55 (1997) R4921.
[22] C.L. Kane, E.J. Mele, R.S. Lee, J.E. Fischer, P. Petit, H. Dai,
A. Thess, R.E. Smalley, A.R.M. Verschueren, S.J. Tans, C.
Dekker, Europhys. Lett. 41 (1998) 683.
[23] C.J. Lee, J. Park, Appl. Phys. Lett. 77 (2000) 3397.

