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Abstract In this letter, we report that dysprosium is an

effective catalyst for single-walled carbon nanotubes

(SWNTs) growth via a chemical vapor deposition (CVD)

process for the first time. Horizontally superlong well-

oriented SWNT arrays on SiO2/Si wafer can be fabricated

by EtOH-CVD under suitable conditions. The structure and

properties are characterized by scanning electron micros-

copy, transition electron microscopy, Raman spectroscopy

and atomic force microscopy. The results show that the

SWNTs from dysprosium have better structural uniformity

and better conductivity with fewer defects. This rare earth

metal provides not only an alternative catalyst for SWNTs

growth, but also a possible method to generate high per-

centage of superlong semiconducting SWNT arrays for

various applications of nanoelectronic device.
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Introduction

Single-walled carbon nanotubes (SWNTs) have attracted

enormous attention due to their unique structures and

excellent properties [1–4] since their discovery [5]. Several

approaches [5–8] have been developed for the production

of SWNTs, among which the catalyst plays an important

role in the chemical vapor deposition (CVD) process of

SWNTs [9]. It is generally accepted that the nanoscaled

catalyst particles act as the initiating centers, and the

SWNTs grow out from them via a vapor–liquid–solid

(VLS) mechanism [10]. The Fe-family elements are known

to be the most common catalysts. Experimental [11] and

theoretical [12, 13] studies all show their high catalytic

activities. However, in the past 3 years, many other metals

such as Ag, Pd, Au, Cu, Rh and Pb [14–19], semicon-

ductors such as Si and Ge [16], carbides such as SiC [16],

Fe3C [20] and more recently Mg, Mn, Cr, Sn and Al [21,

22] have been reported to be active for SWNTs growth.

These materials were regarded as inactive catalysts for the

growth of CNTs in the past. Therefore, these findings

challenge the traditional thinking about the growth of

CNTs and the role of the catalysts. Furthermore, different

types of catalysts will provide more chance to understand

the relationship between the catalyst and the structures of

the SWNTs and thus may find out the approach for

selective growth of semiconducting SWNTs (s-SWNTs) or

metallic SWNTs (m-SWNTs).

In situ growth of horizontally well-aligned SWNT

arrays up to a centimeter scale on suitable substrates is a

critical step for large-scale, low-cost fabrication of the

SWNT-based electronic devices, especially on commercial

silicon wafer substrates [17, 23–25], which is more com-

patible with current silicon-based microelectronics tech-

nology. Compared with random networks of SWNT on

substrates, the long parallel aligned SWNTs can avoid the

overlap of the nanotubes and the resistance caused by the

nanotube junctions; more importantly, they provide a

controllable orientation for easy fabrication of multiple

nanodevices with a possible consistent performance.

In this work, we firstly report that superlong well-

oriented SWNT arrays can be generated by EtOH-CVD from

rare earth metal Dy. The Raman spectroscopy with the

combination of electrochemical deposition of Ag has been
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applied to evaluate the structure of the as-grown SWNTs.

This new element provides not only an alternative catalyst

for the growth of SWNTs, but also a possible high per-

centage of superlong s-SWNT arrays for various SWNT-

based nanodevice fabrications and applications.

Experimental

Superlong well-aligned SWNTs on SiO2/Si wafer were

grown by EtOH-CVD using 1 mM ethanol solution of

dysprosium chloride (DyCl3) that was purchased from

Aldrich with purity higher than 99.99% as a catalyst pre-

cursor. The catalyst was loaded on one side of the substrate

by dipping the wafer into catalyst-contained solution. The

wafer was then placed in the middle of a 0.5-inch-diameter

quartz tube within a 1-inch-diameter quartz tube in order to

acquire laminar flow. After the furnace was heated to

900�C under the atmosphere of H2 and Ar, ethanol vapor

was delivered by bubbling H2 (200 sccm) into ethanol with

1–3% water at 25–35�C. The growth lasted for 10 min.

In a typical experiment, the samples were dipped into

the solution containing 0.1 mM AgNO3 with 20 mM

KNO3 (analytical grade, Beijing reagents) as the support-

ing electrolyte. A saturated calomel electrode was used as

the reference electrode, Pt gauze as counter electrode and

long SWNT arrays connected by a conducting silver

adhesive or Au layer by sputtering coating as a working

electrode.

SEM images were taken from FEI NanoSEM at 1kv,

spot 4,TEM images of SWNTs were taken from Si3N4

window where the nanotube grew in situ using a Philips

CM200 TEM at 200 kV. AFM images were recorded at

NanoScope III in tapping mode at room temperature,

Raman spectra of SWNTs on silicon wafers were collected

from JY-T64000 Raman spectroscopy under ambient

conditions by using a laser excitation of 632.8 nm

(1.96 eV, *3 mw) or 514.5 nm (2.41 eV) from an air-

cooled Ar? laser. The beam size is 2 l.

Results and Discussion

Figure 1a shows the typical SEM image of the as-grown

SWNT arrays and the catalyst area as indicated by arrow.

The high magnification SEM image is showed in Fig. 1b,

and the inset (Fig. 1b1) is TEM image. It can be seen from

the SEM observation that the horizontally aligned SWNT

arrays are uniform over a large area, and the density of the

parallel SWNTs is about 3 –4 SWNTs/20 lm. Though this

density is lower than those of aligned SWNT arrays grown

on quartz [26] and sapphire [27], it is still very high among

the reports of horizontally aligned arrays of SWNTs on

silicon wafers [24, 25]. The length of the wafer is about

Fig. 1 a and b are SEM image

and its part magnified image of

well-oriented SWNT arrays on

SiO2/Si wafer, respectively;

(b1) is TEM image of individual

nanotube; c and d are EDS

spectra of the substrate before

and after SWNT growth,

respectively
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1.2 cm. Most of the nanotubes can grow from one side to

another side of the wafer, indicating the length of the

SWNT arrays in centimeter scale. Such large-area uniform

SWNT arrays show attractive applications in various

SWNT-based nanodevices. Figure 1c and d are typical

EDS spectra of the SiO2/Si substrate before and after

SWNT growth, respectively, showing the presence of Dy.

It is needed to point out that Fe, Co, Ni and any other metal

elements are not found in the sample, indicating that it is

Dy that acts as catalyst in the growth process.

The characterization of the nanotubes by AFM, TEM

and Raman spectroscopy confirms their single-walled

structure. Figure 2a presents a representative AFM image

of long-oriented area. The corresponding topography

height profile along the black line in Fig. 2a is shown in

Fig. 2b. We can clearly see that the diameter of the SWNT

is 1.498 nm that the black arrow indicates. On the basis of

AFM measurements on 118 tubes, we obtain the diameter

distribution of the SWNTs as shown in Fig. 2c. A Gaussian

fit is done, and it gives the most probable diameter of

1.336 nm. Most of them have a diameter of less than

2.0 nm (108 tubes in 118, i.e., 91.5%). The diameter larger

than 2.0 nm shown in part c is possibly related to small

SWNT bundles or multi-walled carbon nanotubes. In

addition, the mean diameter from TEM measurements of

93 SWNTs is 1.319 nm, which is slightly smaller than that

of AFM.

Raman spectroscopy has been proven to be a powerful

tool for characterizing and revealing the detailed structure

and the electronic and phonon properties of SWNTs. As

reported in our recent article [28, 29], it can be applied to

characterize the carbon nanotubes in which the radial

breathing model (RBM) can be used to identify the structure

and the diameter (d) of the SWNT. The two different exci-

tation frequencies of Raman lasers are taken from the same

position of the as-grown SWNT arrays on SiO2/Si wafer.

The typical Raman spectra with the two different lasers are

shown in Fig. 3. It can be seen that a strong G band peak at

about 1594 cm-1 corresponds to graphitic structure, and a

weak D band peak indicates a good quality of SWNTs.

Furthermore, a RBM at around 194 cm-1 is observed. The

diameter of the SWNT is calculated to be about 1.28 nm

according to the equation of d = 248 cm-1/x [30, 31],

which is within the range obtained from our AFM and TEM

observations.

To further investigate the quality of the SWNTs pre-

pared with the Dy catalyst, a convenient and effective

approach to identify the structures of superlong well-

aligned SWNTs via the combination of electrodeposition

of Ag particles on the SWNTs with Raman spectroscopy

[28, 29]. We carried out typical electrochemical experi-

ment in the horizontally long SWNT arrays. Such arrays

make it possible for us to connect all the nanotubes with

conducting metal, which can be used as an electrode for
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Fig. 2 a A representative AFM

image of SWNTs at long

oriented area; b the

corresponding topographic

height profile along the black

line in part a; c diameter

distribution of the SWNTs

obtained from AFM

measurements of 118 SWNTs.

Gaussian fit is done and given

the mean diameter of 1.336 nm
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deposition of metals. Figure 4a shows schematic repre-

sentation of the three main processes in our experiment,

from coating the catalyst precursor to horizontally aligned

SWNT arrays grown to the electrodeposition of silver on

SWNT arrays. Figure 4b is the SEM image showing the

well-aligned SWNTs after electrodeposition of Ag for

10 s in 0.1 mM AgNO3 solution at -0.6 V. It is inter-

esting that the small amount of nanotubes do not have Ag

deposition indicated by the black arrow in Fig. 4b. After

careful checking with these long nanotubes, 457 out of

500 nanotubes are found to be deposited with Ag

(91.4%), and only 8.6% SWNTs are without Ag deposi-

tion. While for superlong SWNT arrays from Fe/Mo and

EtOH, 32% long SWNTs without Ag deposition was

found [28]. The high percentage of SWNTs with Ag

deposition from Dy and EtOH indicates that the SWNTs

have better conductivity and better structural uniformity

with fewer defects. For the nanotubes without Ag parti-

cles it is also easy to find out their location by using the

nearby nanotubes with Ag particles and the edge of the

electrode as a reference with the help of the SEM

observation. It has been proven by the combination

of electrochemical Ag deposition and Raman spectros-

copy that the structure of an individual SWNT can be

identified.

Fig. 3 Raman spectra for the same position of as-grown SWNT on

SiO2/Si wafer, measured using two laser excitations 2.41 and

1.96 eV. The left and right images are RBM and G band, respectively

Fig. 4 a Schematic

representation of the process

from coating the catalyst

precursor to the

electrodeposition of silver on

SWNT arrays. b SEM image of

the superlong well-oriented

SWNT arrays after Ag

deposition. The SWNT without

Ag deposition is indicated by

the black arrow. c and d are

typical Raman spectra (type A,

B) from isolated individual

SWNTs using two different

laser excitations 2.41 and

1.96 eV
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For superlong SWNTs from Dy and EtOH, we examined

93 individual, long nanotubes among which 85 nanotubes

have Ag particles confirmed by Raman spectroscopy using

632.8 nm (Elaser = 1.96 eV) at 3 mw and found two dif-

ferent types of G band, type A and B, as shown in Fig. 4c

and d. Nine nanotubes (9.7%) are type A that is typical

m-SWNT with broad BWF and a Lorentzian peak around

1592 cm-1 (small shift for different nanotubes), and 72

nanotubes (77.4%) are typical s-SWNTs having strong

sharp peaks at around 1594 cm-1 with a small peak at

1571 cm-1 (type B) that is typical s-SWNT. Eight nano-

tubes without Ag particles have possibly more defects

along the nanotubes and behave as having an insulator

character. In our recent article, we call them quasi-insulator

nanotubes [28].

Since the Raman resonance of the SWNTs depends on

both the excitation frequency and the diameter of the

SWNT, it is necessary to use another laser line to identify

the structures of the SWNTs. We further check the

SWNTs by using Elaser 514.5 nm (Elaser = 2.41 eV) to

collect the G band from 35 long tubes among which 32

nanotubes have Ag particles and find 4 m-SWNTs (11.4%)

and 28 s-SWNTs (80%). The typical Raman spectra as

shown in Fig. 4c and d. The percentage of the m-SWNTs

measured from 514.4 nm excitation is similar to that from

632.8 nm excitation. Therefore, we could affirm that the

well-aligned SWNTs from Dy catalyst with EtOH-CVD

have a high percentage of s-SWNTs (*80%). A high

percentage of s-SWNTs both vertically and horizontally

aligned SWNT arrays on substrate have been reported

more recently [32–34]. The horizontally aligned SWNT

arrays can grow on ST-cut single-crystal quartz; the

enrichment of s-SWNT (up to 95%) is believed to be due

to the induced growth by the substrate lattice and the

optimized growth condition. The reason for the growth of

vertically aligned SWNT arrays with s-SWNT (up to 96%)

still remains unclear. Further, more experiments need to be

carried out for the better understanding of the mechanism

of the preferential growth of s-SWNTs and the catalytic

properties.

Conclusion

In summary, for the first time we have demonstrated that

rare earth metal Dy is an effective catalyst for SWNTs

growth. By using ethanol as carbon source, superlong well-

oriented SWNT arrays can be generated. The results show

that the SWNTs from Dy and EtOH have better conduc-

tivity and better structural uniformity with less defects.

This new element provides not only an alternative catalyst

for SWNTs growth, but also a way to generate high

percentage of superlong s-SWNTs arrays. The generation

of such high percentage of s-SWNT arrays will represent a

big step forward in controlled growth of s-SWNTs for

electronic applications.
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