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Aligning single-wall carbon nanotubes with an alternating-current
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Single-wall carbon nanotubdSWCNT9 were highly aligned by an external electric field. The
results suggest that the alignment of SWCNTs shows significant dependencies on the frequency and
the magnitude of the applied electric field. The electric field with 5 MHz straightened out the
SWCNTs and created highly oriented samples with fewer large particles. We also discussed the
mechanism and applications. @001 American Institute of Physic§DOI: 10.1063/1.1377627

Since their discovery,carbon nanotube§CNTs) have electric field was applied to the electrodes for 15 min. Then,
attracted strong attention because of their anisotropic stru¢he samples were taken out and dried in air.

ture and outstanding electrical and mechanical propefties.

Figure 1b) shows the scanning electron microscope

Individual CNTs have been utilized to fabricate molecular(SEM) image of the SWCNT samples aligned by applying an

devices such as field-effect transistdtand to measure their
mechanical propertiesAlthough carbon nanotubes could be
manipulated by using an atomic-force microscdpgdé-M)
tip,° the efficiency was very low; the tip has also probably
caused much damage to the structure of the carbon nano-
tubes. Therefore, it is still difficult to handle or align indi-
vidual CNTs to ideal locations. On the other hand, aligned
CNT films would offer many advantages compared to ran-
dom tangled deposited bulk samples. Several aligning meth-
ods have been demonstrated. Zhang and lijiraligned
single-wall carbon nanotubdSWCNTS9 through introduc-
ing flowing argon gas in the laser ablation reactor. Smith
et al® produced thick films of aligned SWCNTs and ropes by
filtration/deposition from suspension in strong magnetic
fields. They showed the macroscopic oriented arrays of
SWCNTs. Yamamoto, Akita, and Nakayahtd oriented
multiwall carbon nanotube@WCNTSs) using electrophore-
sis, and then Bubket al! also aligned MWCNTs by an
electric field and measured the optical anisotropy. We find
that alignment by electric field is a simple and efficient
method. In this letter, we report on the macroscopic align-
ment of SWCNTs by an electric field. The dependencies of
this alignment on the frequency and the magnitude of the
electric field are also described and discussed.

The SWCNTs, which were fabricated by the arc-
discharge method, were commercially obtained from Bucky-
USA. The nanotubes were ultrasonically dispersed in ethanol
and this suspension was centrifuged to remove large par-
ticles. Gold interdigitated electrodgschematically shown in
Fig. 1(a)] were prepared on Si/Si3ubstrates by the vacuum
deposition method. The gap between two electrodes is 25
um and the thickness of the electrodes is 50 nm. The sub-
strates were immersed in the SWCNT suspension and an

(b)

FIG. 1. (8 Schematic diagram of gold electrode patterns prepared on

dAuthor to whom correspondence should be addressed; electronic maiBi/SiO, substrates. (b) SEM image of the SWCNT sample aligned with an

xchen@northwestern.edu ac electric field.
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FIG. 3. Tapping-mode AFM images of the aligned SWCNT sampléa).
Aligned by applying an ac electric field with a frequency of 5 MHz and a
voltage of 10 V peak to peak.(b) Aligned by applying an ac electric field
with a frequency of 500 Hz and a voltage of 10 V peak to peak.

The concentration of SWCNTSs at the angles of the electrodes
is obviously higher than that at the central area of the gaps.
AFM topographic imagesgdata not shownshow that most
of the carbon nanotubes have a length of several microns.
However, the image demonstrates that the SWCNTs were
aligned and linked up to the electrodes. Therefore, the result
suggests that many carbon nanotubes have overlapped be-
tween two electrodes and formed long ropes.

We also find that the nanotube orientation is strongly
FIG. 2. SEM images of the SWCNT samples aligned in different condi-dependent on the magnitude and the frequency of the electric
tions. (a) Aligned by applying an ac electric field with a frequency of 5 fig|d. Figure 2 illustrates the SEM images of the samples

MHz and a voltage of 10 V peak to peak(b) Aligned by applying an ac . . . . . .
electric field with a frequency of 5 MHz and a voltage of 6 V peak to aligned with the electric field with different magnitudes and

peak. (c) Aligned by applying an ac electric field with a frequency of 500 frequencies. The sample aligned by the electric field with a
Hz and a voltage of 10 V peak to peak. frequency of 5 MHz and a magnitude of 10 V peak to peak is

shown in Fig. 2a), and the sample aligned by the electric
ac electric field with a frequency of 5 MHz and a magnitudefield with a frequency of 5 MHz and a magnitude of 6 V
of 10 V peak to peak. It can be observed that the SWCNTpeak to peak is shown in Fig.(l®, and Fig. 2c) demon-

were high!jy aligned along the direction of the electric flux. strates the sample aligned by the electric field with a fre-
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guency of 500 Hz and a magnitude of 10 V peak to peak. By = The above results also show that the frequency of the

comparing Figs. @) and 2Zb), we can find that the concen- electric field has a strong influence on the orientation of car-

tration of the aligned SWCNTSs is dependent on the magnibon nanotubes. In the sample aligned by an electric field with

tude of the electric field. When the magnitude of the electrica low frequency, there were many tangled nanotulses

field was decreased, there were fewer carbon nanotubes dig. 2), which are often found in samples prepared by the

tracted in the gaps. This suggests that the electrostatic foramsting method. This implies that there are many such

determines the aligning speed. tangled nanotubes in the suspension. It seemed that the elec-
In comparison with Fig. &), the result shows that the tric field with a high frequency straightened out the nano-

degree of the alignment is apparently depending on the fretubes.

qguency of the ac electric field. When the frequency of the  Figure 3 illustrates the AFM images of the aligned

electric field was decreased to 500 Hz, there were many agsWCNT samples. The sample aligned by the electric field

gregations of the SWCNTs existing within the electrodewith a frequency of 5 MHz and a voltage of 10 V peak to

gaps. We also applied the electric field with frequencies ofpeak is shown in Fig. @). Figure 3b) demonstrates the

500, 50, and 5 kHz, and dc voltage to align the SWCNTssample aligned by the electric field with a frequency of 500

The results demonstrate that the alignment degree of the cartz and a voltage of 10 V peak to peak. It has been observed

bon nanotubes was reduced gradually with the decrease tfat the higher the frequency of the electric field the fewer

the frequency of the electric field. There was no obviousthe large particles in the samples. Therefore, one of the ap-

alignment in the samples applied by the dc electric field. plications of this alignment may be the purification of raw
The aligning experiment of the SWCNTs describedSWCNTs. In addition, ropes of SWCNTs with a length of

above is highly reproducible. For this alignment, the resultanore than 10um have also been formed in highly oriented

could be rationalized by considering the electronic polarizasamples.

tion induced in carbon nanotubes by the electric field. Be- In summary, we aligned SWCNTs by applying an ac

cause of the structure anisotropy of the carbon nanotubes, tledectric field. Highly oriented SWCNT samples were pre-

dipole moment in the direction parallel to the tube axis ispared when an electric field with a frequency of 5 MHz was

quite stronger than that in the perpendicular direction. Thereapplied. The alignment of the SWCNTs demonstrates signifi-

fore, carbon nanotubes could be aligned along the directionant dependencies on the frequency and the magnitude of the

of the electric field if the movement is not restricted by its electric field. The mechanism and the applications of the

environment. alignment were also discussed, though investigation of them
Although the SWCNT samples oriented by the dc elec-s still necessary. The method will have potential application

tric field did not demonstrate the apparent orientation, therén handling nanotubes.

were many tangled nanotubes driven to the anode by the

electrostatic force. This is different from a previous refort,

which reported that the MWCNTs moved towards the Cath_;gl Ig;niqtz’ '\éatlg?égggl(:\zgs%;ﬁc?ﬁl\/l(lgsgj)lﬁresselhmhg ics Properties of
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carbon nanotubes with a perfect structure will move towards (1998. _ _
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o Lett. 73, 2447(1999.
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that the nanotubes were negatively charged. We measuretk: Yamamoto, S. Akita, and Y. Nakayama, Jpn. J. Appl. Phys., P&g, 2
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