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Raman characterization of aligned carbon nanotubes produced by thermal
decomposition of hydrocarbon vapor
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Raman characterization of aligned carbon nanotubes of average diameter 10—15 nm, produced by
chemical vapor deposition on a mesoporous substrate, has been carried out. The resonance behavior
and higher-order Raman bands up to fourth order have been observed and compared with those of
carbon nanotubes produced by arc discharge and highly oriented pyrolytic graphite, as well as
pyrolytic graphite. The phonon properties have been analyzed with the help of high-resolution
transmission electron microscope studies. 1897 American Institute of Physics.
[S0003-695(197)02520-3

The discovery of carbon nanotub&NTs)! has gener- resolution transmission electron microsco¢RTEM) re-
ated remarkable excitement in scientific communitids. sults.
Large quantities of CNTs can now be produced by either arc  The aligned CCNTs were fabricated by chemical vapor
dischargé®*® or thermal decomposition of hydrocarbon deposition of acetylene at 700 “CThe main feature of our
vapor>® However, CNTs produced by these methods are ofnethod is to use mesoporous silica embedded by iron nano-
disordered orientation and mixed with carbon nanoparticleparticles as a substrate to produce aligned carbon nanotubes.
or amorphous carbon, which restricts their experimenta® more detailed process of the method has been described
characterization and applications. Recently, Ajayaral®  elsewheré.Because the CCNTs were formed on the surface
and de Heeet al® have successfully produced aligned CNTsof the silica substrate, we can, using a scanning electron
by orienting the as-formed arc-discharge CN(BCNTs).  Microscope(SEM) (S-4200, Hitachi, observe the original
We have developed a new method to produce a pure, higftorphology and distribution of the CCNTs without damag-
density, and aligned array of carbon nanotubeghich is  ing the samples. The HRTENJEM 200-c} specimen was
favorable for its property analysis. Raman characterization i®repared by grinding the sample in mortar and suspending in
very sensitive to the breakdown in translational symmetry ofthanol before being dropped on a hole carbon copper grid.

carbon materials and can provide detailed information about Raman studies were performed directly on the as-formed
the microstructure, hence, it offers a relatively easy andarge area aligned CCNTs. A Renishaw Raman spectrometer

unique tool to characterize the structure of CNTs without€duiPPed with a charge coupled device detec@ED) was

destroying the sample. A considerable number of papers ofmPloyed. A 25 mW, 514.5 nm, Argon ion (Ay laser was

the Raman spectra and resonance behavior of DCNTs hal$€d s a light source, typlically with 0.2 m\'ll\ll at the sample.
already been publishédi’® revealing that this material has * 20 objective was employed, giving an illuminated spot

unique Raman spectral features. Recently, single wall cnTgf about 2um in diameter. The incident light was polarized

have been studied by using a Raman scattering techniqlRaerpendicular to the orienting direction of the CCNTSs. Typi-

with laser excitation wavelengths in the range from 514.5 toCal a}c?wsmon tlk;m::ts fotLthe Zseerhctra ;vere 90s. tﬁhe spectral
1320 nm, numerous Raman peaks were observed and ident-o0,uHon was better than ¢t and no smoothing was
. . S : applied to the spectra.
fied with vibrational modes of armchair symmetrnp, () : .
14 . The CVD process was manipulated under optimal

CNTs:* However, Raman spectra of CNTs are often dis- g ;

o L : conditions; after reacting for about 2 h, a black layer of
turbed by their disorder distribution and very low density, so .

. . CCNTs was formed on the substrate surface. The SEM im-
Raman studies of aligned and dense carbon nanotubes are . : )
. ; L _~ “age[Fig. 1(a)] shows that the thickness of the tube layers is
helpful in understanding the vibrational spectra and micro- . s . .
fruct t th b b about 50um. A high-magnification SEM imaggFig. 1(b)]
structure of the carbon Nanotbes. . llustrates that the layer is composed of aligned CCNTs

In this letter, the first- and higher-order Raman scatterin

f laned ¢ carb b duced by ch %bout 10-15 nm in diameter, most of which are approxi-
of an aligned array ot carbon nanotubes produced by ¢ emhwately perpendicular to the substrate surface while a few are
cal vapor depositiofCVD) of hydrocarbon gagCCNT9

) slightly tilted. These CCNTs are isolated with spacings about
(Ref. 7) are studied and compared to that of DCNTs and, g nm, and neither bundles of CCN¥snor carbon

highly oriented pyrolytic graphit¢HOPG as well as pyro- nanoparticles® have been detected in the array of aligned
lytic graphite(PG). Higher-order Raman bands up to fourth ~~NTs.

order of the_ CCNTs have been observ_ed and assigned to the {rTEM images (Fig. 2 display the well-graphitized
corresponding fundamental frequencies, then the phonogcNTs and only a little bit of carbonaceous material at-
properties of CCNTs may be discussed with the help of highiached to the surface of the CCNTs. These CCNTSs consist of
more than ten concentric carbon shells with a spacing of 0.34
dElectronic mail: user412@aphy01.iphy.ac.cn nm, which is consistent with that of graphite. Most aligned
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FIG. 1. SEM images of aligned CCNTs formed on the subst(aje.ow-
magnification image reveals that the aligned CCNTSs are abowin®@ng,
(b) high-magnification SEM image of aligned CCNTs shows that most

nanotubes are approximately perpendicular to the surface of the substrate.
The diameter of the CCNTs are of about 10-15 nm. These nanotubes are

separated and very pure.

CCNTs are very straight, as displayed in Figa)2 while
some slightly curved tubes caused by kinks or detédtare
shown in Fig. Zb). The formation of the kinks and defects is
attributed to the low temperatuf@00 °Q of the CVD pro-
cess.

The first-order Raman spectrum of aligned CCNTs

shows a strong sharp peak at 1581 ¢mG line), which is
the high-frequencyE,, first-order mode. One of the most

unusual properties of aligned CCNTs is that the Raman spec-

trum shows an additional strong band at 1348 ¢iD line)
and a weak band at around 1617 ¢nfD’ line), as shown in
Fig. 3@. It is worth noting that the strong peak at
1348 cm !t is similar to that of PG and is not observed in the
spectra of HOPG2 The origin of the D and D lines in

other forms of carbon materials has been explained as
disorder-induced features due to the finite particle size effect

or lattice distortiont®>=21In other words, the relative intensity

FIG. 2. HRTEM images of the well-graphitized nanotubes. The nanotub
consists of ten concentric graphene shells with a spacing of 0.34am.
Perfectly graphitized straight carbon nanotube, émdurved carbon nano-
tube resulting from kinks or defects.
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FIG. 3. Micro-Raman spectra of aligned CCNTs excited by 514.5 (ain.
Fundamental and second-order part, &ndthird- and fourth-order part.

of the 1348 cm! mode with respect to the 1581 chmode
depends on the crystal planar domain size of graphite. In our
case, SEM and HRTEM images of the present aligned
CCNTs reveal that the CCNTSs only consist of many isolated
and well-graphitized tubes, and contain no carbon nanopar-
ticles at all. Therefore, it is reasonable that the 1348%tm
mode origination may be attributed to defects in the curved
graphene sheets, tube ends, and finite size crystalline do-
mains of the tube® 2* Compared with the weak line at
1350 cm* of DCNTs® 12 the appearance of the strong D
line of CCNTs can be interpreted as being due (f): the
turbostratic structure of carbon sheets in tubes, namely the
finite size(nanometer orderof the crystalline domains; and

(2) the high density of the aligned tubes. Thus, the large
amount of crystalline domains on the nanometer scale and
the surfaces of the tubes must account for the enhancement
of the D line at 1348 cm'. In principle, the position of the G
line at 1581 cm? is slightly dependent on domain size, but
the shift to high frequency is not observed within our experi-

fmental accuracy, although the G line at 1581 ¢rappears

to be a doublet due to the finite size effect. The D liaé
1348 cm'Y) has also been attributed to first-order scattering
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TABLE I. Fundamental and higher-order bands of aligned CCNTSs recordedspectra. Undoubtedly, the high density of the aligned CCNTs
on a Renishaw Raman system with 514.5 nm laser llgiez= 1.3+ 0.02. helps detection of the higher-order Raman spectra.

In summary, we have successfully synthesized large area

Av Av . . .
@y Designation o) Designation aligned CCNTSs, which are perpendicular to the surface of the

substrate. The tubes are around 10—15 nm in diameter and 50
1094 3233 Dp pm long. Raman spectra up to fourth order of the aligned

gg’? ©o 22‘7‘2 203‘10&) CCNTs have been collected, indicating that CCNTs are
1617 w; 4511 wDisz highly graphitized. The appearance of a strong D band shows
2453 4819 wa+2ap; that a nanometer scale turbostratic structure may be formed
2697 20p, 5385 40p in carbon nanotubes due to the relatively low growth tem-
2930 wptag 5861 Zop+2wg perature. The Raman studies are consistent with the results

from SEM and HRTEM. Resonance behavior shows that the
lattice properties of the aligned CCNTs are different from

from a zone—boundary phonon activated by the disorder aghat of other forms of carbon. Third- and fourth-order Raman
sociated with finite crystalline size. This assignment is corspectra have been detected.

roborated with the strong peak at2697 cm® (i.e., ~2 The authors thank Wei Liu for the TEM measurements
x 1348 cm}) in the second-order Raman spectrum and theand Yulong Liu, Yanyong Yang, and David Pitt for the Ra-
weak peak at~5385cm? (i.e., ~4x1348 cm?) in the  man scattering measurements. This work was partially sup-
fourth-order Raman spectrum. While the D line atported by the National Natural Science Foundation of China.

1348 cmi ! has a counterpart in the second-order spectrum, if
its presence results from the finite crystalline size of nanom-
eter order, it might be expected that the peak at 1617'cm
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