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Resonant Raman scattering of double wall carbon nanotubes prepared
by chemical vapor deposition method
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Resonant Raman spectra of double wall carbon nanot{(I&&CNTSs), with diameters from 0.4 to

3.0 nm, were investigated with several laser excitations. The peak position and line shape of Raman
bands were shown to be strongly dependent on the laser energies. With different excitations, the
diameter and chirality of the DWCNTSs can be discussed in detail. We show that(tbbesner or

outer layers of DWCNTswith all kinds of chiralities could be synthesized, and a DWCNT can have
any combination of chiralities of the inner and outer tubes.2@3 American Institute of Physics.
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I. INTRODUCTION two-stage furnace system fitted with a quartz tube was used.
g_errocene and sulfur powdét6:1, molar ratip were mixed
niformly and ground with mortar. The catalyst mixture was
rst sublimed in the first furnace at70 °C, and then carried

by the flowing argon(1600 sccm and acetylene (§&H,, 1
sccm) mixture into the second furnace. The growth tempera-
ture of DWCNTs was 1100 °C. The grown DWCNTSs in the

tion and valence bands of their one-dimensional eIectroniéecond furnace were transported out of the reaction zone by

density of state§DOS), and the interband energies have the flowing gases and attached on the cooIer_ part of the
been found to depend on the diameter and chirality o>jquartz tube inside wall. The products were easily peeled in

SWCNTs? The intensity of these Raman peaks is selectivel arge ;rl]?e'l'eésl\/l ngh res?lutlon trar}srgltshsTnhelzctrqn MIcros-
enhanced when the photon energy of the incident or the sczjl;ppy( ) observations revealed that the dominant car-

tered is in resonance with an allowed optical transition in a on nanotubes_ in the prOdUC.tS are double yvalled. Figure 1
interband. shows a scanning electron microscqi@EM) picture of the

A DWCNT can be considered to be two coaxial 85-9rowWn DWCNT sample, the insert is HRTEM image of a
DWCNT.

SWCNTs coupled by the van der Waals interaction. There- R tteri . N ‘ d at ambi
fore, resonant Raman vibrations should also occur in the Ra- aman scatlering experiments were performed at ambi-

man scattering of DWCNTSHowever, studies of the reso- ent conditions with the following laser excitation lines: 457.9

nant Raman scattering of DWCNTSs have been scarce due (i;; ev, g?g nm(12.85§ ev, 51:.7552m(2.11162\2), 6‘11_751
the difficulty of their selective production. Bandaat al. re- nm (1.92 eV, nm(1.83 eV}, an nm1.64 eV. The

cently had a report on the resonant Raman scattering iﬁaman spectra taken _f“"_m different SPOtS on _the same
sample by the same excitation were practically similar, and it

DWCNTs?® which are obtained by heating C60 molecules>,. .
encapsulated SWCNTs. In our previous research, we seIeH]dc')ZiteS that our DWCNT samples studied are homoge-

tively produced double wall carbon nanotub@WCNTS)
by a floating catalyst chemical vapor depositi6BVD)
method’ In this article, we generated resonant Raman scatil. RESULTS AND DISCUSSION
tering by different laser lines on our as-grown DWCNTSs. . .
Their detailed structural information and electronic proper- The Raman scattering spectra in the low frequency re-

ties are analyzed according to the resonant Raman s ectraqion taken_with differe_zn'; Ia_ser excitationid.64-2.71 ey .
y ¢ P are shown in Fig. 2. It is indicated that the RBM frequencies

of DWCNTs have a wider Raman frequency range from 100

to 400 cmi! and display much richer peaks than that of
The detailed experimental procedures for the preparatiogWwCNTs! 3

of DWCNTSs with our method were described elsewhefe. The van der Waals interaction between the outer and

inner tubes may lead to some mixed vibrational mdtes.

3Author to whom correspondence should be addressed; electronic maillOWever, we COHSIdIEI’ t_hat t'hIS interaction may not signifi-

ssxie@aphy.iphy.ac.cn cantly affect the basic vibration of the outer and inner tubes

Resonant Raman spectroscopy has been shown to pr
vide a convenient and powerful technique for characterizingr
both the vibrational and electronic structure of single wall !
carbon nanotube@SWCNT9.1> Each SWCNT has a unique
set of interband energie€() denoting the energy differ-
ences between théh van Hove singularities in the conduc-

Il. EXPERIMENT
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Raman spectra of DWCNTSs could be interpreted similarly to
those of SWCNTS*~!* The diameter dependence of the
RBM frequency of DWCNTs can be fitted by the following
equatior®

wram= 23803 1)

where wggy (cm™ 1) is the RBM frequency, and (nm) is
tube diameter. Here, we simply assume that the influence of
the van der Waals interactions in the DWCNT bundlée
interactions in the bundles and the outer—inner tube interac-
tions) is the same as that in SWCNT bundiés'4
Considering the thinnest inner diameter of 0.40 nm and
FIG. 1. SEM image of as-grown DWCNTSs. The inset is HRTEM image of the i.merlayer spacing of 0'34 nm bem{e?n the outer t“pe and
a DWCNT, the scale bar is 2 nm. the inner tube, and according to E®), it is clear from Fig.
2 that the highef>200 cm ') RBM bands must be associ-
ated with the inner tubes, and the lower RBM bands can be
compared with that of their SWCNT counterparfShis as-  originated from both the outer tubes and the larger inner
sumption was also verified by the recent diameter-selectiveubes.
resonant Raman scattering investigation on DWCNTs pre- In Fig. 2, the peak positions and intensity of RBM bands
pared by heating & encapsulated SWCNPsTherefore, the taken with different laser excitation are different, and this
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FIG. 2. RBM spectra of DWCNTSs taken with several excitatiqas2.71 eV,(b) 2.54 eV,(c) 2.41 eV,(d), 1.92 eV,(e) 1.83 eV, andf) 1.64 e\/.Eﬁ’M denotes
theith interband energy between tit van Hove singularities of DOS of SWCNTs, aB@andM denote semiconducting and metallic, respectively.
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2.8 TABLE |. Diameters and chiralities of some inner layers of DWCNTSs,
by o oo o 71 eV L .
. 5O K : which is determined by the resonant Raman spectra.
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FIG. 3. Diameter and chirality dependence of the interband eriefghe-
tween theith van Hove singularitie¢see Ref. % The solid circles are for
metallic tubes, and the open circles are for semiconducting tubes.

the third interband energy were resonantly excited by the
laser lines of 2.41-2.71. However, we did not observe obvi-

difference should be associated with the resonant Ramagus enhanced bands that couple wify in the spectra of
scattering behavior. Katauet al. recently calculated the in- Figs. 2d)—2(f), which were excited by the excitations of
terband energies of various SWCNTs with different diam-1.64-1.92 eV, though these laser lines all have crosses with
eters and helicitiegas shown in Fig. B* Horizontal lines in E§3 band.
the Fig. 3 denote the laser photon energies that are taken on As shown in Figs. dd) and Xe), there are many obvious
the same DWCNT sample in our experiment. It is easy toRBM peaks in the frequency range of 300—400 ¢rthat is
know that the crosses of these lines with the interband energgxcited with the excitation of 1.83—1.92 eV. These RBM
bands mean the resonant Raman scattering windows for thgeaks are relative to the carbon nanotube with diameters of
relative carbon nanotubes. These vertical dash—dot lines cop.6-0.8 nm. Apparently, these peaks are not resonantly en-
respond to the center of these resonant windows. Our HRRanced, because carbon nanotubes in this diameter range do
TEM results indicated that the diameter distributiamclud-  not fit in any resonant windows associated with the excita-
ing the outer and the inner tubef our DWCNTSs spans from  tion of 1.83-1.92 eV. That means DWCNTs with the inner
the smallest 0.4 to 3.0 nfand the interband energies cor- tube of 0.6—0.8 nm exist in our samples, and this is agree-
responding to these diameters span a wide range from infranent with our HRTEM observatioh.
red to ultraviolet energies. As indicated in Fig. 3, DWCNTs In Table I, we calculated the diameters of the inner tubes
with different chirality in the various diameter ranges can bein the range of 0.7—1.1 nm, which are corresponding to the
resonantly excited at a fixed laser line, and that is the reasoRBM frequency range of 220—-300 cthaccording to Eq.
that we can get wide RBM Raman bands from our DWCNT(1). We just considered two excitations of 2.41 and 1.92 eV.
samples. RBM peaks above frequency of 200 cindisplayed more

Different resonant widows with which various group of symmetric and separate feature, and most of these peaks
RBM bands match are labeléth Fig. 2) asEj3,, E3;, E3,,  could be separately fitted by a single Lorentzian line. This
ET., ETi, andES,, whereS andM denote semiconducting means that each RBM peak in this frequency range should
and metallic tube, respectively. Tube diameters from the Raeorrespond to one kind of inner tube. With 2.41 eV excita-
man RBM bands were determined by the EL. tion, the metallic inner tubes were resonantly excited, and

The semiconducting tubes with the second interband enwith 1.92 eV excitation, different chiralities of the semicon-
ergy (E%z) should be resonantly excited by the laser withducting inner tubes were determined in this diameter range.
energy of 2.41-2.71 eV because these laser line have crossegen though it is possible to determing () assignment for
with E§2 band in Fig. 3. However, we did not observe strongeach SWCNT by the resonant Raman scattering techrifque,
RBM band in these frequency ranges whEgg is labeled in  considering the uncertainty of the relationship between RBM
Figs. 2a)—2(c). It means that the excitations with the photon frequency and diametér}*(n,m) assignment for each inner
energies of 2.41-2.71 eV are unsuitable for the resonant Raube here seems no more important meaning. However, the
man scattering of the tubes with diameter of 0.6—0.7 nmsmaller diameter interval between them indicates that those
This may be due to the fact that the number of tubes that filnner tubes should include all types of the chiralities, includ-
in these resonant windows is very few. On the other handing zigzag (,0), armchair (,n), and other Q,m) (n#m).
these excitation energies in the range of 1.64-1.92 eV matchhis suspicion does not agree with the previous report,
well with E3, of the semiconducting tubes in the diameterwhich indicated that the growth of the chiral carbon nano-
range of 0.8—1.1 nm, and their RBM bands were resonantlyubes, as opposed to zigzag or armchair ones, is favored due
enhanced. to their lower symmetry® It may mean that the structure of

A contrary phenomenon occurs for these tubes \E@Q a DWCNT can be any chirality pairs of the inner and outer
As shown in Figs. @)—2(c) the semiconducting tubes with layers!’ For more exact analysis, resonant Raman spectra of
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FIG. 4. GM bands of DWCNTSs taken with several excitatiof@:2.71 eV, (b) 2.54 eV,(c) 2.41 eV, andd) 1.83 eV.

individual DWCNT with different excitations are needed, display a more asymmetric metallic featlfeg. 4(c)]. The
and this work is still carrying on. metallic inner tubes couplinE'{"l resonant window were well
Due to the resonant Raman scattering behavior, we caexcited under this laser energy, as also indicated in K. 2
see that the peak position, the peak intensity, and the pedkor 1.83 eV excitation, the metallic tubes withl.4 nm
number are different for the different excitations. For com-diameter were resonantly excited. On the other hand, the
parison, we found that the red laser energe83-1.92 ey  semiconducting inner tubes with 0.8—1.1 nm diameters dis-
seemed more sensitive to our DWCNTSs, and the Ramaplayed the much stronger resonant excitation. Therefore, the
spectra taken with the red excitations displayed much higheBM bands with this excitation display more semiconducting
intensity and much richer RBM peaks. However, if we wantfeatures.
to reveal the detailed structural information of the sample,
different excitations must be needed, as indicated in Table I.
Figure 4 shows the Raman spectra in the high frequency
region 1450—1650 cit. Four spectra are displayed, which v, CONCLUSION
were taken with the excitations of 2.71, 2.54, 2.41, and 1.83
eV, respectively. We first carried out Lorentzian fit of the GM In summary, DWCNTs prepared by the floating catalyst
spectra. The results are shown in Fig. 4 with the dashed line€VD method were characterized by Raman scattering with
Raman-active modes between 1500 and 1600cassoci- different laser excitations of 1.64—2.71 eV. According to the
ated with the tangential displacement C—C bond stretchingliameter and chirality dependence of the resonant Raman
motions of carbon nanotubé&M band.*®*°Previous inves- scattering behavior of SWCNTSs, the resonant Raman spectra
tigations showed that the frequencies and number of thef our DWCNTs with diameters of 0.4—3.0 nm were dis-
peaks in the GM bands depend on the diameter and chiralitpussed, and the intensity and line shape of the RBM and GM
of the nanotube¥ 2! bands were shown to be strongly dependent on the energy of
As displayed in Fig. @), the GM bands with 2.71 eV the inclined laser lines. Each excitation excited several
excitation show a feature of semiconducting carbongroups of resonant RBM bands whose frequencies span from
nanotube$® and it indicates that the semiconducting carbon100 to 400 cm?, and the corresponding electronic properties
nanotubes were mainly resonantly excited under this excitawere also assigned. With different excitations, the diameters
tion. With 2.54 eV excitatiofias shown in Fig. )], the GM  and chiralities of DWCNTs were discussed in detail. Our
bands exhibit an asymmetric broadening to the low fresesults suggest that DWCNTs with combination of all kinds
guency, which indicates the resonant scattering of the metabf chiralities, including zigzag, armchair, and other, )
lic component$:?! the GM bands with 2.41 eV excitation chiralities could be synthesized.
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