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Micro-Raman investigation of aligned single-wall carbon nanotubes
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Polarized micro-Raman experiments were performed on samples of aligned single-wall carbon nanotubes
(SWNT9 previously characterized by scanning electron microscopy. The analysis of the different spectral
shapes of the tangenti@ band, when the position of the laser beam changes from spot to spot on the sample,
allows us to distinguish the contribution frometallicandsemiconductinganotubes. The angular dependence
of the polarized spectra reveals that the line arourkb80 cm ! is an intrinsic feature ofnetallic SWNTSs.
Moreover, it is shown that the “antenna” effect for the Raman scattering in SWNTSs is stronger for metallic
than for semiconducting nanotubes.
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[. INTRODUCTION spectrum. In particular, it was observed that the intensity of
the tangential band depends on T@swhered is the angle
Polarized Raman spectroscopy is a useful tool studyingpetween the nanotube axis and the light polarization direc-
the symmetry of the vibrational modes of carbontion. This result was attributed to the depolarization effect
nanotubed:* Considering only the tangential modes, which (“antenna” effech proposed by Ajiki and Andbaccording

Origina‘[e from theE2g2 phonon mode of graphite, group to which the interbar-ld Optical transitions from the valence
Pand to the conducting band near the Fermi level can be

theory predicts six Raman-active modes for a single-wal A .
nanotube(SWNT): two A, two E,, and twoE, symmetry observed only for polarization parallel to the tube.aX|s.

. 1 2 In order to understand the apparent discrepancies between
modes for chiral n_anotubes _and only thréa, Eiq, Ezg) these two studie! we performed a polarized micro-Raman
for the symmorphic armchair and zig-zag SWMS The study of aligned SWNT bundles using 1.92 eV laser excita-
A (A1g) modes are expected to appear in &2 and XX ion “We introduce a methodology in the analysis of the ex-
polarized Raman spectféhe Z direction is along the nano- perimental data which subtracts the spectra from large diam-
tube axig, while the E; (E;4) modes can be present in eter SWNTs and multi-wall nanotub€sWNTSs), allowing
crossed-polarized configurationXZ and ZX configura-  us to analyze only the contribution from isolated small diam-
tions), and theE, (E,4) modes are expected to appear only eter SWNTs. We show that it is possible to obtain the spectra
in the XX configuration(incident and scattered polarizations from metallic and semiconductingnanotubes separately by
perpendicular to the nanotube axis changing the position of the laser spot on the sample. The

In a recent polarized Raman study of aligned bundles ofingular dependence of the polarized spectra associated with
SWNTs(Ref. 6 using 2.41 eV laser excitation energy, it was these two different types of nanotubes reveals that the “an-
shown that the tangential band exhibits four distinct peakéenna” effect is stronger for theetallic SWNTs. Moreover,
intrinsically associated wittsemiconductingSWNTs. Two it is shown that the narrow peak around 1580 cnis an
weak peaks around-1550 cmi! and ~1610 cm! only intrinsic feature ofmetallic carbon nanotubes.
appear in theXX configuration and, therefore, they are asso-
ciated with theE, (E,5) symmetry modes. Two other peaks
(around~1565 cm ! and~1590 cm'!) correspond to un-
resolved modes withA (A;;) and E; (E;g) symmetries, Aligned SWNTs were prepared using a hydrogen and ar-
since the two features appear in all polarization configuragon electric arc method as described in Ref. 9. The sample is
tions, including theXX configuration. Also shown in this composed of a few bundles of SWNTs having very good
study was the presence of a fifth peak around 1580%m tube alignment, and the sample exhibits a broad distribution
whose intensity was strongly dependent on the position 06f tube diameters, centered dt=1.85nm Ad=0.25nn).
the laser spot on the sample, but its origin was not welHowever, the sample is inhomogeneous as far as the tube
understood. diameter distribution is concerned, and smaller tubes down

Recently, Duesbergt al.” reported a polarized Raman to 1.3 nm can also be found in local areas of the sample. In
study of isolated nanotubes using 1.96eV laser excitatiomrder to check the alignment of the bundles, the sample was
energy, where it was shown that the intensity of all Ramarinvestigated by scanning electron microscdf§gM) (JSM-
bands vanishes when the polarization of the incident ané330F, LME/LNLS, Campinas, BrazilThe SWNT bundles
scattered beams are perpendicular to the nanotube ¥Xis ( were dispersed on TEM indexed copper grids in such a way

II. EXPERIMENTAL DETAILS

0163-1829/2001/636)/16140%4)/$20.00 63 161405-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

C. FANTINI et al. PHYSICAL REVIEW B 63 16140%R)
7F 5 1504
#1 a3y #H2

125 150 175 200 225

1570
(©)

B
-

=
2
—_—" g
rya E
100 150 200 1500 1600 1700
Raman shift (cm")

FIG. 1. Raman spectra recorded with the 1.92 eV laser excita-
tion line at five different spots on the sample.

that the coordinates of the bundles could be determined ir
the SEM and subsequently located again with the micro-
Raman instrument. . ' ' ' ' ' '

Back-scattering micro-Raman experiments were per- 1450 1500 1550 1600 1650 1500 1 1600 1650

formed at room temperature, using a triple monochromator Raman shift (cm'
micro-Raman spectrometéDILOR XY) and the Kr-laser
excitation line at 647.1nn1.92e\). A 100X microscope FIG. 2. Lorentzian line-shape analysis for the subtracted spectra.

objective was used for focusing the laser beam on the samplehe frequencies and linewidttis brackets of observed tangential
and for collecting the scattered light. The laser spot has &-Pand modes are also displayed. The RBM spectra are shown in
diameter of~1 um at the sample and the power density the insets.
was ~10* W/cn?. In the polarized Raman experiments,
half-wave plates were inserted before and after the sample, In order to study only the contribution from small diam-
allowing the rotation of the incident and scattered polariza-eter SWNTs for the Raman spectra, spectrum No. 5 shown in
tions. The spectra were recorded using Whé configuration  Fig. 1 has been subtracted from spectra No. 1 to No. 4.
(same polarization for the incident and scattered Jighy Figure 2 shows the subtracted spectra associated with re-
changing the angle between the nanotube axis and the polagions No. 1 to No. 4. The scaling in the subtraction proce-
ization direction. dure was done such that the subtracted spectra in the RBM
region (insets of Fig. 2 shows only the sharp peaks, thus

eliminating the broad RBM band associated with large diam-
Ill. RESULTS AND DISCUSSION eter nanotubes.

Figure 1 shows the micro-Raman spectra recorded at five Note that the tangential band of the subtracted spectra No.

different spots on the aligned sample, displaced from each and No. 2 can be fltte(j using only two Lorentzian peaks
other by a few microns, using tHeZ scattering geometry. around 1570 and 1594 crh. In fact, these are typical Z
Note that the radial breathing modBBM) band, between SPectra of alignesemiconductingWNTSs, in which theE,

100 and 200 cm?, is strongly dependent on the laser spot(Ez2g) modes are not expected to appedrhe subtracted
position. We can observe in spectrum No. 5 only the pres_spectrum No. 4 is quite different f_rom.the subtracted spectra
ence of a broad RBM band centered at low frequency. In facl'0: 1 @nd No. 2. We can observe in this case two weak peaks
this is a typical shape of the RBM found in different spots Oftypl_clal of semiconductingnanotubes(at 1566 and 1596
the sample, and it reflects the broad diameter distribution of™ *), but the spectrum is dominated by a broad feature
SWNTs measured by high-resoluti¢HR) TEM (d,=1.85  around 1542 cm?® and a sharp peak at 1582 ¢t Spectrum
+Ad,, Ad,=0.25nm. However, in some local areas we NO. 3 corresponds to an intermediate situation between spec-
can also detect small diameter SWNTs. For example, ira No. 1 and No. 2 and spectrum No. 4.

spectra No. 1 to No. 4 we can also observe the presence of In a previous resonant Raman study of SWNY#,was
different sharp RBM peaks, superimposed to the broad banshown that the tangential band foretallic nanotubes exhib-
observed in spectrum No. 5. These peaks reveal that, besidés a broad feature around 1540 ¢hand a narrow peak
the broad distribution of large diameter tubes, some smafround 1580 cm', when the incident or scattered photons
diameter tubes can also be found in these areas of thare in resonance with the optical transitiff, for metallic
sample. tubes. Moreover, the broad feature around 1540 timas a
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Breit—Wigner—FandBWF) line shapé! which is related to 350 —
the coupling between phonons and a continuum of electronic 300, 0 i o
states.

The broad feature in spectra No. 3 and No. 4 in Fig. 2 has 2501 \
been fit using a BWF curve given by 200

[1+(0— wgwp)/al']? 150
H(w)=1o ()

[1+[(0— wswp)/T1?] 100,

where 1¢) is a measure of the interaction between phonons"% 50-
and a continuum of electronic statessr is the BWF peak =
frequency at maximum intensity, andI" is the half width £ 0]
of the BWF peaK? The fit parameters of these BWF lines <
are wgwr=1540 cm?, 1/g=-0.1, and'=87 cm L. The
line at 1582 cm? is fit by a Lorentzian curve and it appears
associated with the downshifted BWF line.

The insets of Fig. 2 show the corresponding subtracte
spectra in the spectral region of the radial breathing modes o
the nanotubes. Using the recently proposed expression whic
relates the RBM frequencygrgy and the nanotube diameter 201
d, for isolated nanotubé? (wrgy=248 cm * nm/d,), the
RBM peaks were expected to appear between 120 and 15
cm 1, since the mean diameter of the SWNTs present in the s i
sample isd;=1.85-0.25 nm. A broad and asymmetric RBM 1500 1850 1600 1650 1800 1850 1600 1850
band can be observed in spectrum No. 5 of Fig. 1, and this . -1
band is associated with a distribution of large diameter Raman shift (cm )

SWNTs, which are predominant in the sample. The fact that FIG. 3. Angular dependence of théV polarized tangential

this broad band is weak, compared to the relatively higheFnode spectra recorded with 1.92 eV laser excitation. The frequen-

frequency sharp peaks observed in spectra No. 110 NO. 4, |§es and linewidthgin parenthesgsof observed modes are also
due to the decrease of the Raman cross section for RBMigpjayed.

modes with increasing diameter. The sharp RBM peaks ob-
served in spectra No. 1 to No. 4 have frequencies between It is worth mentioning that all graphitisp? materials ex-
150 and 190 cm! and, therefore, are associated with hibit a Raman peak around 1580 th In order to confirm
SWNTs having diameters in the range 1.3—-1.65nm. Thehat the peak around 1582 crhis an intrinsic feature of
presence of peaks in this frequency range is in agreeme®WNTs, we have performed polarized micro-Raman mea-
with HRTEM measurements,in which small diameter surements by changing the anglebetween the nanotube
SWNTs were also found in the sample. axis and the light polarization direction. TM spectra for
Considering all SWNTs in the diameter range 1.3—9=0° corresponds to thBZ configuration, and)=90° cor-
2.1nm, we expect in a Raman Stokes experiment withesponds to th&X configuration. Figure 3 shows the angular
Elaser=1.92 €V the observation of the spectra foetallic  dependence of the tangential band in YH¢ spectra. In the
SWNTs when the incident or the scattered photons are ig=Q° spectrum ZZ polarization, we can observe two
resonance with th&}} optical transition, and the spectra for peaks at 1567 and 1592 ¢ which are associated with
semiconductingWNTs when the resonance occurs with thesemiconductingSWNTs, and a third peak around 1582
E3, transition’® Taking into account the diameter depen-cm™ 1. The BWF feature in this case is very weak and is not
dence of the energy separatidig,’ the metallicnanotubes observed. Note that the intensity of the whole tangential
observed in our resonance Raman experiment are expectediiand decreases with increasifihut only the peak at 1582
have diameters in the range 1.3—1.4 nm andstaiconduct- cm™ ! vanishes for§)=90°. On the other hand, a new peak
ing SWNTs to have diameters in the range 1.5-1.9 nmaround 1614 cm' is observed in the=60° and =90°
Therefore withE se=1.92€V, the sharp RBM peaks ob- spectra. This peak is associated with Bp (E,,) mode,
served in Fig. 1 around 150 cm are associated witeemi-  which is expected to appear in thex spectrumﬁfl The ap-
conductingSWNTs, whereas those around 190 Cnare as-  pearance of thig, (E2g) mode in theX X spectrum confirms
sociated withmetallic nanotubes. Note in the inset of the the alignment of the SWNTs in the sample.
subtracted spectrum No. @ig. 2) that thesemiconducting In a recent polarized Raman study of isolated SWNTSs,
RBM peak at 148 cm® is more intense than thmetallic  Duesberget al.” showed that the intensity of the Raman
RBM peaks around 190 cit, whereas the tangential mode modes is proportional to cé$, and that all bands vanish in
(TM) band is dominated by thmetallic modes(1540 and the XX configuration. This work was performed with the
1582 cm'l). This result can be explained in terms of the 1.96 eV laser excitation energy, and the tangential band has
different energy ranges for the resonant processes of the scai-line shape typical ometallic tubes'® On the other hand,
tered photons associated with the RBM and TM bands.  Jorioet al® showed that the tangential bandsgmiconduct-
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All experimental results discussed above lead us to con-

clude that the Raman peak around 1582 ¢ris intrinsically
associated witimetallic SWNTs and that the “antenna” ef-
fect, observed in the polarized Raman studies of aligned
SWNTs, is stronger fometallic than for semiconducting
nanotubes, due to the finite value of the electronic density of
states at the Fermi level for metallic SWNTSs.

of

IV. CONCLUSION

In this work, a polarized micro-Raman study of bundles
SWNTs is presented, showing good nanoscale alignment.

The experiments were performed in marked regions of the
sample, previously investigated by SEM. The majority of the
nanotubes in the sample exhibit diameters in the rasge
FIG. 4. Angular dependence of the relative intensities of the=1.85+0.25nm, giving rise to a broad RBM band below

150 cm 1. However, very sharp Raman peaks are sometimes

tensities forf=0°. The dotted curve corresponds to the functionfound superimposed on the broad RBM band, indicating also
the presence of some small diameter SWNTSs in the sample.

co< 6.

of

The frequencies of the sharp RBM peaks, and the shape
the associated tangential bands, depend strongly on the

ing SWNTSs, investigated with the 2.41 eV laser energy, doegposition of the laser spot on the sample, thus allowing the
not vanish in thexXX spectrum. In particular, the intensities observation of the Raman spectra frometallic or semicon-

of the peaks around 1567 and 1590 Cnin the XX spec-

ducting SWNTs to be disentangled from each other. The

trum for semiconducting SWNTs drop by a factor of 4 with angular dependence of the tangential peak at 1582'¢m

whose intensity in th&/V spectra varies as co8, suggests
Figure 4 shows the angular dependence of the relativéhat this feature is intrinsically associated withetallic

intensities of the peaks around 1567, 1582, and 1592'cm SWNTs. Moreover, our results show that the “antenna” ef-

respect to their intensities in th&Z spectrum.

normalized to their intensities far=0°. Note that the inten-
sity of the peak at 1582 cnt varies with co$6 (dotted

curve in Fig. 4, in agreement with the results reported in
Ref. 7. This result can be explained in terms of the “an-als in Shenyang, China for providing us with the sample and
tenna” effect due to the strong anisotropic geometry of thePaulo C. Silva for performing the SEM experiments. We
nanotubes, which the present work shows is very importanacknowledge the NSF/CNPq joint collaboration program that
for metallic nanotubes and appears to be less important fanakes possible exchange trips between MIT and UFMG re-
semiconducting nanotubes. On the other hand, the intensitiegarcherdNSF Grant No. INT.00-00408 and CNPqg Grant

of the peaks at 1567 and 1592 thy associated witlsemi-
conductingnanotubes, both decrease with increasih(see
Fig. 4), but both of these features are still present in Xt

spectrum @=90°).

fect in the polarized Raman spectra of aligned SWNTSs is
stronger for themetallic nanotubes.
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