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Rayleigh scattering spectra and Raman spectra from single bundles of aligned single-wall carbon nanotubes
(SWNTSs) have been obtained with dark field optical microscopy and Raman microscopy. Rayleigh scattering
spectrum reveals resonance peaks due to the optically allowed interband transitions in SWNTs. The intensity
of the resonance peaks was found to depend strongly on the incident light polarization. These resonance
peaks are completely suppressed when the incident light polarization is perpendicular to the nanotube axis,
suggesting that the interband transition dipole in SWNTSs is orientated parallel to the tube axis. Polarized
Raman measurements on aligned nanotubes in a single bundle show that the Raman scattering is polarized
along the nanotube axis direction, and Raman scattering signal is strongest when the incident laser is polarized
parallel to the tube axis. All strong Raman active modes behave ag @ngential carbon stretching mode
Raman scattering from semiconducting tubes shows very little change from bundle to bundle, while that
from metallic SWNTSs exhibits large variations. The broadened metallic Raman scattering at 155¢aom

be well fitted by a Fano line shape function. This broadened Raman scattering depends sensitively on sample
processing conditions. Charge transfer due to chemical doping is proposed to explain the change in Raman
scattering from oxidized metallic tubes.

Introduction
(a) |

Since their discovery in 1992 single-wall carbon nanotubes I\
(SWNTs) have been the focus of intense intefdsBWNTs 3
exhibit unique properties and may find wide applications in ol
nanoscale science and technology. For example, a SWNT can i T )
be either metallic or semiconducting, depending on its diameter
and chirality®® Thus SWNTs are regarded as potential molecular
quantum wires. Single electron transistors employing metallic
nanotube®’ and field-effect transistors consisting of semicon-
ducting nanotubéshave been experimentally demonstrated.
Recently, carbon nanotube juncti@mgere found to behave like B
a rectifying diode. Carbon nanotubes as scanning pt8hesl
hydrogen-storage materiéls!® have also been demonstrated.
Extensive experimental and theoretical efforts are being pursued A V2
to explore SWNT's electronic, optical, vibrational, and me-
chanical propertie3? DOS (a.u.)

An ideal SWNT can be viewed as a graphene sheet rolled h
up into a seamless cylindrical tube, and it can be uniquely Figure 1. Schematic diagram of electronic density of states for (a)
characterized by the roll-up vect® = na; + ma, = (n, m), metallic gnd (b) sem|con_o_luct|ng SWNTSs. Arrows indicate the optically
wherea; anda; are the graphene lattice unit vectors anand allowed interband transitions.
m are integers. Bothn( n) armchair tubes andn( 0) zigzag
tubes are achiral, while other forms af, (n) are chiral tubes.
Theoretical calculatio#$14 predict that SWNTs can have
distinctively different electronic structures. Figure 1 shows individual tube-17
schematically the electronic density of states (DOS) for both mgrr;;[s on Indivi ut? tubes: he mi . ikes in the DOS
metallic and semiconducting carbon nanotubes. There is nonzero f SV?/’H_?”S'“O”S t_et\:\lleerrlt € err%rqma%e spi _tesdln It et .
electronic density of states around Fermi level in metallic tubes, 0 S are optically aflowed and create excited electronic

; : - statesi®19 as indicated in Figure 1. The interband transition
whereas a semiconducting tube shows a band gap around it energies are dependent on diameter and chirality of SWAts.

* Author to whom correspondence should be addressed. E-mail: brus@ 1h€Y increase with decreasing the diameter of tubes. For
chem.columbia.edu. SWNTs with a diameter of about 1.3 nm, the energies of
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Fermi level. These theoretical predictions of the DOS of SWNTs
have been confirmed directly by atomically resolved scanning
tunneling microscopy and spectroscopy (STM/STS) measure-
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T T T T able to measure optical properties of single SWNT bundles and
632 nm even single tubes.

Recently, surface-enhanced Raman scattering (SERS) has
been applied to measure Raman spectra from single SWNT
bundles?®-30 hut the orientation of the tubes was not resolved
in the experiment. Also, the modification of the spectra due to
SERS effect is not well understood. We have been able to
measure Raman scattering from single SWNT bundles without
SERS. In this paper, we report our results on Rayleigh and

Raman scattering from single bundles. We observed resonance
peaks in the Rayleigh scattering spectrum. Both Rayleigh and
Raman scattering were found to depend strongly on the
L L L 1 orientation of carbon nanotubes with respect to the incident
100 500 900 13100 1700 excitation polarization. We also report that Raman scattering
Raman Shift (cm™) from metallic SWNTSs is very sensitive to the processing such
Figure 2. Raman spectrum of a single SWNT bundle obtained by as thermal treatment and oxidative doping. A mechanism in
using backscattering confocal Raman microscopy with 20 k\A/G38 which charge transfer affects coupling of phonon with iso-
nm excitation. energetic electronic states is proposed for the observed effect.
Preliminary results have been previously repotfed.
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interband transitions vi= c1, v2 — c¢2, and v3— c3 for
semiconducting tubes _are0.6, 12 and 2_.4 eV, respectively, Experimental Section
and that for vl— cl in metallic tubes is~1.8 eV. These
transitions were observed in optical absorption spectrogéépy Sample Preparation.SWNT material used in this study was
and electron energy loss spectroscopy (EBt8gasurements.  purchased from Tubes@Rice (Houston, TX). This material was
They were also shown to be responsible for the resonanceprepared using the pulsed laser vaporization methéthurified
enhancement effect in Raman scattering from SWHKFS, by refluxing in 2.6 M nitric acid, and redispersed in Triton
Different excitation energies can selectively excite and probe X-100 aqueous solution of pH #&.The diameter distribution
different tubes in the sample. For example, for SWNTs-tf3 of the tubes ranges from 1.05 to 1.6 nm, and is peakedled
nm diameter, the tangential mode Stokes Raman scatteringnm. In this material, SWNTs aggregate as long ropes forming
photon with 647 or 632 nm excitation is in resonance with the an entangled networking structii&To break and shorten
interband transition vit> c1 in the metallic carbon nanotubes. SWNT bundles, the original SWNT suspension was filtered
Thus Raman scattering from metallic tubes is the dominant through a membrane filter (polycarbonate, pore siz¢) and
contribution with 647 or 632 nm excitation. washed with methanol. The “bucky paper” formed on the
Raman scattering is a valuable tool to investigate the membrane filter was peeled off and soaked in dimethyl
vibrational properties and to characterize the sample of SWNTs. formamide (DMF). A stable suspension of shortened SWNTs
Figure 2 shows a typical Raman spectrum from a single SWNT and bundles was prepared by sonicating the “bucky paper” in
bundle in the range from 100 to 1800 chtaken with 632 nm DMF for ~20 h (hereafter, DMF-20 sampl&).To prevent
excitation in the backscattering configuration. There are two severe damage to SWNTs from long time sonication, we find
phonon modes that give a strong Raman scattering signal: thethat 2 h sonication is enough to obtain a stable suspension if
radial breathing mode (RBM) near 200 cthand the tangential ~ the “bucky paper” is presoaked in DMF for 2 weeks (DMF-2
carbon stretching mode at1580 cntl. RBM involves the in- sample). To prepare430,/H,0,-treated sample, SWNTs were
phase motion of all carbon atoms in the radial direction. It is precipitated from the original suspension by addition of
predicted that the RBM frequency depends sensitively on the methanol and subsequent centrifugation. They were then soni-
diameter of tubes, but not on chiraltySo Raman scattering ~ cated in a mixture of b5O; and HO, (96% HS0,:30% HO,
measurement is a convenient method to estimate the size= 4:1) for 30 min. After being filtered with a polyester
distribution of a SWNT sample. On the contrary, the tangential membrane filter (pore size 0/ and washed with deionized
mode frequency depends weakly on the diameter of the tubes.water, they were redispersed in DMF with the aid of slight
However, its Raman line shape depends strongly on whethersonication (HO, sample). A HP 8453 diode array UWis—
the tube is metallic or semiconducting. It is discovered that the NIR spectrometer was used to measure the optical extinction
tangential mode Raman scattering from metallic SWNTs shows spectrum of SWNT suspension.
a complex broadened line sha§é’ This broadening of Raman It has been demonstrated that SWNTSs tend to adsorb onto
line shape has been interpreted to result from coupling betweensurfaces covered with-NH, groups?® This property has been
phonon scattering and continuous electronic scattering in utilized to pattern and tailor carbon nanotubes onto sur-
metallic tubeg? However, the origin of the broadened metallic faces3®3738We used the same deposition method to put SWNTs
Raman line shape is still unclear; it has been fit either by a set onto glass and quartz coverslips for optical measurements. The
of Lorentziang’ or a Breit-Wigner-Fano line shape functigh. coverslips were functionalized withkNH, group by soaking
Whereas numerous electrical transport measurements haveéhem in 1.5 mM solution of 3-aminopropyltriethoxysilane in
been carried out on individual carbon nanotubes and bundles,chloroform for 30 min. They were washed in chloroform and
prior optical measurements, mainly Raman scattering and visibleisopropane and blown dry with nitrogen. One drop of diluted
absorption, were taken only on ensemble SWNT samples, in SWNT suspension in DMF was put on thé\H; coverslip for
which the optical properties were averaged over size, chirality, 5 min. The coverslip was then rinsed in methanol and blown
and orientation of different individual tubes. There is no way dry. An atomic force microscope (AFM) (Digital Instruments
currently to make a SWNT sample of uniform size, chirality, Nanoscope llla) was used to characterize the coverslips
and orientation. To get more insight into the intrinsic properties deposited with SWNTSs. Figure 3 shows a typical AFM image
of this one-dimensional carbon structure, it is important to be of DMF-20 SWNTs adsorbed on afNH; functionalized glass
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Figure 3. A typical AFM height image of SWNTs deposited on an (a) CCD b CCD
—NH; functionalized glass coverslip. Tterange is 10 nm. a (b)

. T Figure 4. Schematic diagrams of experimental setup for (a) grazing
coverslip. After sonication in DMF, SWNT entangled network- jycidence and (b) backscattering confocal Raman microscopy.

ing structure was broken into individual short bundles and tubes.

The shortened bundles have an average length and height of 3

um and 10 nm, respectively, and conta#il00 tubes. The 08
sample adsorbed ofrrNH; functionalized coverslips is very

clean, as can be seen from the AFM image. These coverslips 03f
deposited with SWNTs were used for both Rayleigh and Raman ~ §
scattering measurements on individual SWNT bundles. %0'6 i
Alternatively, a 1000 mesh bare Cu TEM grid (Ted Pella) 'g 0.2l
was used as a substrate. A few drops of SWNT suspension were £
<04

spin cast onto Cu grid. Raman scattering were measured from

SWNT bundles crossing over thel9 um holes of the Cu grid.

However, unlike quartz coverslip substrate, bare TEM grid is

only suitable to deposit long SWNT bundles. 02
Optical Measurements.Thick bundles on the coverslip can

be observed using an optical microscope with dark field

illumination of white light, or with grazing incidence of laser 200 '360 : 460 560 ' 660 ’ 760 ‘ 860 ' 960 '10'00'1100

light. Rayleigh scattering spectra from individual bundles were wavelength (nm)

measured with a Nikon inverted optical microscope. The white ] o

light from a 300 W tungsten lamp was focused to the sample Figure 5. UV—Vis—NIR extinction spectrur‘n.of the DMF-20 SWNT

by a dark field condenser (NA 0.9%.80). The scattering light sample. Inset shows the close-up of the visible spectrum.

from individual bundles was collected by a 20@il-immersion 457 nm. The Raman scattering collection angle is about.120
microscope objective with adjustable NA (NA set at 0.7), Notch filters (Kaiser optics) were mounted in front of the
focused onto the entrance slit of a spectrometer (Spex 280),spectrometer to reject the Rayleigh scattering laser lines.
and recorded by a liquid nitrogen cooled CCD camera. The  packscattering confocal Raman microscopy was employed
recorded scattering spectra were corrected by normalizing with 15 measure Raman spectra from SWNT bundles suspending in
respect to the emission spectrum of the tungsten lamp recordedyjr gyer the holes of the TEM grid in order to eliminate substrate
with the same setup. A polarizer was used to change the scattering background, as shown schematically in Figure 4b.
polarization of th(_a incident vyhlte I_|ght. The sample stage can Tg pe able to measure anti-Stokes Raman scattering, a cube
be rotated to adjust the orientation of SWNT bundles. We pheam splitter can be used replacing a dichroic mirror. A laser
observed strong polarization dependence of Rayleigh scatteringheam was focused to one0.5 4 spot on a bundle by a 125
from SWNT bundles, and this was employed to sort out optically ajr objective (NA 0.8). Excitation intensity can be changed from
the SWNTSs from dust particles. ~2 kW/cn? to ~200 kW/cn? by using neutral density filters.
Raman spectra from individual SWNT bundles were mea- packscattered Raman light was collected by the same objective
sured with the same optical microscope. As shown schematically ang focused to the spectrometer. SWNT bundles could be found
in Figure 4a, for SWNTs deposited on coverslips, grazing py ysing dark field optical microscopy or by moving the grid

incidence geometry was employed, with an incidence angle of i 5 scattering spot from the laser hitting the suspended bundle
about 30 relative to the coverslip surface. Randomly polarized a5 opserved through the eyepieces.

632 nm light from a HeNe laser (Spectra Physics, 4.5 mW) or

vertically polarized 457 nm light (50 mW) from an Arion Results

laser (Coherent) was focused to the sample By=a1.0 cm Optical Absorption Of SWNT Suspension.The UV—Vis—
triplet lens, with a focusing spot size o5 u. Typical excitation NIR optical absorption spectrum of the DMF-20 SWNT
intensities are~20 kW/cn? for 632 nm and~200 kW/cn# for suspension is shown in Figure 5. Unlike Chen et al.’s reult,

400 500 600 700 800
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in which no peaks were observed in the visible range, we

observed many absorption peaks in the spectrum, probably
because of the narrow size distribution in SWNT samples made
by laser vaporizatio These absorption peaks can be ascribed

to the interband transitions between the mirror image spikes in
DOS of SWNTs.

From electronic band theory, the interband transition energies
for v2 — ¢2 and v3— ¢3 transitions in semiconducting tubes,
and vl— cl1 and v2— c2 transition in metallic tubes are
approximated bip-3°

Eszz (d) = 4a._¢ydd;

Intensity (a.u.)

E%5(d) = 8a,_yo/d,

and

E" 11(d) = Ba,_y/d,

E",(d) =128, yo/d, 400 500 600 700 800400 500 600 700 800
. . ) wavelength (nm)
(rfstpecuvelyr'].Hﬁ r.ac{ckls tfle rgeaiezzrflfghborsﬁrwr?ﬁ n Figure 6. Rayleigh scattering spectra from four different SWNT
IStance, which IS taken o be 1. ora N’.is the bundles. (a) and (b) are typical spectra observed. Occasionally spectra

near?St'neighbor carbemarbon interaction energy, ard{_J is (c) for a thick bundle and (d) for a thin bundle different from typical
the diameter of a SWNT. The SWNT sample used in this study spectra are observed.

has a mean diameter of1.3 nm3334f we take y, to be 2.9
eV2t ESy (d), ESss (d), EMy (d), and EMy, (di) can be observed Rayleigh scattering spectra that are quite different from
calculated to be-1.3, 2.6, 1.9, and 3.8 eV, respectively. These the typical spectrum. Two of the examples are shown in Figure
interband transition energies of single tubes have been directly6c for one large bundle and 6d for one small bundle. In Figure
measured by scanning tunneling microscopy and spectros-6¢ a strong semiconducting peak near 550 nm and a weak
copyl517 Experimental values agree well with theoretical metallic peak at 650 nm are observed, suggesting that this bundle
predictions. On the basis of this theoretical prediction, the is mainly composed of semiconducting nanotubes. On the
absorption peaks between 800 and 1100 nm can be assigned toontrary, the spectrum in Figure 6d exhibits a strong resonance
the second interband transitions v2 c2 in semiconducting peak around 700 nm, implying that metallic tubes are enriched
tubes, whereas the peaks around 650 nm are ascribed to thén this specific bundle. Spectrum 6d is characteristic of the three
first interband transitions v c1 in metallic nanotubes. Those thin bundles we observed. Our observation that metallic tubes
weak peaks between 550 and 300 nm superimposed on arseem to be enriched in thin bundles is consistent with STM
absorption continuum can be due to the-vX3 transitions in studies showing that the helicity distribution of SWNTs in
semiconducting tubes and v2 c2 transitions in metallic tubes.  bundles shifts from favoring zigzagn,(0) direction in an
The energy of the strong-270 nm peak is close to the unetched sample to a more uniform distribution in a sonicated
plasmon frequency5 eV in carbon materials such as graphite, samplet’
Ceo, and SWNTS4 Its intensity is found to increase with time The Rayleigh scattering spectrum of a SWNT bundle depends
when the sonicated SWNTSs are kept in DMF. We filtered the strongly on the polarization of the incident white light. Figure
suspension, and found that most of the intensity of this peak 7 shows the different Rayleigh scattering spectra from one same
remained in the filtrate, not in the redispersed SWNT suspension.bundle with polarized excitation but with unpolarized detection.
It might result from some fullerene molecules dissolved from First, when the incident light polarization is parallel to the tube
the damaged nanotub#s. axis, the Rayleigh scattering spectrum shows the resonance
Rayleigh Scattering SpectraFigure 6, parts a and b, show peaks. However, these resonance peaks disappear completely
two typical visible Rayleigh scattering spectra of individual when the incident light polarization is perpendicular to the tube
DMF-20 SWNT bundles. The typical Rayleigh scattering axis. Second, the continuous scattering from the bundle is about
spectrum of single bundles is similar to the visible absorption 3—6 times weaker for perpendicular polarization than for
spectrum of SWNT suspension shown in the inset of Figure 5. polarization parallel to the tube axis. This polarization depen-
Some resonance peaks are observed superimposed on a scatence of Rayleigh scattering suggests that the optical transition
tering continuum. As in the optical absorption spectrum, these dipoles in SWNTSs are along the tube axis, which agrees with
resonance peaks are due to the optically allowed interbandtheoretical predicatiofi. Tang et al. observed similar polariza-
transitions in SWNTs. The peaks around 6500 nm in the tion dependence in absorption measurement on SWNTs formed
Rayleigh scattering spectrum can be assigned to—vkl in channels of AIP@>5 single crystaf?
interband transition in metallic tubes, and those peaks at higher Raman Scattering from Single Bundles.Consistent with
energies can be assigned to-vX3 transition in semiconducting  ensemble measureméf£> Raman spectra from individual
tubes. SWNT bundles clearly demonstrate the diameter selective
In the approximately 30 bundles we examined, most of them resonance effect for different excitation energies. Figure 8 shows
show the typical Rayleigh scattering spectra as in Figure 6, partsboth the radial breathing mode (RBM) and the tangential mode
a and b. So most of the bundles have similar tube composition, Raman scattering from a typical single bundle obtained using
which represents that of the bulk sample. Occasionally we grazing incidence Raman microscopy. The RBM Raman line
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Figure 7. Polarization dependence of Rayleigh scattering spectrum

from a single bundle, with incident polarization either parallel (top) or
perpendicular (bottom) to the bundle axis.
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However, intertube interaction in bundled SWNTs has been
shown to upshift the RBM frequency by 15 ckor 8.5% in
calculation>47 of vibrational properties of bundled SWNTSs.
The effect of the intertube interaction is not included in the
above equation. In our experiment, Raman spectra from
individual bundles were measured, each containing about 100
tubes. Also the quartz substrate may have the similar effect on
RBM frequency of SWNTs. We then use the equation

v (cm ) =223.75 (cm*nm)/d (nm)+ 15 cm *

for bundled SWNTSs to estimate the diameter of SWNTSs in the
bundle. In Figure 8, SWNTs contributing to the 632 nm RBM
Raman signal have a mean diameter of 1.22 nm, to which (9,
9) metallic tube is closest. SWNTSs selectively excited by 457
nm photons have a mean diameter of 1.33 nm, close to that of
(17, 0) semiconducting tube. The SWNT diameters estimated
from RBM frequency are in good agreement with the value
determined from TEM and XRD measuremefis?

The tangential mode Raman scattering shows distinctively
different line shapes with 632 and 457 nm excitation, similar
to ensemble Raman measureméfts. The tangential mode
Raman line is broadened with 632 nm excitation compared with
457 nm excitation, and a strong Raman line at 1550 cm
appears. The 1590 cthRaman line has been recently identified
as coming from semiconducting tubes in the burf@lRaman
scattering with 632 nm excitation is mostly contributed by
metallic tubes in the bundle. This broadened Raman line shape
at 1550 cm is believed to arise from coupling between phonon
scattering and the electronic scattering in metallic tfBds
specific to metallic SWNTs because only metallic tubes have a
nonzero electronic density of states (DOS) around Fermi energy
level. This coupling mechanism is supported by the fact that
the broadened 1550 cthmode from a thin bundle can be well
fitted by a Breig-Wigner-Fano (BWF) line shape functin,
which will be discussed below.

Figure 8 also implies that there is a wide size distribution of
single tubes even in a single bundle. Our typical Raman spectra
from thick single bundles are similar to ensemble spectra
measured on laser-ablated SWNTs with 632"famd 457 nr#®
excitation. Just as revealed in Rayleigh scattering spectra, the
size distribution in a typical bundle is wide and representative
of that in ensemble sample. This is consistent with STM

Figure 8. Typical breathing mode and tangential mode Raman spectra Characterizations, which show that many differentrq) tubes
from a single DMF-20 bundle deposited on a quartz coverslip. Spectra can be found in a bundfg.

were taken using grazing incidence Raman microscopy with 20 kW/

cn? 632 nm and 200 kW/cA¥57 nm excitation. The peaks marked
with * are laser plasma lines.

shows a peak around 198 chwith 632 nm excitation. When

Thin bundles occasionally show simpler and sharper spectra.
The sharpest RBM Raman spectrum is shown in Figure 9, which
is obtained with 457 nm excitation. It contains three resolved
peaks; each peak is fitted with a Lorentzian function. The fitted

excited by 457 nm light, the same bundle shows the main RBM peak frequencies and line widths are listed in Table 1, along

peak at 182 cmb. This diameter selective effect has been

with possible i, m) assignments for each peak. The fitted

interpreted to result from the resonance effect associated withRaman line width for 218 crit peak is 7 cmZ; the experimental

the interband transitions in SWNT%25 The optically allowed

resolution is 4 cm®. This line width is smaller than that of 8.4

interband transitions are dependent on diameter and chirality cm~! used in fitting RBM Raman peaks for ensemble sardple.

of the tubes. Thus SWNTs of different diameters will be

Also it is in the RBM line width range 610 cnt! obtained

resonantly excited by different excitation energies, and show for small bundles or single tubes using SERSut it is about
different RBM Raman peak positions, which are dependent twice the line width value of 4 crit used in simulating RBM

sensitively on the diameter of the tubes.
Theoretical calculatio&4344predict that the RBM frequency

Raman spectra by Milnera et 4l.
The tube composition varies from bundle to bundle. Shown

depends only on the diameter of a SWNT; they are shown to in Figure 10 are the Raman spectra of four different bundles

be related by
v (cm %) = 223.75 (cm*-nm)/d (nm)

with both 632 and 457 nm excitation. With 457 nm excitation,
from Figure 10, part a to part d, the dominant RBM peak shifts
to high energy, suggesting that the corresponding nanotube size

This equation has been used to estimate the size distributiondistribution in the bundles shifts from thick tubes to thin tubes.

of a SWNT sample from an RBM Raman spectriif?

Note that although 457 nm RBM Raman scattering shows more
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7 Tt T 1 nm light can only excite nanotubes of a specific diameter. Also
note that in Figures 8 and 10, the 457 nm tangential mode
Raman scattering shows the same line shape for all the bundles.
However, for 632 nm excitation, the 1550 chrmode shows
large variations in its line shape and relative intensity. This large
variation is closely related to the origin of the broadening of
the tangential mode Raman scattering in metallic SWNTSs, as
discussed below. We notice that in our measurement the
broadened metallic peak appears-d650 cntlinstead of 1540
cm! observed in ensemble measurement on the same type of
sample?>27

In the Raman spectra shown above, the metallic SWNTs
exhibit a very strong disorde-induced Raman peak around 1320
cm™L. The disorder mode is believed to result from disorder
structure and symmetry lowering effects in carbon matetfals.
For example, small graphite particles show a stronger disorder
Raman peak than large graphite partidem our case, a 20 h
sonication creates a strong disorder Raman peak in metallic
Raman Shift (cm") tubes A 2 h sonication in a presoaked sample shows a weaker
disorder peak in Figure 11. We also note that in Figure 10 the
disorder peak intensity is correlated with that of a Raman
component at-1610 cnT!. This Raman shoulder shows up only
in the bundle with strong disorder mode Raman intensity.

Intensity (a.u.)

" 1 " 1 N 1

180 200 220 240

160

Figure 9. The sharpest radial breathing mode Raman lines obtained
from a single bundle with 457 nm excitation. The dotted curves are
Lorentzian fits to the three resolved Raman peaks.

TABLE 1. Fit Peak Positions and Lorentzian Line Widths However, the semiconducting tubes show a weak disorder mode
for the RBM Raman Lines in Figure 92 signal at 1361 cm® with 457 nm excitation even in 20 h
Raman  Lorentzian calcd. diameter sonicated short bundles. It seems that metallic SWNTs are more
line (cm™*)  width (cn™?) (nm) possiblert, m) likely to be damaged by sonication than the semiconducting
180 10 1.36 (15,4),(11,9),(12,8)  tubes. One possible explanation for this observation is that in
200 13 1.23 (14,3),(11,7),(16,0)  our sample the metallic tubes have a smaller diameter than the

218 ! 1.10 (14,0). (13, 2), (10, 6) semiconducting tubes, as evidenced from the typical Raman

2 The calculated diameters of the corresponding tubes are also listed,spectra shown in Figure 8. Small diameter tubes have more
with possible , m) assignments. Semiconducting tubes are assumed gt,5in energ§* and are thus more likely to be damaged by

to contribute to the Raman lines. - S . :

ultrasound illumination. Also, the curvature elastic energy in

peaks and larger variation, it remains similar for all the bundles straight armchair tubes (which are metallic) has been recently
with 632 nm excitation. It seems that 457 nm photon can be in predicted® to be higher than that in zigzag tubes with same

resonance with more nanotubes of different diameters while 632 diameters, consistent with our observation. However, more study

o A

Intensity (a.u.)

140 180 220 1300 1400 1500 1600 1700 140 180 220 1300 1400 1500 1600 1700

Raman Shift (cm™)

Figure 10. Variation of Raman spectra from four different DMF-20 SWNT bundles. The RBM spectrum with 457 nm excitation for (b) is the
same as Figure 9. Note that 457 nm breathing mode and 632 nm tangential mode Raman show large variation from bundle to bundle.
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s~ the Rayleigh scattering from the focused laser hitting the
. 632 nm 4 bundles. In Figure 12b, the spectrum, obtained with 457 nm
excitation, is similar to that in thick bundles. However, in Figure
12c the tangential mode Raman spectrum of a thin bundle with
632 nm excitation is quite different than that from thick bundles.
The two peaks near 1600 cthare well resolved, and it has a
strong broadened 1550 cipeak. Following Kataura et &,
the 1550 cm?! peak can be well fitted with a Breig-Wigner-
Fano (BWF) line shape function

Intensity (a.u.)

140 180 220 1300 1400 1500 1600 1700
Raman Shift (cm™)

(@) =11+ (@ — @ )AL} K1+ [(0 — 0 )T

Figure 11. Raman spectrum from a DMF-2 bundle, showing the weak wherel,, wo, I, andg, indicated in Figure 12c, are intensity,
disorder mode Raman peak. The peaks marked with * are laser plasmgenormalized frequency, broadening parameter, and the asym-
lines. metry parameter, respectively. The agreement with BWF
function supports the previous interpretation of broadening of
is needed to fully understand the origin of the disorder Raman the tangential mode Raman scattering from metallic tdbes.
mode in SWNTSs. Sensitive Raman Scattering from Metallic SWNTsWhen
Raman Spectra from Thin Ropes.In the Raman scattering  we were studying power dependence of Raman spectra from
measurement on SWNTs deposited on a coverslip, the coverslipsingle bundles using confocal Raman microscopy with 632 nm
itself produces continuous Stokes shifted scattering background.excitation, we found that the tangential mode Raman scattering
In fact with 457 nm excitation, the Raman signal from SWNT underwent an irreversible change after high power laser irradia-
bundles in the 3086700 cnT! region is buried in the strong  tion, as shown in Figure 13, which displays the Raman spectra
scattering background from the quartz coverslip. To obtain a in the 1276-1670 cnt! range for a single bundle. At low
clean Raman spectrum from single bundles, especially to excitation intensity 3.3 kW/c#y there are mainly two peaks:
characterize the broadened tangential mode Raman line shapene at~1560 cnt! and one at~1590 cnt®. At high excitation
in metallic SWNTs, we carried out Raman scattering measure- intensity 340 kW/cri, a new, broad peak at1540 cnr?!
ments on~20 u long bundles crossing over the holes of the develops. When the power was lowered to 3.3 kWicthis
TEM grid using confocal Raman microscopy, thus eliminating new broad peak remains present. We observed this irreversible
scattering background from the substrate. change in Raman scattering in every bundle studied using
One typical clean Raman spectrum from a single bundle confocal Raman microscopy with 632 nm excitation. The Raman
suspending in air is shown in Figure 2. The signal-to-noise ratio spectrum for 632 nm excitation after high power laser irradiation
is so high that even those weak Raman peaks in the-3200 is similar to the ensemble spectrum obtained on the same laser-
cm~1 region are clearly observed. Figure 12a is another clean ablated SWNT sampl&:25 If we move to a new spot on the
spectrum from a single bundle taken with 632 nm excitation at same bundle, the original Raman is observed. RBM Raman
30 kW/cn? intensity. The high signal-to-noise ratio enables us scattering does not show this large change in our measurements.
to resolve several weak breathing mode peaks in both the Stokes One explanation for this irreversible Raman change in
and anti-Stokes Raman spectrum. metallic tubes is that laser irradiation heats and thus degases
With this setup it is possible to take a Raman spectrum from SWNT bundles. Rinzler et al. previously used laser irradiation
thin bundles. Figure 12, parts b and c, are unpolarized Ramanto heat multiwall carbon nanotub&s.n our case, SWNT
spectra taken from two different thin bundles. These thin bundles bundles are suspended in air and an excitation laser beam is
could not be seen by using the dark field optical microscope. focused on one spot on the bundles. We previously showed that
Instead, they were found by moving the TEM grid and observing the laser heats the bundle locally 6750 K at 220 kW/crh
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Figure 12. (a) High signal-to-noise ratio Stokes (shown as positive Raman shift) and anti-Stokes (shown as negative Raman shift) Raman spectrum
from a single DMF-2 bundle using confocal Raman microscopy with 632 nm excitation. (b) Tangential mode Raman spectrum from a thin DMF-2
bundle with 457 nm excitation. (c) Raman spectrum from another thin DMF-2 bundle with 632 nm excitation (solid curve). The broadened 1550
cm ! peak is well fit by a BWF line shape function (dashed curve), with parameters indicated in the figure. The dotted curve is the remaining
spectrum after subtracting BWF fit from the experimental spectrum.
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Figure 13. Tangential mode Raman spectra from a DMF-2 SWNT ) ) ]
bundle taken consecutively at low, high, and low 632 nm excitation tubes in DMF-2 sample with that inJ®, sample, we see that
intensities (from a to c). After high power laser irradiation the tangential oxidation by HSQW/H,O; strongly suppresses the characteristic
mode Raman scattering underwent an irreversible c_hangec.:. (d) is a typicalmetallic peak at 1540 cm. Note that the original SWNT sample
Raman spectrum from a single bundle after heating at*@ Ar. was purified by refluxing in nitric acid, an oxidant weaker than
o ) H,SOy/H,0,.3* Exposure to nitric acid would suppress the
632 nm excitation intensit$: To test whether the observed large  hetallic Raman peak at 1540 cito a less extent than H
@rreversible change in.tangential mode (TM) Rgman scattgring SQ/H,0,, as observed for DMF-shortened bundles shown in
is due to sample heating, we put the Cu grid with SWNTs in a rigyres 10 and 13. However, after heating both the original

furnace and heated the sample at 4G0for 2 h inflowing Ar. (HNOs-treated) and the $8O/H,O-treated SWNT bundles,
Then Raman scattering was measured again with low power e optain the strong, characteristic 1540 érpeak.

632 nm excitation. Thermal treatment had the same effect on |t e expose the thermally treated SWNT bundles te Br
Raman scattering as high power laser irradiation, as shown invapor briefly for 2 min at room temperature, the 1540-8m
Figure 13. After heating the sample, we obtained the tangential jetallic Raman peak is strongly suppressed when measured at
mode Raman spectra similar to those after high power laser g, power 632 nm excitation, similar to the,8, sample. It
irradiation. In our experiment, locally heating the bundle in air recovers after the excitation intensity is increased. All these
by focused laser beam does not burn SWNTSs, because theypservations prove that the TM Raman scattering from metallic
damaged open ends of SWNTs are not irradiated and heateds\yNTs is very sensitive to the SWNT-adsorbate interaction,
by the laser, which are in contact with copper metal grid. and that the observed large change in TM Raman scattering
The H,O, SWNT bundles show similar irreversible change after heating the SWNT sample is due to degassing.
in TM Raman scattering for 632 nm after high power irradiation,  Polarized Raman Scattering.Polarized Raman scattering
as shown in Figure 14. First note the distinctively different TM  measurement was carried out on a single bundle deposited on
Raman spectrum of the B, sample compared with that of  the quartz coverslip with grazing incidence of 457 nm light.
the DMF-2 sample in Figure 13. The 1550 chRaman lineis  The scattering configuration is schematically shown in the inset
strongly suppressed, and the Raman peaks are narrower angy Figure 15. The sample stage was rotated to change the
more like the Raman spectrum from semiconducting tubes. After orientation of the bundles relative to the excitation polarization.
high intensity 220 kW/crlaser irradiation, the characteristic A scrambler was put in front of the spectrometer. Figure 15
1540 cm* peak appears and the whole spectrum gets broader.shows the Raman signal of a same bundle at (//, //)Jj//and
After we heat the KO, sample at 400C, the Raman spectrum (], [J) configurations, where the first and the second symbol in
is same as that shown in Figure 13. the parentheses denote the polarization of excitation light and
As shown in Figure 13, the disorder-induced Raman peak at the detected Raman scattering, respectively, with //[abding
1325 cntlis weak, and there is no change in its intensity after parallel and perpendicular to the tube axis, respectively. Both
heating the sample. So the large change observed in TM Ramarbreathing mode and tangential mode show strongest Raman
scattering from metallic SWNTs is not due to structural signalin the (//, //) configuration. When the excitation polariza-
annealing upon heating. We propose that the observed sensitivitytion is parallel to tube axis, the Raman scattering polarized along
of TM Raman scattering in metallic SWNTs to processing the tube axis is about 40 times stronger than that polarized
conditions is due to the SWNTadsorbate interaction. Molecules  perpendicular to the tube axis for this particular bundle.
such as N@and NH; are known to adsorb on SWNTs at room Similar results were obtained with 457 and 632 nm excitation
temperaturé* We expect that in our case oxidizing molecules in backscattering geometry, with intensity ratio of parallel
can also adsorb into SWNT bundles during the processing. TheyRaman to perpendicular Raman varying frer®0 to more than
are still present in the bundle after SWNTs are deposited on 100 (undetectable perpendicular Raman scattering). Some of
the substrate. Comparing the TM Raman scattering from metallic this variation from bundle to bundle may represent varying
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Figure 15. Polarized Raman scattering from a single DMF-2 bundle
on quartz coverslip using grazing incidence Raman microscopy with
200 kW/cnt 457 nm excitation. Inset shows schematically the scattering
configuration. The bundle is along tizedirection. Figure 16. (a) Angular dependence of Raman scattering from a single
DMF-2 bundle using backscattering confocal Raman microscopy with
45 kW/cn? 632 nm excitation. Inset shows the bundle is rotated to

bundle curvature; that is, the bundles are not perfectly straight change its anglé® with respect to the laser polarization. (b) Plot of
over the laser spot size. four Raman line intensities versus the an@leDotted curves are fits

As predicted by theor§the RBM mode behaves agAThe ~ With @ cos? function.
nonresonant Raman active tangential modes are predicted to . .
consist of three almost degenerate modes with Byg and B not observe that the Raman signal decreases to a minimum at

: ; ~55° and rises afterward, as observed by Rao et al. with aligned
symmetry, respectively Group theory predicts that§mode .
is allowed in (//, /f) andI(, 0) configurations, but it is forbidden multiwall nanotube sampl&.Also we observed that the Raman

in the (//, ) configuration. The E, mode is only allowed in lines in Figure 16a reserve their relative intensity, and intensity

the (//,0) configuration, while the g mode is allowed only in change_s of these R_aman lines with rotation ar@lean_ be

the (J, ) configurationgs However, simple resonant Raman approxmately described by a é6sfunction. All these lines
theory® shows that both § and By modes should be weak behave like Ay modes.

compared with the fy mode. From our measurement, in the Discussion

semiconductor tangential mode spectra, both the major peak at

~1590 cnt! and the small peak at1570 cntt behave as A, Polarization Dependence of Rayleigh ScatteringOur
Their relative intensity ratio is the same in all bundles. In the results demonstrate that the resonance peaks in the Rayleigh
632 nm spectra, both the1590 cnT?! sharp peak and the1540 scattering spectrum are suppressed when the incident light
cm* broad peak behave asf The sharp~1590 cnt! peak polarization is perpendicular to the nanotube axis, most obvi-
may come from the semiconducting tubes in the bundle; this ously for metallic tube vi~ cl interband transition peak around
question needs further research. 700 nm. Thus the optical transition dipole moment in carbon

Figure 16 shows the nanotube orientation dependence ofhanotubes is orientated parallel to the tube axis.
Raman Scattering from a Sing|e bundle measured using confocal Saito et al. calculated the electronic band structure of carbon
Raman microscopy with 632 nm excitation. Excitation polariza- hanotubes within the zone-folding modéiTake (5, 5) metallic
tion and detected Raman polarization were kept parallel to eachtube as an example. It belongsgg point group, and the v1
other while the sample was rotated to adjust the angle betweeri~ €1 interband transition is fromgto &> From group theory,
the tube axis and the excitation polarization, as shown in the for Dsq point group we have
inset to Figure 16a. To reduce the thermal drifting effect on the
Raman intensity, the position of the bundle relative to the laser e e, =ay,tay,t ey
focusing spot was constantly monitored and adjusted while the
data were being collected. The Raman scattering is strongestAn optically allowed transition requires that|p|f> = 0, where
when the tube axis is parallel to the excitation polarization, p is the dipole moment operator, and i and f are the two states
which corresponds to the (//, //) configuration. It becomes weaker involved in the transition. ThusRif should contain the same
when the tube axis is closer to being perpendicular to the light symmetry ag. For theDsq point group,z belongs to & and
polarization, corresponding to thel,(CJ) configuration. We did (x, y) belongs to @. Herezis along the tube axis. We see that

0 20 40 60 80
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e1¢®eyy contains a, not e, So the transition dipole moment 632 nm
must be along, i.e., the tube axis, in order for the v# cl1 . ; : ;
interband transition to be optically allowed. (@) H,SO/H,0, treated -
The optical absorption spectrum of carbon nanotubes has been ' ' v :
calculated by Ajiki et af'! Their calculations show that optical
absorption exhibits strong resonance peaks when the light
polarization is parallel to the tube, whereas the resonance peaks
are all depressed for light polarization perpendicular to the tube
axis. They argued that these resonance peaks disappear almost . : v _
completely for perpendicular light polarization because of the : . i ; :
strong depolarization effect. : ‘ ‘ ’

Raman Scattering from Metallic SWNTs. The broadening (b) HNO, treated
of the tangential mode line shape of metallic SWNTs has been
tentatively interpreted as resulting from coupling between
phonon scattering and the continuous electronic scattétidgt
it is not clear whether the broadened line shape can be fitted
with a BWF functiorf® or with unresolved Lorentzian linés.

We find that the broadened 1550 chpeak can be fitted very
well with a BWF line shape function, supporting the idea that
interference between electronic scattering and phonon scattering
is involved?®

The large change in TM Raman scattering from metallic
SWNTs was observed upon degassing and doping with oxidants
such as HN@ H,SO/H»0,, and Be. The electric conductance
of SWNTs has been shown to be very sensitive to exposure to
gases such as NGand NH; the large reversible change in
conductance observed was interpreted to result from charge
transfer doping* Note that an upshift in the tangential mode
frequency in semiconducting tubes heavily doped with s s i i
been reporte® We propose that a similar charge transfer 1300 1400 1500 4 1600
between SWNTs and adsorbed oxidizing molecules is respon- Raman Shift (cm)
sible for our observed effects in metallic Raman scattering. Figure 17. Comparison of tangential mode Raman spectra from
Apparently the lowered Fermi level in SWNTSs due to oxidative metallic tubes in (a) BEBOJ/H.O--treated, (b) DMF-shortened (nitric
doping causes the weaker 1540 ¢nmetallic line in HNG- acid treated), and (c) thermally- treated SWNT bundles. All the spectra
treated sample and the strong suppression of 1540 Baman were obtained using backscattering confocal Raman microscopy with

. 632 nm excitation. The dashed curves are Fano line shape fits to the
component in HSQy/HzOx-treated and Brexposed SWNT broadened~1550 cm! Raman line. The dotted curves are the

bundles. remaining spectra after subtracting the Fano line fit from the experi-
One might suggest two possible mechanisms for the effect mental spectra.
of charge transfer on Raman scattering from metallic nanotubes.
One involves the change in resonant electronic absorption
properties of SWNTs upon chemical doping, which has been
reported by some grou%8° However, we observed that,H normalized
SQOy/H.,0, oxidation produced no apparent change in the visible SWNT freq“erl‘f)y% line W'E'I)hr asymmetry
metallic electronic transition at low resolution, as observed in s (cm (cm parameter If
extinction spectra of SWNT suspensions. The resonance absorp-HNOs-treated 1552 24 —0.11
tion peak at~650 nm due to metallic tubes still exists in the thermally-treated 1540 38 -013
H,SO/H,Ox-treated SWNT suspension, implying that the mqst significantly the carrier level and conductance of semi-
oxidized Fermi level lies above the= 1 state in the valence  conqucting nanotubes. However, in Raman measurement, this
band in metallic tubes. nanotube-adsorbates interaction is expected to affect mostly
Rather, oxidative doping seems to affect the phonon structurethe Raman scattering from metallic nanotubes, because only
and coupling to isoenergetic electronic states above the shiftedmetallic tubes have isoenergetic electronic states at the vibration
Fermi level. A Fano line shape that depends sensitively on energy~1590 cnt?. The excitation of the 1590 cm phonon
doping level has been observed in n-type degeneratively dopedby isoenergetic fast electrons was evidenced in a recent high
Sift In Figure 17 we show the comparison of different TM field electrical transport measurement on metallic SWKPTa.
Raman spectra from metallic tubes in thermally-treated, BINO  our experiment, the large Raman line shape change on doping
treated, and EBOy/H.O -treated bundles. Also shown is the and degassing was observed with 632 nm excitation, which
Fano line shape fit to the broadened metallic Raman lines. Theprobes metallic nanotubes. We did not see the similar large
fitting parameters are listed in Table 2. From Hh@eated  change with 457 nm excitation, which mainly excites semicon-
SWNTs to thermally-treated SWNTS, the normalized frequency ducting nanotubes. Also the 632 nm RBM Raman scattering is
wo is downshifted by~12 cntt; the widthT increases from  found independent of oxidation by,HOW/H,0,, consistent with
24 to 38 cntt. The Raman line shape gets more asymmetric, theoretical predictions that long-range deformations (such as
as reflected from the more negative asymmetry parameter 1/ RBM phonon) do not couple to propagating electronic states in
These changes are similar to those observed in n-dop®d Si. metallic tube$364 This model of nanotubeadsorbate inter-
In electrical transport measurements, gas exposure affectsaction is also relevant to the resistivity difference between an

Intensity

TABLE 2: Fit Parameters for Fano Line Shape of Metallic
Tangential Mode Raman Scattering
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