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Raman scattering from individual single-wall carbon nanotube (SWNT) bundles was measured using confocal
optical microscopy with 632 nm laser excitation. The Raman scattering from metallic SWNTs was found to
depend sensitively on adsorbed oxidizing molecules. Tangential mode Raman lines gtiiddt®d SWNTs
exhibited different line shapes from those of3O/H,O,-treated SWNTSs. However, the line shapes became
identical after high power laser irradiation, which heats the bundte760 K based on measurement of the
breathing mode Stokes to anti-Stokes Raman intensity ratio. Thermal annealing of both samples at 873 K
caused the same change in Raman spectra as with laser irradiation, which is attributed to degassing of doping
adsorbates. A mechanism of charge transfer between carbon nanotubes and adsorbate molecules is proposed
to explain the large change in Raman scattering from metallic SWNTs upon chemical doping and degassing.
Raman scattering from degassed SWNT bundles was found to show a linear dependence on excitation intensity,
suggesting that Raman cross sections do not change with temperature in the rang@é®60

Introduction observed to show a complex broadened line shapeowever,
the origin of this line shape is still unclear; it has been fit by

Since their discovery in 1992 single-wall carbon nanotubes either a set of Lorentzia#fsor a Breit-Wigner—Fano (BWF)

(SWNTs) have been a research field of great interest due to

. . -2 ) : i line shape functio!
their potential applications in nanoscale devi¢esn ideal . .
SWNT can be viewed as a graphene sheet rolled up into a Previous Raman scattering measurements of SWNTs were

seamless cylindrical tube. SWNTSs are predicted to be semi- carried out with ensemble samples; the Raman spectra were
conducting or metallic depending on chiral§. Extensive averaged over the size, orientation, and the chirality of tubes.
experimental and theoretical efforts are being pursued to exploreT0 get more insight into the vibrational properties, it is essential
their electronic, vibrational, and mechanical properies. to be able to measure Raman scattering from individual bundles
Raman scattering is a valuable tool to characterize SWNfTs, ~ and even single tubes. Recently, surface-enhanced Raman
There are two phonon modes that give strong Raman scatter-Scattering (SERS) has been applied to individual bundles of
ing: the radial breathing mode (RBM) near 190 ¢énand the ~ SWNTs (perhaps single tube)}® but modification of the
tangential G-C stretching mode at about 1580 chiThe radial resulting spectra due to the SERS effect is not well understood.
breathing mode frequency is predicted to depend sensitively on\We have been able to measure Raman scattering from individual
the diameter of the tubésSo Raman scattering can be used to bundles without SERS. In this letter we report that the
estimate the size distribution of a SWNT sample. More characteristic broadened metallic Raman line can be fit very
interestingly, in Raman scattering from metallic carbon nano- well by a Fano line shape function, and it depends sensitively
tubes, the tangential-&C stretching mode near 1580 chwas on the processing conditions. This dependence appears to
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Results and Discussion

A" SWNTSs on
- Cu Grid

A. Raman Scattering from Metallic SWNTs. We have been
able to successfully measure Raman scattering from individual
bundles with exciting laser intensities as low as 3 kwicm
because in our setup substrate scattering is eliminated and thus
the signal-to-noise ratio is high. Figure 2 displays the Raman
spectra in the 12701670 cmt region from individual SWNT
bundles with 632 nm excitation. We found that the tangential
mode Raman scattering depended sensitively on the processing
Laser conditions. After the bundle was excited by high power 632

nm laser light, the tangential mode Raman spectra of SWNTs
Notch Filter Yy . underwent an irreversible change. Figure 2a shows the Raman

spectra taken on one spot on one HA\i@ated SWNT bundle.

— First at 3.3 kw/cr, there are two peaks: one atl560 cnr?!

and one at 1590 cm. At an excitation intensity of 340 kw/

cn?, a new, broad 1540 crd peak is superimposed. When the
CCD power was lowered to 3.3 kw/chagain, this new broad peak
remains present. We observed this irreversible change in every
Figure 1 Schematic diagram of confocal Raman microscopy with @ pyndle studied. Figure 2b shows the tangential mode Raman
TEM grid as the substrate. spectra from a EBQOy/H,0,-treated SWNT bundle. We notice

hat the tangential mode Raman line shape with low power

represent charge transfer between carbon nanotubes and aGsyitation is distinctively different from that of the HN@reated

sorbed oxidizing molecules. Analogous effeqts have been SWNTSs. In BSQy/H,O-treated sample, the Raman component
recently observed in SWNT conductance experimé&mtsThe t 1560 cm® is suppressed and the line shape is narrowed.

temperature dependence of the Raman scattering is also reporte owever, after high power laser irradiation, the Raman spectrum
as oxidation and temperature-induced degassing are closelyy,pipits 5 large irreversible change similar to Figure 2a. In both
related. cases, if we examine a different spot on the bundle, the original
low power spectrum is observed.

Laser irradiation will heat the sample; Rinzler et al. previously

SWNT material (diameter distribution1.05-1.5 nm, peaked ~ used laser irradiation to heat multiwall carbon nanotués.
at 1.2 nm) was bought from Tubes@Rice (Houston, TX). This our case, the local temperature of the spot on a bundle under
material was synthesized by laser ablation, purified by refluxing high power 220 kw/crhlaser irradiation is estimated to b&/50
in nitric acid, and redispersed in Triton x-100 aqueous solution K on the basis of the RBM Stokes to anti-Stokes Raman
of pH 1016 The original suspension of HNQreated SWNTs intensity ratio (see B below). To test whether this large
was filtered through a polycarbonate membrane filter (8.0 irreversible change in Raman scattering is due to sample heating
pore size) and washed with methanol to remove the surfactant.and therefore degassing, we put the Cu grid with SWNTs in a
The “bucky paper” formed on the membrane filter was peeled furnace and heated the SWNTSs at 4@in flowing argon for
off and soaked in dimethyl formamide (DMF) for about three 2 h. Then Raman scattering was measured again with low
weeks. Then it was sonicated in DMF for abduh to obtain excitation power. Thermal treatment had the same effect on
a stable homogeneous suspension of bundles and tubesRaman scattering as high power laser irradiation, as shown in
Alternatively, SWNTs were precipitated from the original Figure 2c. After heating the sample, we obtained the same
suspension by addition of methanol and subsequent centrifuga-Raman spectra for both samples. Also the spectra are same as
tion. They were then sonicated in a mixture o84, and HO, or similar to the Raman spectra after laser irradiation of the
(96% HS0O,:30% HO, = 4:1) for 30 min. After being filtered samples.
with a polyester membrane filter, they were redispersed in DMF  Raman scattering from SWNT bundles has been shown
with the aid of slight sonication. AFM examination shows that experimentall§ and theoreticalli? to be a resonant process,
single bundles typically are about 10 nm in diameter and thus associated with intense optical transitions between mirror-image
contain roughly 100 SWNTSs. spikes in the electronic density of states (DOS). The 632 nm

The experimental setup is schematically shown in Figure 1. Raman scattering of bulk material is dominated by contribution
A 1000 mesh bare Cu TEM grid was used as the substrate. Thefrom metallic carbon nanotubes, and shows a characteristic
SWNT suspension in DMF was spin cast onto the Cu grid. broadened 1540 cm mode line shap@!© In prior ensemble
Raman measurements were taken with a Nikon TE300 invertedstudies, this broadening in metallic carbon nanotubes is absent
optical microscope in the epi-fluorescence mode. A cube beamin semiconducting tubes, which are resonantly excited at 457
splitter was used instead of a dichroic mirror in order to measure nm. In our experiment, we find essentially this same result with
anti-Stokes Raman scattering. Dark field optical microscopy was & degassed single bundle. With 457 nm excitation the sharp
used to first find the single bundles crossing over theufrd Raman lines from semiconducting SWNTs did not exhibit a
holes of the Cu grid. 632.8 nm HeNe laser light (4.5 mW) was similar irreversible change as in metallic SWNTSs. Also, we did
focused by a microscope air objective (NA 0.8, ¥35onto not observe any irreversible change in the breathing mode
one~0.5um spot on the SWNT bundle. Raman scattering was Raman scattering for 632 nm excitation. The weak disorder
collected by the same objective and focused onto the entranceRaman peak a~1325 cnt! is unchanged upon heating, thus
slit of a single-stage spectrometer with a resolution of 4&m  indicating that the observed effect is not due to annealing of
A liquid nitrogen-cooled CCD camera recorded the spectra. A structural defects.
holographic notch filter (Kaiser Optical) was mounted in front The broadened 1540 crhRaman line in metallic SWNTs
of the spectrometer to reject the Rayleigh scattering light. has been tentatively interpreted as resulting from coupling of
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a) HNO, treated (b) H,50,/H,0, treated (c) thermally treated

' ' . v
) ' ‘ '
' ' ‘ '
'
'
'

‘
¢

119 044 |
o 1540 e
i 37cm’

Intensity

2

T
'
'
'
'
'
'
'
'
'
1
1
'
1
:
'
i
'
(
1
1
i
]
1
i
'
'
1
1
‘
'
'
'
'
1
'
'
'

:
i

i

1300 1400 1500 1600 1300 1400 1500 1600 1300 1400 1500 1600

Raman Shift (cm™)

Figure 2. Laser irradiation effect on the tangential mode Raman spectra of (a)sfti@ed and (b) E8Oy/H.O--treated SWNT bundles. The
excitation wavelength was 632 nm. From bottom to top the spectra were measured consecutively from the same spot on the bundle. (c) Typical
Raman spectrum of thermally treated SWNT bundles. The dashed curve is a BWF line shape function fit to the 132éncam line, with the
parameters indicated in the figure. The dotted curve is the remaining spectrum after subtracting the BWF fit from the typical Raman spectrum (solid
curve).

phonon with isoenergetic electronic statéBollowing Kataura independent of oxidation, consistent with theoretical predic-
et al.* the broadened peak from a degassed single bundle istions223that long-range deformations do not couple to propa-
well fit with a Breit—Wigner—Fano (BWF) line shape function:  gating electronic states in metallic tubes.
In agreement with previous wotR1we assign the broadened
() =1{1+ (@ — w)IaT}? {1+ [(w — 0 )%} 1540 cnT! Fano Raman peak to the metallic tubes in the bundle.
We suspect, but have not proven, that the sharp 1590 peak
wherel,, wo, T, andg, indicated in Figure 2c, are intensity, N the 632 nm Raman spectrum most probably comes from
renormalized frequency, broadening parameter, and the lineSemiconducting tubes in the same bundle.
shape parameter, respectively. After subtracting the BWF line  In electrical transport measurements, gas exposure affects
shape function, the remaining spectrum suggestively looks like most significantly the carrier level and conductance of semi-
the Raman spectrum of 80y/H,0.-treated bundles with low  conducting nanotubes. However, in Raman measurement, this
power 632 nm excitation. Nevertheless the clear identification Nanotube-adsorbates interaction is expected to affect mostly
of these Raman lines needs further studly. the Raman scattering from metallic nanotubes, because only
The observed large change in Raman scattering from metallic metallic tubes have isoenergetic electronic states at the vibra-
carbon nanotubes upon doping and degassing can be rationalizetional energy~1590 cn™. The excitation of the 1590 crh
by considering the interaction with adsorbed oxidizing species. phonon by isoenergetic fast electrons was evidenced in a recent
The electrical conductance of SWNTs is very sensitive to high field electrical transport measurement on metallic SWHNTs.
exposure to gases such as Nibid NHs; 24 the large reversible In our experiment, the large Raman line shape change on doping
change in conductance observed was interpreted to result fromand degassing was observed with 632 nm excitation, which
charge transfer doping. We propose that a similar charge transfefProbes metallic nanotubes. We did not see the similar large
between SWNTSs and oxidizing doping molecules is responsible change with 457 nm excitation, which mainly excites semicon-
for our observed effects. Charge transfer between the carbonducting nanotubes. Note that an oxidative upshift in the
nanotube and the copper grid should be negligible because theyangential mode frequency for semiconducting tubes has been
have similar work functions. Apparently the lowered Fermi level reported for strong oxidation with adsorbed,Bt After we
causes the weaker 1540 chmetallic Raman line in HN@ exposed a degassed bundle te #apor for a few minutes, the
treated sample and the strong suppression of 1540 Braman broadened 1540 cm line disappeared with low power 632 nm
component in HSQY/H,0, treated sample. One might suggest €Xxcitation in air. Upon laser heating, the line returned as
two possible mechanisms for the effect of charge transfer on described before. This is further evidence for reversible oxida-
Raman scattering from metallic carbon nanotubes. One involvestion by adsorbates.
the change in resonant electronic absorption properties of This model of nanotubeadsorbate interaction is relevant to
SWNTs upon chemical doping, which has been reported by the resistivity difference between acid-treated and vacuum
some group$22° However, we observed that ,H0O/H,0, annealed SWNT sample found by Smalley grétin their
oxidation produced no apparent change in the visible metallic study, acid-treated sample showed high conductivity, while after
electronic transition at low resolution, as observed in extinction vacuum annealing it exhibited low conductivity. In HMNO
spectra of SWNT suspensions. This implies that the oxidized treated SWNT sample, we expect that charge transfer due to
Fermi level lies above the = 1 state in the valence band. SWNT-doping molecule interaction oxidatively dopes nanotubes
Rather, oxidative doping seems to affect the phonon structureand makes ensemble sample more conductive. Once vacuum
and coupling to isoenergetic electronic states above the shiftedannealed, the sample is degassed and undoped, and shows higher
Fermi level. A Fano line shape that depends sensitively on resistivity.
doping level has been observed in n-type degeneratively doped B. Power-Dependent Raman ScatteringWith degassed
Si2! Also the 632 nm breathing mode Raman scattering is sample, we measured the Raman spectra of SWNT bundles at
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Figure 4. Power dependence of Stokes Raman scattering intensity from
Laser Intensity (kw/cmz) a single degassed SWNT bundle for (a) metallic peak at 154G cm
. . . . and (b) radial breathing mode. Inset to (b) shows the power dependence
Figure 3. (a) Radial breathing mode Stokes (shown as positive Raman of preathing mode anti-Stokes Raman intensity for the same rope.
shift) and anti-Stokes (shown as negative Raman shift) Raman spectra
of one degassed SWNT bundle at 44 kw#ofinottom) and 220 kw/ temperature is around 750 K. The sample temperature can also
cn? (top) excitation intensity. Their relative intensities follow a linear pe obtained on the basis of the frequency shift of the sharp
rela_tion to exci_tati_on _intens_it_y (see Figure_ 4). (b) Sample_ temperature 1590 cnt! mode in semiconducting tub&sThe frequency
at dn‘feren_t excitation intensities as det_ermlngd on_the basis of breathing shift of the 1590 cm! mode in our measurement is about 10
mode anti-Stokes-to-Stokes Raman intensity ratio. ) . .
cm~! from lowest power to highest power, which corresponds
different 632 nm excitation intensity. Figure 3a shows two to temperature change of about 300 K, consistent with that
typical Raman spectra of the breathing mode for a same bundlepredicted from Raman anti-Stokes-to-Stokes ratio for metallic
at excitation intensity 220 and 44 kw/énrespectively. The tubes.
tangential mode Raman spectra are similar to those shown in In Figure 3a, temperatures at 44 and 220 kw#/excitation
Figure 2. With increasing power, the Raman peaks are down-intensity are 350 and 750 K, respectively. Due to the low
shifted due to temperature effect. Unlike degassing, this changevibrational energy of the RBM, the vibrational population
is reversible. changes substantially over this temperature rangé4¢o and
In ensemble experiments SWNT sample temperatures were68% of tubes are in excited RBM vibrational states at 350 and
reliably predicted on the basis of the ratio of the radial breathing 750 K, respectively) and the Stokes and anti-Stokes Raman
mode (RBM) anti-Stokes-to-Stokes Raman inten&iti.his signals are superpositions of many vibrational transitions.
result implies that the Stokes and anti-Stokes cross sections havé{owever, peak shapes and widths are observed not to change.
the same temperature dependence. Thus, we used RBM ratidlrhis observation suggests that RBM is quite harmonic.
to determine the sample temperature, assuming that the tem- The Stokes Raman intensity of both tangential 1540 and 1590
perature at lowest power level i8300 K. This eliminates the ~ cm™! modes, and the RBM, are linear functions of excitation
need to calibrate the absolute response to these two Raman peakatensity, as shown in Figure 4. For tangential modes at 750 K
in CCD efficiency, notch filter transmittance, and other optical the ratio ofv = 1 to v = 0 population is about 0.05. The linear
components. The calculated bundle temperature at differentdependence of tangential mode Stokes Raman suggests that 0
power levels is plotted in Figure 3b. The data suggest a linear — 1 tangential mode Raman cross section is a constant over
relation except for a temperature jump at the highest power level. the temperature range from 300 to 750 K. For RBM, because
It should be pointed out that it is difficult to get a precise relation of its weak anharmonicity, all the RBM Stokes transitions
because of the thermal drift of the bundle in the laser focusing originating from different vibrational states appear superim-
spot. At the highest excitation power 220 kw&mur sample posed. The linear dependence of RBM Stokes Raman suggests
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that the average of Raman cross sections from different  (4) Saito, R.; Fujita, M.; Dresselhaus, G.; Dresselhaus, MA[I.
vibrational states does not change with temperature from 300 Phys: Lett1992 60, 2204.

s . . . 5) Saito, R.; Dresselhaus, G.; Dresselhaus, MPI§sical Properties
to 750 K. This is consistent with the previous ensemble stédy. of c(ar)bon Nanotubedmperial College Press: Singa?ore, 1998?

Anti-Stokes Raman of RBM, as expected, does change more  (g) Rao, A. M.; Richter, E.; Bandow, S.; Chase, B.; Eklund, P. C.;
than linearly with the excitation intensity, as shown in the inset wiliams, K. A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, A,;
of Figure 4b. However, if the temperature effect on the Smalley, R.E.; Dresselhaus, G.; Dresselhaus Micncel997 275, 187.
vibrational population is considered, we get a constant anti- ,(7) Rao, A.-M.;Bandow, S.; Richter, E.; Eklund, P.Thin Solid Films

Stokes R i the t t . 1998 331, 141.
OKesS Raman Cross section over tne temperature range in our (8) Pimenta, M. A.; Marucci, A.; Brown, S. D. M.; Matthews, M. J.;

experiment. Rao, A. M.; Eklund, P. C.; Smalley, R. E.; Dresselhaus, G.; Dresselhaus
M. S.J. Mater. Res1998 57, 4145.
Conclusion (9) Saito, R.; Takeya, T.; Kimura, T.; Dresselhaus, G.; Dresselhaus

_ _ M. S.Phys. Re. B 1998 57, 4145.
We have found that the Raman scattering of metallic carbon  (10) Pimenta, M. A.; Marucci, A.; Empedocles, S. A.; Bawendi, M. G.;
nanotubes depends sensitively on the processing conditionsHanlon, E. B.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.; Dresselhaus, G.;

Charge transfer due to the interaction of carbon nanotubes withPresselhaus M. Shys. Re. B 1998 58, R16016. _
o . . (11) Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, U.; Suzuki, S.;
oxidizing adsorbates is proposed to be responsible for the onisyka, v.: Achiba, YSynth. Met1999 103 2555.

irreverSible. Raman .chang_e upon deg?SSing _the acid-treated (12) Duesberg, G. S.; Blau, W. J.; Byrne, H. J.; Muster, J.; Burghard,
sample. This model is qualitatively consistent with the conduc- M.; Roth, S.Chem. Phys. Lettl999 310, 8.
tance change of gas-exposed SWNTs in electrical transport (t13)J KTDEIDDI, K, KCelTpp,HH-;lCOHE, g-: I,\B/Irown, _S-AD-DM-; Shl?]fer, KG
: : otz, J.; Pereiman, L. 1., Hanlon, E. b.; Maruccl, A.; bresselnaus, G.;
measurement. Further, the Raman cross section of SWN_Ts IS &resselhaus M. Phys. Re. Lett. 2000 84, 3470.
constant in the temperature range 309150 K, and the radial . (14) Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.: Peng, S.:
breathing mode is found quite harmonic. The large change in Cho, K.; Dai, H.Science200Qq 287, 622.
Raman scattering from metallic carbon nanotubes suggests that (15) Collins, P. G.; Bradley, K.; Ishigami, M.; Zettl, Acience200Q
the metallic peak at 1540 crh does represent the coupled 28?1;;30;; o A G Lt 1 Dai M. Nikolacu. P Huffman. C. B
H H H : H Inzier, A. ., Ly J.; Dal, H.; NIKOlaev, P.; Aumman, C. b.;
eIectromc-phonon scetterlng. More. investigation of Ra.man Rodriguez-Madias, F. J.: Boul. P. J.: LU, A. H.. Heymann, D.: Colbert, D.
scattering from metallic nanotubes is under way to elucidate T.; Lee, R. S.; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.
the exact mechanism of their unigue Raman scattering proper-Appl. Phys. AL998 67, 29.
ties. (17) Rinzler, A. G.; Hafner, J. H.; Nikolaev, P.; Lou, L.; Kim, S. G.;
Tomanek, D.; Nordlander, P.; Colbert, D. T.; Smalley, RSEiencel995
- 269, 1550.
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