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During the past few years, resonant Raman spectroscopy has
been developed into a powerful tool for characterizing the structure
of carbon nanotubésParticularly, it was demonstrated that by
comparing the experimental resonant enefgyand the radial-
breathing mode (RBM) frequencyrew With the theoretically
calculated Kataura plot, it is possible to determine the chirality)(
of an individual single-walled nanotube (SWNZAs these values

can be significantly affected by the surro_unding_ env_ir_onnjent_of a Figure 1. (a) Schematic illustration for a SWNT lying on a patterned SiO
SWN_T’ to ensure t_he accuracy of _the Chlra“ty ldentlflcatlon_,_lt IS substrate. Our samples have various trench widths. All the data presented
very important to find out how various environmental conditions  here are from nanotubes lying over ther wide trenches. (b) SEM image
alter theE; or wggm values. Recent studies have shown that the of the ultralong carbon nanotube sample used for the Raman investigations.
wraw Values are relatively insensitive to the type of wrapping agents (¢) High-resolution SEM image of one SWNT lying over the trenches. (In
surrounding the nanotube in a solutWarious calculations have e SEM image, lighter color indicates the trench.)
predicted changes in the electronic band structure of nanotubes
under strairf.Raman frequency shifts due to applied uniaxial strain
have also been observednother important source of perturbation
is the van der Waals interactions with the substrate. However, it is
still an open question to what extent these interactions will affect
the SWNT'SE; or wrgm.
In this paper, we report on the frequency shift of the Raman P A = Z
spectra taken at different locations along the same SWNT, showing 1580 o st (e 150 200
different results when the SWNT is freely suspended or when (a) (b)
interacting with the substrate. The substrates used in this study arerjgure 2. Typical Raman spectra of the same SWNT with the laser spot
silicon wafers with thermal oxide on the surface, which contains moving along the tube from the middle of the trench to the left side. (a)
renches (300 m deep 50,m wide) dbricared by prolinog: | SIGGIC fomss ST o 2ue n )R e,
raphy and _dry etching (Flgurg b. Well separated, individual Io_ng mov]ng?n a béckwa)rd direction, and tghe right insegt shows the RBM spepctra
SWNTs with a controlled orientation were grown by catalytic hen the laser beam moves from the middle of the trench to the right side.
chemical vapor decomposition (CVD) of ethah(dee Supporting
Information for details). An SEM image of the carbon nanotubes substrate. Each step is 500 nm, and the Raman spectrum taken at
thus obtained is shown in Figure 1b. As shown by atomic force each location is plotted with a different color. Graphs a and b in
microscopy (AFM), nanotubes are suspended over trenches narigure 2 show the region near the G-band and RBM, respectively.
rower than 3um (see Figure 1c and Figure S1). In the inset of Figure 2b, Raman signals are taken with the focusing
Raman spectra of the same SWNTSs were collected and comparedpot moving from the middle of trench to the right side. Figure 2b
as the laser beam moved along the nanotube. With an excitationand its inset demonstrated similar results, indicating that this kind
energy of 1.96 eV (633 nm), all the SWNTs that came into of Raman frequency variation is intrinsic to the nanotube. For most
resonance demonstrated a stronger signal for the suspended padf the Raman spectra of the SWNTSs in this study, there is no
than the part sitting on the SjGurface, which is consistent with  observable D-band, demonstrating the high quality of these SWNTs
what has been reported in the literatdr®ore interesting, for and, in addition, excluding the possibility that this kind of shift is
several of the nanotubes, the Raman signals (RBM and G-band)due to the defects in the nanotubes. Along with the frequency shift,
showed an obvious upshift in the frequency@fzy andws when the intensity changes monotonically, and it is more than 20 times
the laser beam was moved from the middle of the trench to the stronger for the suspended part of the SWNT than that sitting on
SiO; surface along the nanotube axis. These shifts could be as largetop of the SiQ surface. There are two possible reasons giving rise
as 12 cm! and appear to be observed with nanotubes having to the intensity variation: the first is that the resonant endggy
relatively large diameter, that is, close to 2 nm. changed when the nanotube is sitting on top of the, @&&rompared
Figure 2 shows representative Raman spectra of a SWNT with to the freely suspended part due to the van der Waals SWNT
a diameter of~1.8 nm. Numbers 47 label the position of the SiO; interactions’ and therefore, the freely suspended part is in
laser spot moving from the middle of the trench to the SiO stronger resonance than the part having interactions with substrate;
t Peking University. the second is that the substrate interaction suppresses the Raman
# Massachusetts Institute of Technology. intensity. Currently, we are studying these samples with a tunable
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Figure 3. The dependence ohwgrgm On di. Three types of symbols
represent three types of SWNT& (¢ mmod3= 0, (h — mmod3= 1,
and fi — m)mod3= 2). Inset isAwrsm versus the chiral angle for three
SWNTSs with similar diameter. Symboisindicate that three SWNTs ((17,4)
and two (16,6)) are too close to be identified in the figure.

excitation source around 633 nm to identify the main reason for
the intensity variation.

Compared with the intensity changes, the frequency shift,
especially the RBM shift, appears to be rather surprising. If we

take the Raman frequency of the freely suspended part as the

intrinsic “reference” point, the upshift of the signals on S@ppear

to be a “mode hardening” effect. A number of possibilities can
lead to this hardening effect. The first is a heating effechere

the frequency downshift for the suspended part over the trench

indicates that this part should experience a severe heating effect

compared to the part on the Si®However, from our studies (data
not shown), since the absorption cross-section of a SWNT is very

small, only nanotubes that are supported on a substrate can be heate
by laser beam through the heating of the substrate. In addition, we

have tried different laser power levels at the same locations, and

the peak frequencies did not change when changing the laser powe

(See Figure S2 in Supporting Information), thus eliminating the

suggested that radial deformation is chirality depenéénn
addition, in Figure 3, most of the large shifts are relatednte-(
m)mod3 = 2 semiconducting nanotubes (marked with green
diamond), which indicates this effect is not universal but is rather
specific to a particular type of nanotubes.

In our observed frequency shifts, there does not appear to be a
correlation between the magnitude Aforgm and Awg. Previous
work has suggested that under axial strain, the relative change of
wgew IS related to the corresponding shift of the+ as Awrew/
wrem = 0.1%Awe+/ws+. 13 This result is quite different from our
experiment. The G-band, related to the carboarbon stretching
motion in the tangential direction of the nanotube, is sensitive to
axial strain, while the RBM depends primarily on strain in the radial
direction since it corresponds to the in-phase vibration of carbon
atoms in a direction perpendicular to the tube axis. So a relatively
larger Awrgm and a relatively smalleAwgs in our experiment
indicate that the origin of strain in our system is mainly driven by
radial deformation. Additionally, in a recent wotlexamining the
axial strain of SWNTs by AFM manipulation, thergy remains
unchanged even when the shift®§ is as large as 40 crh. The
striking contrast between their results and ours further confirms
that it is radial strain that plays a predominant role for the shift of
the wgrpwm IN OUr experiment.

In summary, we have observed a dramatic Raman frequency
variation for the same SWNT due to its radial deformation when
lying on the substrate. The effect is more obvious with larger
%iameter nanotubes and appears to be chirality dependent. Our
results shed new light into environmental effects on the properties
of carbon nanotubes, and further investigations are underway to
I[eveal theE; variations due to these interactions with substrates.
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to shift due to the transfer of charge carriers. However, considering
the fact that SiQ is a rather insulating material, the frequency
upshift on SiQ compared with the freely suspended part implies
significant electron donation from Sj@o the nanotubes, which is
very unlikely. The last possibility, which we think plays a primary
role in our system, is radial deformation induced by nanotube
substrate van der Waals interactiénshich destroy the idealized
shape of a free tube and distort the SWNT cross-section from a
circle to an ellipse. Moreover, considering the high temperature
process during nanotube preparation, an enhanced narotube

Supporting Information Available: A description of the sample
preparation; an AFM image of the suspended nanotubes (Figure S1);
laser power dependence of the RBM frequency shift (Figure S2);
summary of the frequency shifts and chirality assignments (Table S1);
and complete author list of references. This material is available free
of charge via the Internet at http:/pubs.acs.org.
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