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In thiswork,we have studied the resonanceRaman spectra of 17

single-wall carbon nanotube (SWNT) serpentines, using a

532 nm laser. Each serpentine consists of a series of straight,

parallel, and regularly spaced segments, connected by alternat-

ing U-turns formed on top of crystalline miscut quartz. The

interaction between the SWNT and the substrate affects the
properties of nanotubes, generating different behaviors of the

G-band.We observed variations in the G-band frequency along

the SWNTs, which can be organized into three different groups,

as a result of different types of interaction with the substrate,

generated during the deposition of the SWNTs.
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1 Introduction Carbon nanotubes have been one of
the most studied materials in the last 20 years, playing
important role in the development of nanoscience. Their
electronic and optical properties are promising for several
technological applications [1]. The contact with a substrate
can significantly change the nanotube and these interactions
have been widely studied in the literature [2–22].

The development of nanotube epitaxy combined with
the controlled application of external forces can generate
complex carbon nanotube structures [16, 19–21]. The effect
of nanotube–crystalline substrate interaction can be con-
trolled and measured along the same physical nanotube; i.e.,
the tube–substrate interaction can be tuned by changing the
tube–substrate orientation [22]. The effects on the electronic
and vibrational properties of the single-wall carbon nano-
tubes (SWNTs) were observed using resonance Raman
spectroscopy and electric force microscopy, clearly indicat-
ing periodic changes on the tube–substrate interaction.
SWNT serpentines seem to generate a set of alternate doped-
undoped tube segments, which creates complex superlattices
through substrate interactions.

In this work we extend our study of the Raman spectra of
SWNTs grown on quartz substrate with the serpentine
morphology. Through the spectra collected along the tubes,
weobserved different behaviors of theGþ band alongSWNT
serpentines and this behavior can be separated into groups, as
discussed here.

2 Experimental details Carbon nanotube serpen-
tines were grown by catalytic chemical vapor deposition
(CVD) on miscut single-crystal quartz wafers, as previously
reported [16]. The resulting vicinala-SiO2 (1 1 0 1) substrate
is insulating, and terminated with parallel atomic steps [16].
The Raman spectroscopy experiments were performed at
room temperature in air at various points along the SWNT
serpentines. Raman spectra of the sample were measured
in the laser excitation wavelength (energy) of 532 nm
(2.33 eV). The light was focused on the sample using a
100� objective. Raman spectra were measured on an
ALPHA 300 spectrometer from WITEC equipped with
charged-coupled device (CCD) detector.

3 Results and analysis We measured the Raman
spectra of 17 serpentines. Their Raman spectroscopy
behavior can be separated into three groups: (i) frequency
has its maximum value at the center of straight segments
along the steps and minimum at the center of the U-shaped
segments [22], (ii) frequency changes very little, and
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(iii) frequency ‘‘jumps’’ at certain points in the SWNT
serpentines. These three cases represent 30, 12, and 58%,
respectively, of SWNT serpentines measured. Below we
present each case.

Figure 1a shows the spectroscopic image of the G-band
of SWNT serpentine on quartz substrate. We took spectra at
different locations along the same carbon nanotube serpen-
tine, as shown by the 150 locations indicated by the pointers
in Fig. 1a. Figure 1b shows the frequency behavior for theGþ

band along the SWNT. The Gþ band frequency changes
along the SWNT serpentine. Clearly, the vþ

G is observed to
oscillate, showing maxima at the center of the straight tube
segments (labeled Si in Fig. 1a) and minima at the center of
Figure 1 (online color at: www.pss-b.com) (a) Spectroscopic
image of the G-band of SWNT serpentine on quartz substrate using
the laser wavelength of 532 nm (Elaser¼ 2.33 eV). The growth
direction of the single-wall carbon nanotube serpentine is from
bottom-right to top-left. (b) TheGþ frequency of a SWNTobserved
in all points indicated by the pointers in (a) as a function of the
distance s measured along the SWNT. Si and Ujk locate the center
of the straight segments and U-turns, respectively, showing that
the frequency changes are correlated with the tube–substrate
morphology.

www.pss-b.com
the U-turns (labeled Ujk in Fig. 1a), in accordance to
observations reported in Ref. [22]. This variation in the
higher frequency Gþ feature (�1588–1608 cm�1) is clearly
related to the tube–substrate interaction resulting from the
tube–substrate morphology and formation dynamics [22].
Notice that a departure from this minima/maxima oscillatory
behavior is observed at s�75mm in Fig. 1b. This anomalous
vþ
G behavior is consistent with the departure from the

serpentine-like morphology observed in the top-left
of Fig. 1a, see structure (1a) and vþ

G (1b) from U13–14 to
U10–11. Departure from the oscillatory behavior is also
observed for s�30mm in Fig. 1b. However, in this segment
in U (U5–6), Fig. 1a shows no interruption in the serpentine-
like morphology. The Raman frequency indicates there must
be a local change in the tube–substrate interaction nearU5–6.

Figure 2a shows the second case. We took spectra at
different locations along a single nanotube serpentine, as
shown by the locations indicated by the pointers in Fig. 2a. In
Fig. 2b, the vþ

G frequencies are plotted as a function of the
distance s (Fig. 2a), which is measured along the SWNT. In
Figure 2 (online color at: www.pss-b.com) (a) Spectroscopic
image of the G-band of a SWNT serpentine on quartz substrate
using the laser wavelength of 532 nm (Elaser¼ 2.33 eV). The growth
direction of the single-wall carbon nanotube serpentine is from top-
left tobottom-right. (b)TheGþ frequencyof thisSWNT,observed in
all points indicated by pointers in (a) plotted as a function of the
distance smeasured along theSWNT.Observe the small variation in
the Gþ band frequency.
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this case, the Gþ frequency changes are small, indicating a
reduced (or absent) interaction with the substrate.

Finally, Fig. 3a shows the spectroscopic image of the G-
band of a SWNT serpentine on quartz substrate representing
the third case. Again, we took spectra at different locations
along a single nanotube serpentine, as shown by the locations
indicated by the pointers in Fig. 3a. In Fig. 3b, the vþ

G

frequency for this SWNT is plotted as a function of the
distance s (Fig. 3a), which ismeasured along the SWNT. The
Gþ band frequency changes abruptly near the point indicated
by the white arrow (Fig. 3a). In this point, some imperfection
in the substrate fixes the tube, creating an abrupt change in
frequency. Notice, this SWNT grows from the bottom-right
to the top-left, in Fig. 3a,which representsmoving from s¼ 0
to s! 50mm in Fig. 3b. It is known that uniaxial strain in
SWNTs reducesvþ

G [23–25]. This is consistentwith a picture
where the fixed point in s�30mm would increase the strain
Figure 3 (online color at: www.pss-b.com) (a) Spectroscopic
image of the G-band of a SWNT serpentine on quartz substrate
using the laser wavelength of 532 nm (Elaser¼ 2.33 eV). The growth
direction of this single-wall carbon nanotube serpentine is from
bottom-right to top-left. (b) The Gþ frequency of this SWNT,
observed in all points shown in (a), plotted as a function of the
distance s measured along the SWNT.
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on the tube after this point, induced by the growth procedure
(‘‘falling spaguethi’’ [16]).

4 Conclusions In summary, we have measured a
SWNT-substrate system where the crystalline substrate can
strongly affect the G-band frequency in three different ways,
as a result of different types of interaction with the substrate,
generated during the synthesis of SWNT serpentines.

For the first case (Fig. 1), the Gþ peak frequency is
maximum at the center of the straight segments and lowest in
segments through the steps of the substrate. The frequency
variation can be explained by the strong tube adhesion to the
substrate in the flat and the strain created during the synthesis
of SWNT serpentine.

In the second case (Fig. 2), the SWNTs do not show a
significant variation in the Gþ peak frequency. There are just
fluctuations in the small interaction between the carbon
nanotube and the substrate.

In the third case (Fig. 3), theGþ peak frequency ‘‘jumps’’
at certain points in the SWNT serpentines. The tube can be
stuck on imperfections in the substrate during the deposition
of the carbon nanotube on the substrate, which creates great
tension in the tube. Thus, the Gþ peak frequency has a
downshift in the region which follows the fixed point. The
observation of such effect led us to perform nanomanipula-
tion experiments, where we wanted to test what happens to
these ‘‘imperfection’’ points. What we see is that, when you
strain the tube, the side you are stressing exhibits changes in
the Gþ frequency, while the rest of the tube after the fixing
point remains unchanged. Strain depends not only on the
tube–substrate interaction but also on the dynamics of the
serpentine formation process, which involves a competition
between the tube–surface interaction and the gas-flow-
related drag forces [16]. Due to the strong interaction
between the SWNT and the substrate after the fixed pointed,
the Gþ peak frequency has a downshift showing the strain
effect.

Unfortunatelywe cannot relate the three different groups
with any known parameter. We believe the different types of
interaction are related to the growth dynamics of the
serpentine formation process [26] and local aspects (such
as local charging) that we do not control.

Finally, it is important to state that, on the three cases, our
Raman spectroscopy results show the complete absence of
the disorder induced D-band peak (�1300 cm�1), which is
normally observed in defective sp2 carbon materials [4].
Furthermore, in all cases where the RBM peak is present,
their frequencies are always unchanged along the whole
SWNTs serpentines. For the G� peak, they also exhibit
changes, but because of its generally less intense profile, it is
harder to define the G� behavior.
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