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In this work, we have studied the radial breathing mode (RBM)

resonance Raman spectra of single-wall carbon nanotube

serpentines. 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. We

compare our vRBM and Eii values with the results in the

literature and find a strong environmental effect related to the
tube–substrate interaction. We establish experimentally the

vRBM ¼ ð227=dtÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð0:082� 0:009Þd2t

p
relation between

RBM frequency (vRBM) and tube diameter (dt), with a

100� 30meV downshift in the optical transition energies with

respect to the Eii values measured for the standard ‘‘super-

growth’’ samples.
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1 Introduction The Raman spectroscopy technique
has been widely used to characterize single wall carbon
nanotubes (SWNTs) and graphene [1]. The mapping
technique based on Raman spectroscopy makes it possible
to spatially resolve the SWNT related to specific Raman
features, such as the radial breathing mode (RBM) and the
tangential modes (G-band), thereby facilitating the study of
local environmental effects on the Raman features from one
single SWNT. For example, effects introduced by SWNTs
sitting on substrates have been studied through comparative
lineshape analysis of freely suspended SWNTs crossing
tranches versus sitting on substrates [2, 3]. The RBM feature
corresponds to the coherent vibration of the C atoms in the
radial direction, as if the tube was ‘‘breathing.’’ The RBM
frequency (vRBM) can be used to obtain the nanotube
diameter (dt), to probe the electronic structure through its
intensity (IRBM) and, consequently, to perform an (n,m)
assignment of a single isolated SWNT from the analysis of
both dt and IRBM [4]. It is useful to have the so-called Kataura
plot [5] (Eii vs. dt) on hand when acquiring the RBM spectra
from a SWNT sample for making the (n,m) assignments of
individual isolated SWNTs.

The (n,m) identification of an individual single-walled
carbon nanotube can be significantly affected by the
surrounding environment. To ensure the accuracy of the
chirality identification, it is important to find out how various
environmental conditions alter the Eii or vRBM values. There
are different results when the SWNT is freely suspended or
when it is interacting with the substrate [2, 3]. A class of
SWNTs, called ‘‘super-growth,’’ has their vRBM to dt relation
given by vRBM ¼ 227=dt [6]. These SWNTs follow a simple
linear relation between vRBM and dt, in agreement with
the elastic properties of graphite [7], and with a negligible
environmental effect [6, 8]. All the observed vRBM values
reported in the literature are upshifted from this fundamental
relation [8–17]. This upshift was explained based on the van
der Waals forces, which mediate the interactions between the
tube wall and the surrounding environment [6, 8]. Here we
show the experimental efforts made to establish the Eii and
vRBM of carbon nanotubes sitting on crystalline quartz, to
guide the (n,m) assignment of such samples.

2 Experimental details Carbon nanotube serpen-
tines were grown by catalytic chemical vapor deposition
(CVD) on miscut single-crystal quartz wafers, as previously
reported [18]. The resulting vicinala-SiO2 (1 1 0 1) substrate
is insulating, and terminated with parallel atomic steps [18].
Raman spectra were collected at room temperature in air at
various points along the SWNT serpentines. Here we use
three excitation laser energies: 1.58 eV (785.4 nm), 1.96 eV
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(632.8 nm), and 2.33 eV (532 nm). With the excitation
energies of 1.58 and 1.96 eV, the Raman spectra were
collected using a shamrock sr-303i spectrometer from
AndorTM Technology. Confocal Ramanmeasurements were
performed on an inverted optical microscope (Nikon –
Eclipse TE2000-U) with the addition of an x, y-stage for
raster-scanning the sample. For the laser line of 2.33 eV, the
Raman spectra were measured on an ALPHA 300 spec-
trometer from WITEC. Both systems are equipped with
charged-coupled device (CCD) detectors.

3 Results and analysis Figure 1a shows the optical
transition energies (Eii) for each (n,m) SWNTas a function of
the RBM frequency, i.e., the so-called ‘‘Kataura plot’’ for the
standard ‘‘super-growth’’ samples.Eii is ranging fromES

11 up
to ES

66 (here S stands for semiconducting tube; while M will
be used for metallic tubes). A Raman peak appears at a given
vRBM when resonance is established for a given carbon
nanotube in the sample [9]. The data in Fig. 1a use the
relation vRBM ¼ 227=dt [6] and the Eii values were obtained
using the equation [8, 19]:
� 20
Eiiðp; dtÞ ¼ 1:074
p

dt

� �
1þ 0:467 log

0:812dt
p

� �� �

þ
bp cos 3u

d2t
;

(1)
Figure 1 (online colours at: www.pss-b.com) Optical transition
energies(Eii)ofeach(n,m)SWNTplottedversustherespectiveRBM
frequencies, known as the Kataura plot. The optical transition
energies of semiconducting (circles) and metallic (stars) SWNTs
are shown. Up triangles represent RBM results obtained from
resonance Raman spectra, taken from carbon nanotube serpentines.
The y-axis coordinate is chosen by considering resonance at
Eii � Elaser. The x-axis is chosen by considering a correspondence
between vRBM and dt. (a) vRBM ¼ 227=dt for the ‘‘super-growth’’
standard sample [6], and Eii from Eq. (1); (b) Eq. (2) forvRBM with
C¼ 0.05786 nm�2 and Eii for the ‘‘alcohol-assisted’’ SWNTs
sample (see text and Refs. [6, 9]); (c) Eq. (2) for vRBM with
C¼ 0.082 nm�2 for carbon nanotubes on quartz and a 100meV
downshift inEiiwith respect to the standard ‘‘super-growth’’ values.
where p is defined as 1, 2, 3, . . ., 8 for ES
11, E

S
22, E

M
11, . . ., E

S
66,

respectively, and the values of b can be found in Refs. [8, 19].
Resonance Raman experiments were performed in the

SWNT serpentines. We have measured 38 SWNT serpen-
tines with the three laser lines and found RBMs in 13 cases
(up triangles in Fig. 1).With the excitation energy of 1.58 eV,
we found seven SWNT serpentines with RBM. In the
1.96 eV laser line we found three SWNT serpentines with
RBM and with the excitation energy 2.33 eV we found three
SWNT serpentines with RBM. These experimental data
have been included in the Kataura plots of Fig. 1 by
considering their vRBM as measured, and resonance
condition satisfied byEii �Elaser. The (n,m) assignment for
the observed RBMs (up triangles in Fig. 1a) cannot be
performed using the standard ‘‘super-growth’’ Kataura plot
because several up triangles fall in regionswhere there are no
corresponding Eii values from any SWNT (no matching
between triangles and circles). Both vRBM versus dt relation
and the Eii values have to be rescaled due to the substrate
interaction.

The Eii data in Fig. 1b stand for the ‘‘alcohol-assisted’’
SWNT samples [9] and use the relation:
vRBM ¼ 227

dt

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Cd2t

q
(2)
with C¼ 0.05786 nm�2 [6]. The optical transition energy
values were obtained using Eq. (1), but with different
proportionality constants for addressing different samples,
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
i.e., 1.049 instead of 1.074 and 0.456 instead of 0.476 [8, 9].
These new values, as well as different b values, were found
for the ‘‘alcohol-assisted’’ SWNTs [9], and we use them
here because they are representative for several results in the
literature [8], with an average downshift of �40meV with
respect to the ‘‘super-growth’’ SWNTs. We see that the
(n,m) assignment for the RBMs (up triangles in Fig. 1b)
cannot be performed using the ‘‘alcohol-assisted’’ SWNTs
either.
www.pss-b.com
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The Raman-based (n,m) assignment can be performed
using Eq. (2) by properly adjusting the constantC [6] and the
optical transition energies. Figure 1c shows the matching
between the Kataura plot and all RBM data using Eq. (2)
with C¼ 0.082 nm�2 and a 100meV downshift in Eii.
Any values in the range C ¼ 0:082 � 0:009 nm�2 and a
100 � 30meV downshift in Eii give a reasonable fit to the
data.

4 Conclusions In summary, we have measured a
SWNT-substrate system where the crystalline substrate
strongly affects the RBM frequency and resonance energies.
For making the (n,m) assignments for the SWNTs on
crystalline quartz miscut with the Raman technique, we have
two parameters (Eii and C) to adjust in the Kataura plot:
(i) The carbon nanotube-substrate exhibits a vRBM(dt)
relation according to Eq. (2), with C¼ 0.082� 0.009 nm�2

and (ii) a downshift of 100� 30meV in Eii with respect to
the standard ‘‘super-growth’’ values [6, 8, 19]. These values
cannot be changed arbitrarily because the Eii versus dt
relation is nonlinear.

To understand the effect of the environment on vRBM

and Eii we have compared our results with others available
in the literature. The C was found to be 0.05786 nm�2

for the ‘‘alcohol-assisted’’ sample [6] and equals to
C¼ 0.082� 0.009 nm�2 for the SWNT serpentine on
crystalline quartz. In general, the vRBM measured here are
higher than all values reported in Ref. [8]. Furthermore, the
Eii values for the SWNT serpentines on crystalline quartz
measured here are lower than all values published in the
literature. These results suggest a stronger interaction
between tube and crystalline quartz substrate as compared
to other types of samples. This is reasonable, since at tube-
growth temperatures, it is expected to have exposed
unpassivated Si atoms in the crystalline quartz [20]. In this
case, the tube–substrate interaction is expected to exhibit
covalent Si–C bonds [21–24].

For the optical transition energies Eii, as predicted by
Miyauchi et al. [25], an increase of the dielectric constant of
the environment generates a downshift in Eii. The usually
obtained results generate a downshift of about�40meV [8].
Again, the shift we observed is stronger. Finally, it has been
shown recently that Eii shifts caused by the environment
usually depend on dt and Eii [26]. To perform such a detailed
analysis in our samples, resonance Raman experiments are
being performed and will be published elsewhere.
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