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Carbon nanotubes are attractive materials with numerous possibilities of applica-
tions in various domains. Nevertheless, pertinent characterization studies are
required in order to insure reproducibility in preparation, handling and incorporation
in devices. Several spectroscopic tools have been developed so far, such as trans-
mission electron microscopy and near-field electrical microscopy. Optical techniques
have also been improved with the use of Raman Scattering, Surface Enhanced
Raman Scattering (SERS) and near-field optical spectroscopy (SNOM). These
non-destructive techniques have been used for nanotubes after synthesis and
exploited to follow the modifications of their spectroscopic features when they are
functionalized or embedded in host matrices. In this paper, we show that, by using
SERS conditions, a new effect is observed: a ‘‘single-beam pumped” Coherent
anti-Stokes Raman Scattering (CARS). We demonstrate that under a tight—
Sfocusing of the excitation light, this emission, resulting from a wave mixing process
between the incident laser light (®,;) and Stokes Raman light (wy), is generated by a
Surface Enhanced Raman Scattering (SERS) mechanism. Since abnormal
anti-Stokes/Stokes intensity ratios are also observed for carbon nanotubes in
powders, we have investigated in details their behaviour as a function of several
parameters which include the excitation wavelengths, the laser power, the sample
support, as well as the presence of nanotubes in isolated or in bundled form. It
appears that resonance phenomena explain the anti-Stokes/Stokes intensity ratios
in the case of powders and that CARS is only observed when SERS conditions
are used. In addition, we have investigated other materials in which anomalies are
also observed. This is the case of poly(bithiophene) (PBTh) electrochemically poly-
merized on carbon nanotubes for which its main Raman line at 1450 cm™' is
enhanced, this enhancement being presumably generated by the plasmon excitation
of metallic tubes. In the case of PEDOT, the analysis of the anti-Stokes branch
provides additional information on the functionalization of carbon nanotubes with
this polymer.

Keywords Carbon nanotubes; CARS emission; hybrid carbon nanotube/
conjugated polymer materials; Raman scattering
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1. Introduction

Since their discovery in 1991 by Iijima [1], carbon nanotubes have been extensively
studied in particular by using two major techniques, i.e., high resolution Trans-
mission Electron Microscopy (HR-TEM) [1] and Resonant Raman Scattering
[2,3]. Since the very beginning, the vibrational modes of carbon nanotubes have been
calculated on the basis of the extended knowledge acquired in graphite and/or gra-
phitic compounds [4]. Let us recall that in the particular case of single walled carbon
nanotubes (SWNTs), three domains of frequencies are of primary interest: i) in the
low frequency range 150-300cm ', where the radial breathing modes are observed;
ii) the high frequency range, 1400-1700cm ™', where we find the tangential modes
and iii) between 1300 and 1400cm ™' where the so-called “D” band is recorded.
The two former domains of frequencies are used to determine the diameter distri-
bution on one side and their electronic structure on the other side, respectively
[2,3]. The “D” band is used as a probe for defects in graphite [5] or carbonaceous
compounds. It results from a double resonance process as demonstrated in Ref. [6].

Besides the usefulness of resonance Raman scattering as a tool for a good
characterization of SWNT samples, several questions remain concerning the environ-
ment, since SWNTSs can exist in several forms, i.e., isolated or in bundles, functiona-
lized, accommodated in host matrices or in solutions, etc....This has never been
controlled completely and therefore, the quantitative determination of the diameter
distribution, as well as the electronic properties of the studied tubes, remain sometimes
imprecise. Despite the fact that several attempts have been made to determine the
spectroscopic features of isolated tubes [7], data remain dispersed in literature.

Surface Enhanced Raman Scattering (SERS) has also been extensively utilized in
several cases to investigate nanotubes, mainly to benefit from a strong signal ampli-
fication whenever individual tubes had to be studied [8,9]. However, by using SERS
conditions, i.e., by using rough Au or Ag metallic substrates on which samples are
deposited, new phenomena have been discovered. For example, in the case of crystal
violet (CV) or rhodamin, K. Kneipp and co-workers [9] reported a quadratic
behavior for the anti-Stokes signal as a function of the laser power, whereas the
Stokes signal follows an usual linear law. This phenomenon was also observed in
the case of SWNTSs. This was interpreted by an over population of the first excited
state induced by spontaneous surface enhanced Raman scattering [9]. But more
recently, it was demonstrated that these results may be explained by a new phenom-
enon, namely a single-pumped coherent anti-Stokes Raman scattering (CARS)
mechanism [10]. This was shown by measuring the anti-Stokes Raman band inten-
sities which exhibit abnormal behavior compared to what is expected from the
Mawzxell-Boltman law, even at high frequencies. This is not restricted to SWNTs.
Anomalies have been observed in other compounds such as conjugated polymers
deposited on SWNTs used as nano-structured supports. A few examples are
described briefly in this paper.

2. Results and Discussion

The CARS-type phenomenon [11] can be observed if the excitation energy coincides
with the energy of electronic transitions. This is a requirement for generating
non-linear processes since the dielectric susceptibility 5 turns out to be different
from zero. CARS is generally described as a four-wave mixing process in which
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the anti-Stokes light (w,) results from the parametric coupling of the incident laser
light (), the Stokes light (ws; @y < ;) and a probe light (wp). if w; = w,,, the CARS
experiments appear as a degenerate four-wave mixing process that reduces to an
energy transfer between the two pump waves, w; and ws which are, in general,
supplied by two independent lasers or are generated by parametric frequency conver-
sion. In our case where we use a simple experimental set up under conditions of tight
focusing of a single laser excitation beam [10], the second pump wave is achieved by:
1) the Surface Enhanced Raman Scattering (SERS) mechanism that supplies the
pump light discretely distributed over all Raman transitions and situated in a broad
spectral range and ii) the use of only one laser light with a wide emission band, which
passed through a dispersion system — diffraction grating — simultaneously supplying
the two pump waves, w; and ws. In the former case, the SERS mechanism operating
over a wide spectral range furnishes o, for all Raman lines while in the latter case, wj
is determined by the spectral width of the exciting light, so that the CARS effect is
limited to low-wavenumber vibrational modes situated in the range of 50-400cm ™.

In the plane-wave approximation and for a non-absorbing medium, the CARS
intensity depends on several parameters and non-linearly on the incident pump
intensity I;:

Tears o NawZ d?]y®) P21 sinc? (|Ak|d /2) (1)

in which y® is the third order nonlinear dielectric susceptibility, d is the sample slab

thickness, sinc(x) means sin(x)/x and Ny is the numerical aperture of the collecting
lens. The coherent nature of the CARS process is reflected by fulfilling the
phase-matching condition |Ak|-d«m where Ak =k, — (2k, —k;) and k,, ks and k,,
are the wave vectors of the anti-Stokes, Stokes and pump light, respectively. For
condensed media, if the beams cross at an angle 0, the small dispersion of refractive
index makes Ak =~ 0 over small paths. For tightly focused beams, the requirement of
phase matching relaxes, being no longer sensitive to the Raman shift and so a CARS
spectrum can be observed at an angle 0,4 larger than the Stokes angle 6 . Therefore,
the challenge is to demonstrate that at resonant laser excitations, when the excitation
light coincides with an electronically allowed transition (x'® # 0), the intensity of the
anti-Stokes emission is enhanced according to Eq. (1).

The quadratic dependence of the anti-Stokes spectra intensity on the SWNTs
film thickness has been reported several times [9,10]. The abnormal anti-Stokes
Raman emission was measured by the ratio I,g/Igs, at Aex.=676.4 and 514.5nm
for the G band. We found values of 0.5 and 0.02 which are much larger than
2-1077 resulting from calculations. The asymmetric G band profile appearing at
676.4nm exciting laser light indicates the strong resonant excitation of metallic
nanotubes also noted by a higher value of the ratio I,s/Is.

Figure 1 discloses Raman spectra of SWNTs, recorded under similar conditions,
at an excitation of 676.4nm on two types of substrates, an Au surface used as a
SERS support (Fig. 1a) and a porous Si substrate (Fig. 1b). In Figure 1b, we have
also reported the anti-Stokes intensity calculated from the Stokes branch by using
the Maxwell-Boltzman law. Experimentally, these data confirm, as expected, that
for SWNTs film deposited on a porous silicon support, we are unable to produce
a SERS enhancement. Other parameters expressed in Eq. (1) for the CARS intensity,
like the film thickness, the numerical aperture of the microscope used to record
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Figure 1. Anti-Stokes and Stokes SERS spectra on SWNT films, A =676.4nm: (a) on a
rough Au support; (b) on a porous Si support.

micro-Raman spectra, the laser power, have been shown to be in agreement with the
CARS phenomenon, as reported elsewhere [10].

In the case of SWNTs in powders, differences in anti-Stokes/Stokes ratios have
been also observed, especially for radial breathing modes. An example in this sense
was reported in Ref. [12]. The radial breathing modes recorded at 161 and 177 cm ™!
for an excitation Ae.=1064nm exhibit Anti-Stokes/stokes ratios significantly
different since they are 0.34 and 1.04 for these modes, respectively. Previous
experiments [13] have qualitatively demonstrated that the mode at 161 cm™" could
be associated to isolated tubes whereas the one at 177 cm ™' to bundled tubes. There-
fore this phenomenon was thought to be used to identify isolated tubes from bundles
of tubes, keeping in mind that this is not in contradiction with predictions issued
from the Kataura plot [14]. Nevertheless, this interpretation does not take into
account the double resonance effects which occurs in Raman scattering when the
excitation wavelength is changed and which monitor the scattering intensity. This
was published several times and described in the following formula [15]:

B Mg(E) ’
I(El) - /‘(El —F — il",)(E1 iEph - E- ir?’)

dE 2)

In order to investigate these effects, we performed systematic Raman studies on dif-
ferent types of SWNTs (precisely Hipco and arc electric samples) as a function of
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Figure 2. Radial breathing modes recorded at A.,. = 647 nm: (a) powder; (b) dispersed using a
surfactant (SDS).

several parameters including first the excitation wavelength, but also, the tempera-
ture induced by the laser power, the environment, etc. Such experiments demonstrate
clearly, as expected, that resonance effects can account for strong discrepancies in
the antiStokes/Stokes ratios measured on selected RBM frequencies.

In the following, we give two examples illustrated by Figures 2 and 3.
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Figure 3. Calculation of the Stokes and anti-Stokes intensities for a RBM at 200 cm ™! with an
E;; transition energy of 1.60eV. The anti-Stokes/Stokes ratio is also indicated and the theor-
etical law is given for comparison.
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Figure 2 shows the radial breathing modes of Hipco samples recorded at
Jexe =647 nm in the low frequency range in powder on one hand (red curve) with
peaks at 195 and 216cm ™', and separated from each other by using a surfactant
(here SDS). Despite the fact that similar observation conditions are used and that
we deal with the same sample, one observes clearly that different modes are observed
as a consequence of drastic changes in resonance conditions.

A modelling of the antiStokes/Stokes Raman line intensities, together with their
ratios, is illustrated in Figure 3, as a function of the excitation wavelength. We have
chosen a nanotube characterized by a RBM at 200 cm ™' with a Van Hove transition
energy E; at 1.60eV. We can obviously observe that the maximum of the Stokes
peak is shifted compared to the maximum of the anti-Stokes counterpart. The ratio
varies in a large range and in any case does not follow the Maxwell-Boltzman law
indicated on the figure for comparison. Therefore, one can conclude that in this case
when SERS conditions are not used, the anomalies of the anti-Stokes/Stokes ratios
cannot be associated with CARS-type effects and can be presumably explained by
changes in resonance conditions induced by several factors as mentioned above.

It remains that CARS-type effects can also be observed in other nanostructures,
for example in materials containing conjugated polymers. First, we have demon-
strated that in the case of poly-bithiophene deposited on a SWNT thin film, an
intense Raman line at 1450 cm ™' associated with this polymer is observed in the
anti-Stokes branch. This was interpreted by a resonant excitation of plasmons in
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Figure 4. Anti-Stokes and Stokes Raman spectra of PEDOT at .. =514.5nm: (a) neutral
form; (b) doped form. The grey curve in the anti-Stokes branch is calculated from the
Maxwell-Boltzman formula from the Stokes branch.
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Figure 5. Anti-Stokes and Stokes Raman spectra of PEDOT at .. =676.4nm: (a) neutral
form; (b) doped form. The grey curves in the anti-Stokes branch are calculated from the
Maxwell-Boltzman formula from the Stokes branch.

metallic nanotubes, contributing in an extra way to the anti-Stokes Raman emission
having the characteristics of a CARS process [16]. More recently, detailed experi-
ments carried out with PEDOT showed also that the abnormal anti-Stokes Raman
effects can be exploited to gain information to evaluate the functionalization of
carbon nanotubes with conjugated polymers. In order to do this, we used two differ-
ent excitation wavelengths, 514.5nm and 676.4nm. The 514.5nm ensures the
resonant excitation of undoped PEDOT only, whereas 676.4 nm ensures resonance
conditions for doped PEDOT. This is illustrated in Figs. 4 and 5, showing that
the anti-Stokes signal is enhanced only when resonance conditions are achieved
(un-doped PEDOT, Fig. 4a) whereas no enhancement occurs in the anti-Stokes
branch of doped PEDOT (Fig. 4b). On the other hand, for 676.4 nm, both SWNTs
and doped PEDOT are resonantly enhanced, as a proof of the CARS-type phenom-
enon which requires 3 to be different from zero at the excitation wavelength.

4. Conclusions

In this paper, we have shown that a CARS-type effect can be induced in nanostruc-
tures such as carbon nanotubes, revealed by antiStokes/Stokes ratios of Raman
bands abnormally enhanced. We have demonstrated that SERS conditions are
required, since in SWNT powder in which such ratios can also have high values,
resonance conditions can explain by themselves experimental data. We have shown
also that such results can be exploited fruitfully in a number of other nanostructures
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such as hybrid materials combining SWNTs and conjugated polymers. One can
probe in such a way functionalization processes and/or simply determine the Raman
features of fluorescent polymers by investigating the anti-Stokes branch even at large
frequencies, which usually unavailable due to a too low scattering intensity.
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