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Coherent anti-Stokes Raman scattering as an
effective tool for visualization of single-wall
carbon nanotubes
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Abstract: Strong vibrational coherent anti-Stokes Raman scattering (CARS) signal was observed
in single-wall carbon nanotubes (SWCNTs) having three different average diameters (about
0.8 nm, 1.1 nm and 1.3 nm) under optical excitation close to electronic resonance energies
of nanotubes. By varying the excitation power from 1 up to 200 uW an optimal regime for
non-destructive investigation of nonlinear properties of SWCNTs was determined. The possibility
to detect a strong coherent nonlinear signal from small SWCNT-bundles together with
CARS advantages over Raman scattering, such as high imaging rate, open new opportunities
for fast three-dimensional visualisation of SWCNTs in a polymer matrix.
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1. Introduction

A unique quasi-one-dimensional structure of single-wall carbon nanotubes (SWCNTs) specifies
their unusual physical properties and, correspondingly, advanced properties of CNT-based
materials in many practical applications [1,2]. Among them, there are a lot of applications where
visualization of individual CNTs or CNT-based networks is required [3—6]. However, due to
a high aspect ration and small diameter, direct observation and volume distribution control of
individual CNTs in a composite material, for example in polymer matrix, is a challenging task.
Various techniques have been developed for SWCNTSs characterization. In particular, optical
methods have been found to be not only powerful instruments to investigate their structural and
electronic properties, but also they serve as a tool for visualization of SWCNTSs. One of the
mechanism actually used for CNTs imaging is the vibrational contrast in spontaneous Raman
scattering. To date, the properties of Raman spectra of carbon nanotubes have been described in
detail, for example in [7]. In particular, it has been shown that the enhanced optical response is
observed when the energy of excitation light resonates with electronic transitions in a nanotube [8].
Therewith, the electronic structure of individual SWCNTSs is rather well-known [9].

In spite of the fact that resonance Raman spectroscopy is well developed and widely used,
there are some specific disadvantages inherent in this method. As a rule, a long acquisition time
and high laser power is required in applying to image SWCNTSs in biological samples, polymer
matrices, etc. [3,4]. All these obstacles can be successfully circumvented using nonlinear optical
techniques [10].

Due to high sensitivity, chemical selectivity, spatial resolution and high signal-to-noise ratio
the coherent anti-Stokes Raman scattering (CARS) has received priority attention in the family
of nonlinear techniques for investigation and visualization of different nanoparticles [11]. By
analogy with the spontaneous Raman scattering technique, the enhancement of anti-Stokes signal
in CARS is expected if exciting light overlaps with energies of electronic transitions in nanotubes.
It is worth noting that in comparison with the resonance Raman technique, where high average
power is necessary to reach the effect due to the process low cross-section, the CARS technique
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has a preference allowing detection of individual nanoparticles with the relatively low average
excitation power [10, 12]. This is related to the fact that the CARS is a four-wave mixing process,
where multi-resonance processes provide a strong enhancement of scattering efficiency. Wei Min
et al. [13] have shown that the triple-resonance condition can be satisfied by tuning the spectral
range of CARS microspectroscope allowing thus the sensitivity of normal CARS enhancement
by 10° to 10° times. A better spatial contrast of impurity maps (the plot of the ratio between
G- and D- bands) has also been demonstrated in [14] by investigation of the local defects in a
non-purified spin-coated SWCNTs.

Despite that there are disadvantage in CARS technique related to its technical specifications,
in particular, the response strongly depends on matching of the setup configuration and intrinsic
optical properties of the investigated materials. The sensitivity to the wavelength of exciting light
has clearly been demonstrated in [15]. Another inconvenience of the coherent Raman scattering
technique is related to the presence of a non-resonance contribution that leads to a complex
shape of CARS spectra and thus can induce the reduction in the vibrational contrast [10, 16].
Moreover, the spatial resolution of “classical“ CARS technique is not capable to visualize
individual SWCNTs. However, other techniques proposed to improve spatial resolution, like
surface enhanced scattering (SERs), also are not suitable for large scale 3D visualization [17, 18]
due to extreme sensitivity to sample thickness. In this case, the resonance enhancement can be the
way to improve the sensitivity and therefore to reduce the detection threshold of CNTs embedded
in an organic matrix. It is worth noting that these aspects of application of CARS technique have
not been considered for CNTs in details as yet.

In this article, we specify the experimental conditions — via variation of CNTs diameter and
excitation power — to register strong CARS response from individual SWCNTs or small bundles,
and demonstrate the potential of such a technique for 3D visualisation of the spatial distribution
of SWCNTs, for example, in a polymer matrix.

2. Materials and method

Three types of commercially available purified SWCNTSs with different diameters were used
in our experiments: electric-arc-produced SWCNT bundles (CarboLex, Inc) obtained using
nickel-yttrium catalyst, with SWCNT diameters from 1.2 to 1.5 nm and purity between 50 % and
70 %, and SWCNT bundles (Nano-C, Inc) produced by gas-phase catalysis (HiPCO process), with
average SWCNT diameter 1.1 nm and purity exceeding 95 %, and SWCNTs (SWeNT, Inc., SG65i
purchased from Sigma-Aldrich) produced by chemical vapor deposition on a cobalt-molybdenum
catalyst, with an average SWCNT diameter of 0.7 - 0.9 nm and purity exceeding 95 %. More
details of CNTs characterization can be found in [19] and [20]

Detector

3
. M
Delay line D O \
M
o, CARS signal
L, —

= = | 2
Uizl Condenser

1064 nm

Polarizer |
LASER HWe=g= —==— | Sample
@, QW=

Plan. Apochrom

60X, NA 1.42, Oil
DM M | 100% Al.
or 50/50 mirror
F1 [ |
Olympus IX71
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Optical properties of CNTs were measured using home-made CARS microscope (see [21]
and [22] for more details of the experimental setup) based on compact laser source (EKSPLA
Ltd.). The schematic setup is presented in Fig. 1. The picosecond (6 ps) laser consisted frequency
doubled Nd:YVO, pump laser with the pulse repetition rate of 1 MHz and equipped with a
travelling wave optical parametric generator (OPG) which allowed continuous wavelenght tuning
from 695 to 2300 nm. The pulse duration as small as several ps was a reasonable compromise
between high pulse intensity and narrow (1-3 cm™") spectral bandwidth [23]. The radiation after
OPG was used as the pump excitation beam for CARS signal generation while the fundamental
laser mode (1064 nm) served as the Stokes excitation beam. A spatial filter was used to improve
the beam profile before directing it into the microscope. The temporal overlap of two excitation
beams was controlled by a delay line. All measurements were done at zero delay time between the
pump and Stokes pulses with parallel polarization. The beams were introduced collinearly to an
inverted microscope (Olympus IX71) with oil-immersion objective (Olympus, Plan Apochrom.,
60x, NA 1.42). The objective with high NA allowed us to focus the excitation light into a spot
size around 450 nm in diameter, giving a power density of 50 GW/cm? for incoming 1 mW
power. The measurements were done in the forward detection scheme. The CARS signal in the
range from 845 nm up to 782 nm was collected by objective with NA 0.4 and detected with the
avalanche photodiode (SPCM-AQRH-14, Perkin Elmer) connected to a multifunctional board
PCI 7833R (National Instruments Ltd). Long-pass and short-pass filters were used as a blocking
tools for spectral separation of the CARS signal. The possibility to control individually the power
level of pump and Stokes beams allowed us to do direct measurement of CARS signal amplitude
versus beam energy. To account for the spectral dependence of the OPG generator efficiency,
the CARS signal intensity was normalized to the power of the OPG radiation. The spectra were
recorded with a typical detection rate of 5 cm™! per second.

A piezoelectric scanning system (Physik Instrumente GmbH & Co.) was used for two-
dimensional scanning of sample. To obtain 3D images of polymer/CNTs composites the
microscope focus was displaced in 1 um steps in vertical direction (along Z -axis). Two-
dimensional X-Y scanning was repeated for each step to give a slice. The 3D images were
reconstructed by stacking all slices (in average 20 slices per image) using free software package
Image].

Samples for spectral measurements were prepared by depositing CNT-powder on the surface
of microscopic cover glass. Commercially available polyvinyl alcohol (PVA, Sigma-Aldrich)
was used as polymeric matrix for production of the composite materials containing SWCNTs.
Briefly, initial CNTs (SWCNT with average diameter 1.1 nm was used in this part of work) were
dispersed for 1 hour in 1% aqueous SDS solution using the tip ultrasound (UZDN-T, Russia,
44 kHz). In order to remove bundles and residue catalic metal particles after ulrasonication the
suspension was centrifuged at 15,000g for 3 h (Elmi CM-50). To avoid sample "overheating",
10 min pauses were made after every 10 min centrifuging. The supernatant was collected and
mixed with PVA /water suspension (30 mg/ml). The resulting mixture was poured between two
microscope cover glasses and dried at room temperature. To deduce the applicability of nonlinear
technique for 3D visualization of CNTs in composites with different CNT fractions, the initial
suspension was diluted 5 and 10 times, and corresponding 3D images were investigated.

3. Results and discussions

The CARS spectra at different pump power for the samples with SWCNTs of three different
diameters are presented in Figs. 2(a)-2(c). The entire spectral range can be divided into two
different parts: from 1200 cm™" up to 1500 cm~! and from 1500 cm™" up to 1700 cm™!.
The response in the first range may be attributed to non-resonance contribution, while the
response in the second part is conditioned by resonant process. A large Raman-like response
was obtained from samples having small fractions of 0.8 and 1.1 nm diameter CNTs, whereas
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Fig. 2. CARS spectra of SWCNTs measured at different pump power: (a) 0.8 nm, (b) 1.1
nm, (c) 1.35nm. All spectra were obtained with 10 uW Stokes average power and at zero
time delay between the pump and Stokes pulse. Insets: variation of G-band intensity as
a function of the pump power. (d) Schematic diagram of energy levels for s-SWCNTs at
different diameters (from [9]).

the sample with 1.35 nm diameter CNTs revealed essentially reduced response even for higher
concentration of nanotubes. By analogy with the linear optical properties, such a difference
in the nonlinear response can be related to the CNT diameter. Figure 2(d) shows the energy
level diagrams for SWCNTs with different average diameters. The vertical arrows indicate
the pump(red)/Stokes(green)/anti-Stokes(blue) photons involved in the excitations. The energy
difference between pump and Stokes photons corresponds to the G-mode energy (1590 cm™").
As follows from Figs. 2(a) and 2(b), the relative intensity of non-resonant background for 1.1 nm
CNTs is smaller than that for 0.8 nm CNTs. Such a difference can be easily understood by taking
into account the following facts: in the case of 1.1 nm CNTs the pump and anti-Stokes photons
are in resonance with Ey, energy level giving rise, along with the resonance due to the energy
difference between pump and Stokes photons, to a triple resonance. It leads to the enhancement
of CARS signal in resonance range (G-mode) and, as the result, reduces relative contribution of
non-resonance background.

One can note that similar Raman-like CARS spectra of SWCNTs were presented in [14], where
such a large signal was associated with the spontaneous Raman contribution from pump beam. In
order to estimate Raman contribution to the total CARS signal in our experiments, independent
spectra obtained by consecutively blocking the Stokes and the pump beam were also measured. It
was found that the pump and the Stokes beams measured independently contribute negligibly to
the total signal.

As mentioned earlier, the spectra of CNTs with large diameter (1.35 nm) exhibit dramatic
change, Fig. 2(c). First of all, the CARS-response turned out to be rather weak. In order to obtain
the traceable signal from there SWCNTSs, a material with bigger fraction of CNTs has been
chosen, but even then, the total response was approximately 8 times weaker as compared with
0.8 nm or 1.1 nm CNTs. As follows from the energy diagram (see Fig. 2(d)), such a behavior
can be explained by the enhancement of two-photon absorption due to resonance with E33. As
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Fig. 3. CARS images (XY and XZ) of SWCNT distributions on a cover glass: (a) SWCNTs
with 1.1 nm and (b) SWCNTs with 1.3 nm diameters. The image size is 20 pmx20 um.
The pump and Stokes beam powers were 20 uW. For the CARS images, wp-ws was tuned
to G-band (1585 cm™!). The pixel dwell time was 20 ms. The interface air/CNTs and
glass/CNTs are indicated by horizontal white lines (only for XZ images). All spectra were
normalized to a maximal signal value obtained for SWCNTs with 1.3 nm diameters. The
imaging contrast is 1:1000.

a result, contribution of the non-resonance part increases. From imaging point of view, such a
difference in CARS-response of CNTs dramatically decreases the sensitivity of CARS technique
for spatial visualization of CNTs having large diameter. To demonstrate the interdependence
between the settings of experimental setup and CNTs properties, the CARS images of small
agglomerates of SWCNTs with 1.1 and 1.35 nm diameter are presented on Fig. 3. All images
were normalized to a maximal signal value obtained for small agglomerates of SWCNTs with 1.3
nm diameter. Note that the intensity changes four order of magnitude when the system is tuned
between on-resonance and off-resonance. However, the presence of nonresonance background
complicates the interpretation of the results.

The dependencies of the G-band intensity on the pump power are presented in the inserts of
Figs. 2(a)- 2(c). It should be noted that in accordance with the CARS theory (for example see [10])
we have Icars < I!%umpls,okes. Therefore, at 0.8 nm and 1.1 nm SWCNTs the amplitude of the
G-band grows quadratically up to 20 W of the pump power, when the Stokes power is kept fixed
at 10 uW. Further increase in the pump power leads to the saturation of the G-band amplitude.
It means that new energy relaxation channel that does not contribute the CARS signal has
opened. One of the possible channel of the energy relaxation can be a fluorescence caused by an
increase of the two-photon absorption at higher powers. Phenomenologically the revealed strong
nonlinearity of the light interaction with carbon nanotubes indicates the violation of a power
expansion of the medium polarization allowing introducing the power-independent nonlinear
susceptibility ) [24]. Our experiment clearly demonstrates that the saturation power does not
depend on agglomerate sizes and is mainly determined by light intensity on the sample surface.

From this we conclude that our experiments reveal a large CARS response due to electronic
resonance in CNTs of any diameters. Actually, the larger signal was obtained with CNTs of 0.8
and 1.1 nm diameter. In this case, the electron transition energy appears to be close to energy of
exciting pump photon, and therefore the pre-resonance regime is realized. When the energy of
pump photon is tuned to electronic transition energy, enhancement of the two-photon absorption
occurs. It affects the amplitude of resonance band and, in general, reduces CARS response.
Furthermore, for 0.8 nm and 1.1 nm CNTs, the quadratic dependence of the G-band saturates at
pump power ~ 20 uW (10 ps, IMHz) which corresponds to ~ 1 GW/cm? peak intensity. For
1.35 nm CNTs the saturation was obtained at ~ 0.3 GW/cm? peak intensity.

The strong vibrational CARS signal, in comparison with the electronic contribution obtained
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Fig. 4. The volume images of PVA/SWCNT composites: (a) initial concentration, (b) diluted
5 times, (c) diluted 10 times; the circle indicates a single luminescent spot. All images were
obtained with 50 W Stokes average power and 80 uW pump average power. Pixel dwell
time was 20 ms.

for CNTs of small diameter, allows us to visualize a distribution of this kind of CNTs embedded
in the polymer (PVA) matrix (Fig. 4). The CARS spectra taken from different points of one of
XY slice are presented in Fig. 5. One can observe that according to our preparation technique
the CNTs are homogeneously distributed over the polymer matrix. Furthermore, in spite of the
fact that large spots can be attributed to CNTs agglomerates, small bright spots in Fig. 4(a) have
the characteristic CARS spectra with discernible G-band (the curve corresponding to point 3 in
Fig. 5) and can be attributed to small bundles of CNTs. It should be noted that the pure matrix
does not produce registerable CARS response at excitation energies of several uW.

CARS signal, 10° CPS

T T T T T T T
1400 1450 1500 1550 1600 1650 1700

o, cm’
Fig. 5. CARS spectra of SWCNTSs in PVA matrix measured at different points. The CARS
image of PVA composite with embedded CNTs is depicted in the insert. The image size
is 25 ymx25 pum. The pump and Stokes beam powers were 50 uW. wp-ws was tuned to
G-band (1585 cm™!). The pixel dwell time was 50 ms.

Images presented in Figs. 4(b) and 4(c) correspond to samples diluted 5 and 10 times,
respectively, as compared with the sample with initial concentration, Fig. 4(a). As one can see,
a number of bright spots in pictures decrease proportionally, so that a single spot (indicated
by circle) in the case of 10 times decreased concentration of CNTs was detected. The gray
background in Fig. 4(c) is due to noise of the avalanche diode.
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4. Conclusions

The obtained results demonstrate the effective visualization method of CNTs using the CARS
non-linear optical technique. We have found that effective application of this technique requires
coherency of the photons of light source of CARS microscope with the energies of optical
transitions (Kataura plot) of CNTs. Large well-registrable CARS signal has been obtained
at yW-range excitation in CNTs with 0.8 nm and 1.1 nm diameters, when the contribution
from two-photon process is relatively small. Energy threshold is about 18 W behind which
the quadratic dependence of the G-mode intensity on pump power is violated. The effect can
be attributed to new energy relaxation channel due to fluorescence caused by increase of the
two-photon absorption at higher powers. The ability to detect strong coherent nonlinear signal
from small SWCNT-bundles, along with a high imaging rate inherent to CARS technique, allows
us to propose the coherent anti-Stokes Raman scattering as a new fast and effective tool for 3D
visualization of single-walled carbon nanotubes and the control of their spatial distribution, for
example, in a polymer matrix or in biological samples, non-label visualization method of cells or
organelles.
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