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The modification of the third order nonlinear optical response exhibited by vertically aligned carbon
nanotubes in two-wave mixing interactions was analyzed. All-optical switching effects were explored
by using a vectorial optical Kerr gate with nanosecond pulses at 532 nm wavelength of excitation. The
samples were prepared by a spray pyrolysis method. Morphological and structural characterization of
the samples was conducted by Scanning Electron Microscopy, Transmission Electron Microscopy and
Raman Spectroscopy studies. Important structural changes dependent on the temperature employed
for the preparation of the carbon nanotubes were observed. It was highlighted a remarkable influence
of nonlinear energy transference in spatially-resolved optical processes for designing ultrafast low-

dimensional devices.
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1. Introduction

Carbon nanostructures have attracted the attention
of numerous researchers in regards to their fascinating
mechanical, optical and electronic characteristics. It is
well-known that the extraordinary physical behavior of
carbon nanomaterials concern to their morphology, structure
and growth mechanism.'? Besides, the manufacturing of
nanohybrids based on tailored nanoparticle interactions
with carbon nanosystems has been extensively considered
for diverse multi-functional applications.>* Particularly, the
one-dimensional character and chirality of carbon nanotubes
(CNTs) give origin to a significant number of unusual optical
phenomena such as optical activity, circular dichroism, and
second-harmonic generation.’ Third order optical nonlinearities,
like the optical Kerr effect and two-photon absorption, take
a relevant importance due to the possibility to modulate
optical signals by light. An ultrafast control of information
can be conceived by multi-wave coupling of optical signals
governed by the third order nonlinear optical response.
Moreover, the fabrication of nanoelectronic devices can take
advantages from positioning individual or self-assembled
nanofibers on particular spots with nanometric resolution.®
In this direction, the procedure to obtain aligned arrays of
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CNTs seems to be useful to contribute on the manipulation
of properties and possible nanophotonic applications.

It has been pointed out that the spray pyrolysis mechanisms
for preparing CNTs are not currently fully understood,”®
however, a the strong dependence of the CNTs characteristics
on their growth mechanism has been reported.’

Although there are several techniques for obtaining
carbon nanotubes,'’ the spray pyrolysis method has shown
significant advances in the production of nanostructures;
regarding that this approach can be scalable to the industrial
level."" Advantages such as low-cost and easy handling,
make the spray pyrolysis technique to be a good candidate
for developing carbon-based nanostructures; for instance
aligned carbon nanotubes (ACNTSs). In general, ACNTSs exhibit
a very large surface area and a high thermal conductivity;
these characteristics allow a fast energy transfer, which is
definitively useful for ultrafast nanodevices."?

The enhancement of the optical and photoconductive
response associated with the orientation of CNTs has been
distinguished for regulation of electronic and multi-photonic
phenomena.' In particular, randomly distributed networks
of CNTs present an inhomogeneous electronic behavior
that may be improved by hierarchical distributions.'
Undoubtedly, ACNTs are suitable for maximizing access to
specific surfaces in nanoelectronic systems construction.'
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Furthermore, outstanding applications for free-propagation
electromagnetic waves transduction have been achieved by
using vertically ACNTs.!¢

Several investigations have been conducted towards obtaining
ACNTs with specific optical and electronic characteristics. Some
examples that are based on the pyrolysis of mixtures rich in
carbon precursors and metal catalysts, promote the growth of
extraordinary nanostructures so-called mixtures of green carbon
precursors.'”"® It is worth noting that the use of ferrocene for
preparing carbon nanostructures allows the growth of densely
packed ACNTs, with several microns in length. However,
in some cases, the ACNTSs can constitute bundles of aligned
shaped structures, due to the nitrogen incorporation.” CNTs
acquired by a final scraping in the quartz tube where were
prepared, result in an unpredictable performance dependent
on the final length and morphology of some tubes.* One way
to potentiate the ACNTSs applications could be formulating a
growth of the tubes on the desired substrate.

In this regard, a substantial contribution of the surrounding
of nanostructures can derive in the enhancement of their
nonlinear optical parameters. It is noteworthy that particular
substrates for supporting CNTs can be suitable to provide
lab-on-a-chip applications. Various materials such as clays,
metals in nanometric size and other nanocomposites with
different characteristics have been used as substrates for
growing CNTs.?'? However, the synergy between Zirconia
(ZrO,) and CNTs has proved to be attractive for developing
biocompatible and electrochemically superior biosensors.
With these considerations, ZrO, substrates seem to be
an interesting platform for catalyst and instrumentation
applications as it has been previously suggested.” Moreover,
ZrO, can be considered a nonmagnetic material with high
melting temperature and relatively inert to oxidation media
for growing CNTs to develop possible optical and electronic
functions.? Then, with this motivation, within this work the
third order nonlinear optical characteristics exhibited by
vertically ACNTS grown on ZrO, substrates were evaluated.
Our results indicated that nanostructured periodicity and
hierarchical energy transference can be responsible for
amplification or inhibition of nonlinear optical effects.

2. Experimental

Polycrystalline ZrO, wafers (5 mm of diameter) were
used as substrates to grow CNTs. The substrates were located
in two different heating zones (zone 1= 800 °C and zone
2 =900 °C), inside of tubular hot-wall reactor, according
to Figure 1. A ferrocene/toluene mixture (3.5/96.5 wt %;
ferrocene: Sigma Aldrich, toluene: Fermont 99.9% purity)
was supplied as Fe and C. Argon (Infra 99.999% purity) was
employed as the carrier gas with a flow rate of 2.5 /min.
The reactor was operated with 25 mm of H,O pressure (0.24
kPa) above atmospheric pressure (~80 kPa) to prevent any
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Figure 1: Schematic illustration of the experimental setup used to
grow CNTs on Zirconia substrates.

influx of oxygen. After 16 min of reaction, the system was
cooled down to reach room temperature for removing the
resulting ZrO, wafer substrates.

In order to investigate the nanotubes structure, Raman
spectroscopy studies were undertaken. The measurements
were carried out by using a Jobin Yvon Horiba HR 800 with
633 nm laser in the range 100-3100 cm™'. CNTs morphology
was observed by Scanning Electron Microscopy and
confirmed by Transmission Electron Microscopy (FESEM;
JEOL JSM-6701F, TEM; JEOL JEM-2200FS). The role of
third order nonlinear optical behavior of the samples was
explored by using a vectorial Optical Kerr Gate (OKG) in
a reflective configuration.?® A Nd:YAG system Continuum
Model SL II-10 was used as a laser source featuring 4
nanoseconds pulse duration at 532 nm wavelength and
1 mJ of average energy. Two incident beams, pump and
probe, with irradiance relation 1:1 were impinging into the
sample with linear polarizations and a beam diameter close
to 1 mm. The plane of polarization of the probe beam was
varied by a half-wave plate in order to confirm the vectorial
nature of the nonlinear optical behavior of the interaction.
The experimental setup was previously calibrated using a
silicon sample as a nonlinear medium with a well-known
third-order nonlinear susceptibility of [y®] =2.0x10'° esu.”’

3. Results and Discussions

Raman spectra of CNTs of the sample at two different
temperatures are shown in Figure 2. Raman spectra revealed
three bands around 1338, 1588 and 2659 cm™', which are
attributed to D (associated to impurities and defects), G
(graphitic nature), and G” (second order of graphitic structure)
bands, at the same positions for two different synthesis
conditions; respectively. Raman spectrum of CNTs prepared
at 800 °C presented a high intensity background; this behavior
is frequently associated to fluorescence phenomena of the
sample itself. A group of bands on values <200 cm™! probably
related to single walled CNTs (RBM band) can be also
observed. Additionally, a group of small peaks are clearly
visible between 200 and 400 cm™!, which may suggest the
presence of metallic particles. A way to know the crystal
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Figure 2: Raman spectra of CNTs growth on Zirconia wafers
substrates at two different temperatures.

quality of CNTs is by considering the relative intensity ratio
of D and G bands (I/I,). As a result of this calculation in
our cases, was obtained 0.97 and 0.68 for CNTs grown at
800 °C and 900 °C, respectively. It can be expected for the
800 © C case, a lot of amorphous carbon while the CNTs
grown at 900 °C presented a better graphitization degree.
The higher intensity on the G” band in the spectrum at 900
°C is consistent with this result.

SEM images related to CNTs grown at 800 and 900 °C
on ZrO, substrates are shown in Figure 3. The images showed
ACNTs growing normal to ZrO, substrate surface forming a
kind of “carpet” in both cases, however, particularly at 800
°C (a) can be observed a bright area at the tip of the ACNTs.
Elemental analysis on ACNTs near at tip regions indicates
the presence of Fe, which can be associated with the presence
of catalyst particles remaining from the process of nanotubes
growth, in accordance with Raman results. The thickness of the
ACNTs carpet was approximately 10 um for the two different
temperatures studied. It is worth to mention that the “carpet”
of ACNTS can be easily peeled off from the ZrO, substrate
without destroying its integrity and therefore, the ACNTs
grown at 900 °C was selected for subsequent analysis. The
evaluation of the single- and multi-wall nature exhibited by
these samples was quantified according to the Raman band
intensities.?® Our estimations indicate that a content of about
10 wt% for single-wall CNTs and 90 wt% for multi-wall
CNTs correspond to the studied samples.
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Figure 3: SEM images of CNTs grown at 800 and 900 °C on
Zirconia substrates.

ATEM image of ACNTs at 900 °C is exhibited in Figure
4. The presence of catalytic particles encapsulated in the
tip and along of the nanotubes is clearly observed. These
characteristics are associated with the growth mechanism
like tip.?3° The particles inside of the nanotubes seem to
cause a variation in their diameter according to the particle
position of nanotube to finally originate a bamboo-like
appearance. ACNTs diameter was between 70 nm and 120
nm according to the observations made by TEM studies. The
nanotube growth begins after Fe incorporation, from ferrocene
precursor, deposited on the substrate as fine particles. The
growth of the nanotubes is normal to the ZrO, surface; this
effect happens when carbon is deposited on metal particle’s
surface and diffuses through and over the metal to precipitate
in the opposite face. While the carbon diffusion from toluene
precursor evolves, the nanotubes continue growing and
some catalyst particles become trapped at the tip or along
the nanotubes, which give rise to variations in the diameter
of the nanotube.

On the other hand, nonlinear optics generally concerns
to the study of intense laser light interacting with matter.
The presence of high optical irradiances may modify the
optical parameters of a material. Certainly, nonlinear optical
interactions cause that the optical response of materials present
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Figure 4: TEM image of CNTs grown on a Zirconia substrate.

a nonlinear dependence on the applied optical field. In this
way, third order nonlinear optical effects emerge as a part of
the atomic response of the media that cubically depend on
the strength of the applied optical field. The optical response
can be expressed as a power series by the relation between
the polarization, P, and electrical field, E, as:?’

P="E+x"+Ex"E+.. (1)

with ¥® and ¥® the second- and third-order nonlinear
optical susceptibilities. Since the third order nonlinear
optical response influences the absorption and refraction of a
media for high irradiance interactions, the third order optical
nonlinearities are useful for controlling light by light. The
phase of an optical beam can be modified by the optical Kerr
effect, which is a refractive index dependent on intensity.
By contrast, the magnitude of the optical irradiance can be
self-regulated by multi-photonic absorption effects; which
are ruled by the imaginary part of the third order nonlinear
optical susceptibility.

The evolution of nano-fabrication technologies has
indicated that the periodic nanostructures in photonics
facilitate a far-reaching control of light propagation and
light-matter interaction.’! Nevertheless, the enhancement
of some electromagnetic field effects has been contemplated
to be carried out by designing deterministic aperiodic
systems.?? Particularly, the alignment of low-dimensional
carbon nanostructures generates the increase of transition
probabilities that may be useful for developing polarizable-
selectable devices.® So, for further investigate the relationship
of periodic nanostructures interacting with optical signals,
we modeled the third order nonlinear optical response of
ACNTSs in a two-wave mixing interaction. Taking into account
the considerations related to mechanical and nonlinear

E.(z)= [

phenomena in carbon-based nanohybrid systems,** we used
the mathematical expressions for describing the superposition
of the electrical fields in the sample studied:
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as the nonlinear phase changes. Here 3 represents the
nonlinear optical absorption coefficient, A is the optical
wavelength, n is the index of refraction, z is the length of
the sample, and the electric fields are:
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where E (2) and E, (z) are the complex amplitudes of
the circular components of the transmitted wave beams;
E, (2) and E, (z) are the amplitudes of the self-diffracted
waves, while Eis, EY. Ei. and Ei: are the amplitudes of
the incident and self-diffracted waves at the surface of the
sample; / is the total irradiance of the incident beams and
J (y, ) stands for the Bessel function of order m.

Eventually, it can be expected that different nonlinear
optical behaviors must be occurring for distinct angles
associated with the geometry of the structures; besides, the
modulation of the irradiance fringe pattern originated by a
two-wave mixing is also an important contribution for the
generation of an induced nonlinearity in this scheme. In fact,
diffraction by an induced grating of absorption and interference
of waves are the main responsible effects for the coupling
of the electromagnetic fields in the sample considered.
Therefore, the relative proportion between dimensions of
the aligned tubes and the geometry of the interacting optical
beams is a strong influence on the optical nonlinearities that
originate the energy transference mechanisms that evolve
by changing geometric conditions.

Changes in polarization of the probe beam in interaction
with the pump beam during the OKE experiments can
be expected. We assumed that the absorption coefficient
dependent on irradiance a(I) in a two-wave mixing process
can be written:

a(l)=ao+ BI (6)

with o and  corresponding to the linear and nonlinear
optical coefficients. We considered that the spatial period T,
resulting from the variation of the interacting geometrical
angle 0, with a A=532 nm can be described as:

T,=—24 — (7)
2Sin(%)
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Moreover, the spatial period of the nanostructured arrays
here is represented by T, and the rate relation between
these two periodicities, T,/ T, is contemplated to be varied
during an exploration. Following these considerations, in
Figure 5 are illustrated our calculations by using Ecs. (1-7)
for the predicted nonlinear optical enhancement in the probe

beam transmittance emerging from a two-wave mixing.
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Figure 5: Third order nonlinear optical enhancement as a function
of Tf/TNPs.

As it can be clearly seen from Figure 5, a sharp selective
enhancement can be obtained by the modification of the
spatially-resolved interaction and it can be considered to be
employed for configurable switching applications.

For further investigate the nanosecond third order
nonlinear optical response of ACNTSs, a vectorial OKG was
implemented. Different experiments performed in similar
laboratory conditions were undertaken in order to report
Figure 6. Each point in the experimental plot represents an
average of 10 measurements. Deviation of numerical and
experimental data from Figure 6 mainly corresponds to third
order nonlinearities. Then, the error in the experimental data
of the experiment exhibits a cubic dependence in respect to
the variation of the incident irradiance; this value is around
+18% in our measurements. Moreover, we noticed a strong
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participation related to a scattering effect together to the
nonlinear optical effect in the two-wave mixing studied in
the sample. This situation seems to be responsible for the
linear behavior at the 10-35 degree of angle of polarization,
where it is expected that the contribution of the nonlinear
phenomena can be weaker than the scattering effect. Different
probe transmittances were found in the samples as it can be
clearly seen from the plot shown in Figure 6. Considering a
purely nonlinear optical absorptive effect in the sample, it
can be deduced from these records that the estimated two-
photon absorption coefficient for the ACNTs was about §
= 1x10'° m/W. Similar parameters have been previously
reported for comparative CNTs.?>3¢

According to the calculations illustrated in Figures 5 and
6, the correspondent enhancement in the nonlinear optical
absorption in vertically ACNTs can be observed in Table 1.

It is remarkable that the coordination of the singular and
collective responses exhibited by ACNTSs seems to give rise
to a strong modification in the optical response of a thin film.
We estimate that the efficiency of all-optical communication
devices that work with multiphotonic excitations can be
improved with an accurate design of the constitutive elements
related to nanostructured samples. Furthermore, we envisioned
the option to tailor phase-matched conditions for quantum
information systems based on optical nonlinearities. It
can be considered that ACNTs can be good candidates for
proposing all-optical nano-switching devices.

4. Conclusions

Numerical and experimental results about a two-wave
mixing experiment performed in ACNTs were described. The
reported analysis indicated that nonlinear optical absorption
effects in ACNTs strongly dependent on periodicity when the
sample is irradiated by the superposition of optical waves.
It is stated that a modification in the third order nonlinear
optical properties exhibited by ACNTs can be derived from
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Figure 6: Nonlinear optical probe transmittance vs. angle of polarization of the interacting beams.
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Table 1: Representative variations of the nonlinear optical absorption
coefficient, 5, estimated for an array of vertically aligned carbon
nanotubes in a two-wave mixing interaction at 532 nm wavelength
of excitation. Here the spatial period of the fringe irradiance pattern
is T, and the spatial period of the aligned carbon nanotubes is T,.

T/ Ty B /W]
1-30 11010

30.2 1.45%1010
315 0.93x10710
32 1.99x10-10
325 1.47%10710
33-60 131010

optical coupling and energy transference. Nonlinear optical
switching devices controlled by geometric conditions of
ACNTs can be contemplated.
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