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We report on the synthesis of single-crystalline tellurium nanowires with different aspect-
ratios prepared via facile surfactant-assisted synthesis under mild conditions. Short and long
Te nanowires were synthesized by the reduction of tellurium dioxide by hypophosphorous acid
with the assistance of polyoxyethylene (23) laurylether and cetyltrimethylammonium bromide,
respectively. We obtained uniform single-crystal Te nanowires with diameter below 30 nm and
tunable length from 600 nm to 5 pm. Short and long Te nanowires showed remarkable nonlinear
absorption and their third-order nonlinear optical properties were investigated by the Z-scan
technique with single 80 ps laser pulses at 532 nm. For the first time, it was observed a distinguished
switching behavior from saturated absorption to reverse saturated absorption as a function of the
laser intensity in one-dimensional Te nanostructures. Although both short and long Te nanowires
display such interesting behavior, the short ones exhibited superior optical limiting performance.
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Introduction

One-dimensional semiconductor nanostructures
(1D-SNS)-nanowires, nanotubes, nanobelts, nanorods
have attracted attention in the last years.!” Indeed, rich and
exciting physics comes into play when the optical properties
of 1D-SNS are investigated using high intensity laser
beams. In this case, the emergence of nonlinear (NL) effects
on the optical properties of 1D-SNS has been explored
fetching their use as all-optical switching,® light-emitting
diodes®!? and lasers.!"'* Because of the limited size of
1D-SNS in different dimensions, the confinement of
electrons and holes'*!"> may induce anisotropic optical
behavior like giant birefringence'® and highly polarized
photoluminescence anisotropy.'> Important research

*e-mail: robsilva31@iq.unesp.br

has been conducted looking for correlations among the
NL optical properties and the shape and the structure of
ID-SNS." In particular, the chalcogens elements, more
specifically, selenium (Se) and tellurium (Te) draw special
attention because they display large NL response and
naturally grow into anisotropic structures. In this work,
the investigation is focused on one-dimensional Te (1D-Te)
nanostructures with the shape of nanowires displaying
different aspect ratios.

Te in bulk form is a p-type narrow bandgap (0.33 eV)
semiconductor at room temperature. Upon downscaling,
Te crystallizes into helical-chains as a result of the discrete
nature of its trigonal phase. 1D-Te nanostructures'®*
have been synthesized by various approaches such as
electrochemical deposition method,?' photolysis,?>? vapor
deposition,?* microwave? and laser-assisted synthesis,? and
template-directed synthesis.??® Those studies are motivated
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by the fascinating pursuits for photoconductivity?-° and gas
sensing studies** involving 1D-Te nanostructures. Beyond
that, 1D-Te nanostructures combine with other elements to
produce materials of high technological relevance such as
CdTe, PbTe and Bi,Te;.**

In particular, 1D-Te nanostructures seem to hold a great
promise in optical limiting.*>*¢ For instance, optical limiting
can be denoted by the decrease of material transmission with
the increase of the incident laser intensity, whose feature is
usually explored to protect optical devices from damage
at high power density. Sandeep et al.*® studied the optical
limiting property of aqueous suspension of Te nanowires with
15-20 pm in length. They report NL absorption coefficients
of 0.17 cm GW! and 0.38 cm GW! obtained at 1064 and
532 nm, respectively, using laser pulses durations of 9 ns
(1064 nm) and 7 ns (532 nm). The optical limiting behavior
was attributed to excited state absorption (ESA) with
contribution of NL light scattering.* In addition, Liao et al.*
studied the NL properties of bacterial biosynthesized
Te nanorods hosted in poly(phenylenevinylene)-co-2,5-
dioctoxyp-phenylenevinylene (PmPV) in toluene. The
nanocomposites displayed very large effective NL absorption
coefficient, o, = 141 cm GW, for pulses of 6 ns at 532 nm.
The anomalously large NL response was attributed to the
light scattering caused by laser-induced solvent bubbles
and microplasmas. It is worthwhile pointing out that these
effects are commonly found in experiments with nanosecond
lasers. Indeed, the large laser pulses energies cause thermal
fluctuations and, in many cases, produce damage in the
samples. Therefore, the actual electronic NL properties
were not unambiguously measured and the results already
published deserve careful analysis.

Herein, the third-order optical nonlinearity of Te
nanowires displaying different aspect ratios was investigated
in aqueous solution using laser pulses of low energy and
small repetition pulse rate to prevent thermal effects or
destruction of the samples. Cetyl-trimethylamonium
bromide (CTAB) and polyoxyethylene (23) laurylether
(Brij), cationic and non-ionic surfactants, respectively,
were used for the preparation of stable 1D-Te colloidal
aqueous suspensions. The short and long Te nanowires,
(S-Te NWs) and (L-Te NWs), synthesized in the present
research presented large NL absorption and their behavior
switches from saturated absorption (SA) to reverse
saturated absorption (RSA) as a function of the incident
laser intensity. The experiments show that short tellurium
nanowires displayed better optical limiting performance
than the long ones. The herein presented results were
obtained using picosecond lasers delivering low energy
pulses at low repetition rate (7 Hz) to prevent thermal effects
and destruction of the samples.
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Experimental

Synthesis of aqueous suspensions of Te nanowires with
different aspect-ratios

Te nanowires were prepared through the reduction of
TeO, by hypophosphorous acid (H;PO,) in a surfactant-
assisted synthesis at 40 °C. Firstly, TeO, solution was
prepared by completely dissolving TeO, into HCI 12 mol L"!
and further diluting it to yield a solution of 0.02 g L"! TeO, in
HCl14.8 mol L', In a glass vial of 25 mL, 50 x 10~ mL of this
last solution was added into 20 mL of Brij 2.5 mmol L"! (in
terms of monomer) and CTAB 0.88 mmol L' (0.032 wt.%)
solutions under vigorous stirring and at room temperature
to synthesize short (S-Te NWs) and long Te nanowires
(L-Te NWs), respectively. Afterwards, H;PO, 8.6 mol L!
was added into the mixture upon a Te:H;PO, molar ratio of
1:50 and 1:10 for S-Te NWs and L-Te NWs, respectively.
The mixture was vigorously stirred during 10 min. The glass
vial was capped and transferred to an air convection drying
oven set at 40 °C for 24 h.

Structural characterization of Te nanowires

High-resolution transmission electron microscopy
(HRTEM) images were obtained with JEOL JEM 3010
and JEOL 2100F microscopes operating at 300 and 200 kV,
respectively. Scanning electron microscopy (SEM) images
were acquired in a field emission JEOL equipment model
7500F. For SEM and HRTEM analysis, the samples were
dropped and dried at 37 °C directly on silicon substrates
and copper grids, respectively. The dried samples were
subjected to analysis without any treatment.

For the Raman scattering spectroscopy and ultraviolet-
visible spectrophotometry measurements, the Te nanowires
suspensions were analyzed without dilution. The Raman
spectra were measured in a micro-Raman LabRAM Horiba
Jobin Yvon Model HR 800, working with a He-Ne laser
at 632.81 nm and equipped with a CCD (charge-coupled
device) camera. The diffraction grating used was
1800 lines mm'. The absorption spectra were obtained on
a dual beam UV-Vis-NIR spectrophotometer Cary 500.
The samples were contained in quartz cuvettes with optical
path of 0.5 cm and measured in the region of 200-800 nm
using air as reference.

The X-ray photoelectric spectroscopy (XPS) analysis
was carried out at a pressure smaller than 107 Pa using
a UNI-SPECS UHV spectrometer. The Mg Ko line was
used (hv = 1253.6 eV) and the analyzer pass energy was
set to 10 eV. The inelastic background of Te 3d electron
core-level spectra was subtracted using Shirley’s method.
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The composition of the near surface region was determined
with an accuracy of = 10% from the ratio of the relative
peak areas corrected by Scofield’s sensitivity factors of the
corresponding elements. The binding energies of the spectra
were corrected using the hydrocarbon component of the
polymer fixed at 285.0 eV. The spectra were fitted without
constraints using multiple Voigt profiles. The width at half
maximum (FWHM) varied between 1.2 and 2.1 eV and the
accuracy of the peak positions was + 0.1 eV.

Nonlinear measurements of aqueous suspensions of Te
nanowires

The Z-scan technique® was used to determine the NL
optical properties of the 1D-Te aqueous suspensions. The
measurements were carried out with the suspensions of
1D-Te nanostructures inside silica cuvettes with a path
length of 1 mm. The light source used was the second
harmonic of a Q-switched and mode-locked Nd:YAG
laser at 532 nm. Single pulses of 80 ps at low repetition
rate (7 Hz) were selected using an electro-optical switch to
prevent influence of thermal effects on the measurements.
Lens of 5 cm focal length was used to focus the beam on
the sample that was mounted on a translation stage to be
moved in the focus region, along the beam propagation
direction (the Z axis). Positions of the sample between
the focusing lens and its focal plane correspond to Z < 0.
Photodetectors located in the far-field region were used
to monitor the incident and the transmitted laser intensity
passing through the sample. The signal-to-noise ratio was
improved using a reference channel with geometrical
parameters equivalent to the ones of the sample channel.®

Results and Discussion

The synthesis of 1D-Te nanostructures underlies the
prior dissolution of tellurium precursor (e.g., TeO,) with a
concentrated HCI solution as described by the following
reaction:*

TeO, + 6 HCl — H,TeCl,.2H,0

The reduction of soluble chlorotellurate(IV) species by
H,PO, can be described according to the redox reaction:*°

H,TeCl,.2H,0 + 2 H,PO, — 2 H,PO, + Te + 6 HCI
E'=1.568 V

During the synthesis of L-Te NWs and S-Te NWs, the
suspensions displayed several color changes as a function
of the time: a clear pale yellow followed by a brownish
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color were observed within 60 min after the introduction
of H,PO,. Afterwards, the suspension developed a purple
color which progressively became blue within 24 h. The
color shift from brownish to blue is associated with the
increase of aspect ratio of the 1D-Te nanostructures.*'*

SEM images of the resulting 1D-Te nanostructures are
shown in Figure 1. The S-Te NWs with average length of
600 nm and diameters of ca. 28 nm (Figures 1A and 1B)
and L-Te NWs with lengths larger than 5 pm and diameter
of ca. 20 nm (Figures 1C and 1D) were obtained using
Brij and CTAB surfactants, respectively. It is suggested
that the presence of surfactant molecules plays a key role
to prevent the aggregation among the nanoparticles via
electrostatic and steric hindrance. Additionally, it should
be pointed out that the presence of charged species such as
halide ions could play an important role on the nucleation
and growth steps since these species are naturally smaller
than surfactant molecules. During the reduction of TeO,,
the excess of chloride was used to dissolve the tellurium
precursor, thereby it could attach onto the surface of the
initial seeds and help to prevent eventual aggregation
through electrostatic repulsion. Therefore, the reaction
was carried on over additional 24 h at 40 °C to ensure
that the seeds have been consumed to produce 1D-Te
nanostructures. The suspensions of L-Te NWs and
S-Te NWs displayed excellent stability and no change of
shape or occurrence of aggregation was observed within a
period of 6 months.

When the synthesis of 1D-Te nanostructures was
conducted without any surfactant, a bluish layer was
settled to the bottom of the flask in less than 30 min. The
SEM images of the aggregates, showed in Figure S1A
of the Supplementary Information section, reveal the
formation of big branched urchin-like tellurium particles.
Each branch displayed a hexagonal-faceted shape with
the diameter decreasing from the tip to the center of
the urchin-like particle towards the longitudinal axis as
shown in Figure S1B. Additionally, the surface of the
branches seems to be covered by small Te particles that
feed the growth of the urchin-like particles according to
the Ostwald ripening mechanism. Unlike spine-shaped
Te nanostructures observed by Mayers and Xia* and Te
nanowires synthesized by Lin e al.,”® urchin-like particles
were obtained here without the assistance of surfactants
in pure water. The major difference among those reports
and the present work is the strength of the reducing agent
and, consequently, the reduction kinetics of the synthesis.
The reduction of tellurium was carried out by employing
a mild reducing agent (i.e., H;PO,) instead of hydrazine, a
very powerful one. As a result, the system is not capable to
achieve a burst of nuclei after the introduction of reducing
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agent in order to generate many crystalline Te seeds with
very uniform size at room temperature. At this point, the
absence of surfactants would lead to the self-catalytic
growth of large Te urchin-like particles somehow based on
the consumption of remaining small Te seeds to support
the growth of bigger ones. The electrostatic repulsion
provided by chloride ions on the surface of very small
Te seeds might not be continuously extended towards the
generation of newly crystallographic facets. Owing to the
high surface energy of the small Te seeds, the growth of
bigger particles may not be overcome without surfactant
and their aggregation leads to micrometric Te urchin-like
particles.

Figure 1. (A, B) SEM images of short Te nanowires synthesized from
the reduction of TeO, by H;PO, with the assistance of Brij as surfactant;
(C, D) SEM images of long Te nanowires synthesized in the presence of
CTAB as surfactant. The high-resolution TEM images of (E) short, and
(F) long Te nanowires show that the 1D-Te nanostructures were single
crystalline. The insets in (E) and (F) display the selected area diffraction
of a bundle of short Te nanowires and from the middle portion of a single
tellurium nanowire, respectively.

In spite of the ability of surfactants to stabilize
suspensions of nanoparticles, they also play an important
role on the shape of nanocrystals by controlling the growth
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rates of different crystallographic facets. As the seed grows,
the surfactant molecules can adsorb specifically to an
individual facet of the nanocrystals and decrease its surface
energy. As a result, the deposition rate onto the covered
facet is significantly decreased. For example, there have
been many works showing that gold, a metal possessing
a highly symmetric face-centered cubic structure, can
produce rod shape nanostructures due to the selective
binding of CTAB molecules over the {110} facets.** When
dissolved in water, CTAB forms positive spherical micelles
above the critical micelle concentration (CMC).* Basically,
such micelles are based on the assembly of cetyl portion
(hydrophobic tail) side-by-side through weak van der Waals
interactions whereas the trimethyl ammonium groups
(hydrophilic portion) are exposed to water. Particularly,
the trimethyl ammonium groups of CTAB molecules could
coordinate with [TeClg]*~ ions and stabilize the former Te
seeds as well. As the tellurium anisotropic nanostructures
grow, the CTAB molecules may interact with the newly-
formed facets and control the deposition of Te atoms
onto their lateral surface. In this case, the tips of 1D-Te
nanostructures hold the highest energetic sites to drive the
deposition of Te atoms. Over the time, L-Te NWs with high
aspect ratio (> 2500, ratio between length to diameter) were
synthesized in the presence of CTAB.

On the other hand, Brij is a non-ionic surfactant and
it is assumed that Brij molecules typically arrange into a
neutral random coil conformation in aqueous solutions. It
is noteworthy that the micelle shape is still not clear in the
literature although most of the works have pointed to nearly
spherical conformation above the CMC.* Because the
concentration of Brij (0.08 g L) was slightly higher than
the CMC (i.e., 0.072 g L' at 25 °C), we assumed that the
initial solution is basically formed by a mixture of spherical
micelles and negligible random coil conformations. In
this case, the core is presumed to be mainly occupied
by hydrocarbons (hydrophobic) and the entrapped water
surrounded by a shell of hydrated poly(oxyethylene glycol)
chains (hydrophilic). During the synthesis of S-Te NWs,
the [TeCl]*~ ions may have initially coordinated with the
hydroxyl groups tangled onto the hydrophilic tail of the
free Brij molecules and micelles. The hydrophilic tail
offers a feasible site to stabilize the initial Te seeds that
further evolve into uniform S-Te NWs on the course of
the reaction with the continuous deposition of Te atoms.
While the S-Te NWs displayed a smooth surface, their
diameter was larger than the obtained for L-Te NWs which
presumes that the deposition of Te atoms would also occur
extensively over the lateral facets of S-Te NWs. Therefore,
we conceive that CTAB molecules could act as an effective
soft template to consistently assist the growth of long
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L-Te NWs by controlling the addition of atoms onto the
side surface while Brij seems unable to mediate the growth
of high-aspect ratio 1D-Te nanostructures.

The HRTEM images of S-Te NWs and L-Te NWs
pictured in Figures 1E and 1F, respectively, show that
both shapes were single crystals. The space fringes of
0.59, 0.39 and 0.32 nm can be indexed to (001), (100)
and (101) of tellurium hexagonal structure (i.e., JCPDS
file No. 36-1452). The insets of Figures 1E and 1F show
the selected area electron-diffraction (SAED) patterns of
S-Te NWs and L-Te NWs. The SAED pattern suggests
that they can be essentially indexed to the [101] zone axis
of a single crystal grown along the [110] direction with
the (110) planes covering the sides. The energy-dispersive
X-ray spectroscopy (EDS) analysis of the composition of a
single S-Te NW is shown in the Supplementary Information
section (Figure S2). The spectrum confirms the presence of
pure tellurium in the 1D-Te nanostructure whereas the extra
peaks are due to the carbon coated copper grids.

Raman scattering measurements of S-Te NWs and
L-Te NWs are presented in Figures 2a and 2b, respectively.

Te exhibits strong Raman-active phonon modes due to
its high atomic number and large electronic polarizability.
Essentially, tellurium has three atoms per unit cell which
belong to an infinite chain, parallel to the c-axis. The
Raman spectra show typical bands corresponding to the D,
symmetry group of the Te lattice*’* with one A, mode and
two degenerate E modes. The strong bands at 121.9 cm™! for
S-Te NWs and 119.9 cm for L-Te NWs are assigned to the
A, mode, described by the symmetric intrachain expansion
and comprehension in the ab plane (basal plane);* the weak
bands centered at 103.1 cm™ for S-Te NWs and 89.5 cm’!
for L-Te NWs are assigned to E(1) modes ascribed by the
rigid-chain rotation over the a- and b-axis.* The bands at
140.9 cm™! for S-Te NWs and 138.9 cm™! for L-Te NWs
are assigned to the E(2) mode mainly described by the
asymmetric stretching along the c-axis.?**’* The broad
bands at 268.9 and 265.2 cm™! for S-Te NWs and L-Te NWs,
respectively, are related to the second order harmonic of
the E mode of tellurium.**#3 Notice that the Raman bands
for L-Te NWs are slightly shifted to lower energy values in
comparison to S-Te NWs. Analogous results were presented
in Yu and co-workers® and Li ef al.*

Additionally, the relative intensity of the A, mode of
L-Te NWs is smaller than the one displayed for S-Te NWs.
According to Marini et al.* this result can be interpreted
as a weakening of intrachain bonds (covalent bonds) in
favor of interchain interactions (van der Waals). In this
case, the L-Te NWs might exhibit weaker intrachain bonds
compared to S-Te NWs. In fact, previous results based
upon X-ray absorption fine structure (XAFS) analysis®!
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Figure 2. Raman scattering spectra of (a) short and (b) long Te nanowires.
The Raman spectra show characteristic peaks of the D; symmetry of
tellurium trigonal lattice. The inset shows the ball-and-stick model of the
array of helices in tellurium with a perspective view towards the c-axis.

suggest that the covalent bonds strengthen when the size of
the Te nanoparticles is decreased. Taking into account the
differences in length between L-Te NWs and S-Te NWs,
it is reasonable to expect a Raman intensity for A, mode
considerably smaller for L-Te NWs.

It is important to stress that the measurements have
been carefully conducted to ensure that no substantial
chemical modification of the 1D-Te nanostructures took
place during the optical properties analysis. For example,
Te** ions (e.g., resultant of the oxidation of Te) have large
polarizability and can give an important contribution to the
optical properties.>> In addressing this issue, XPS analysis
has been performed with S-Te NWs and L-Te NWs samples
before the optical measurements. The XPS results obtained
are summarized in Figure 3.

The low resolution XPS spectra of Te 3d level core of
S-Te NWs and L-Te NWs are shown in Figures 3a and 3c,
respectively. The plots display two peaks assigned to 3d,,
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Figure 3. X-ray photoelectron spectra of Te 3d level core for short and long Te nanowires are shown in (a) and (c), respectively. The corresponding high
resolution spectrum showing the curve fitting of Te 3ds,, level is shown in (b) and (d) for short and long Te nanowires, respectively.

and 3ds,, core electrons of elemental Te, respectively, and
do not show any significant shift throughout different 1D-Te
nanostructure shapes. The compositional evolution of the
Te/TeO, ratio was estimated from the fitted high-resolution
3d,,, peak shown in Figures 3¢ and 3d, for S-Te NWs and
L-Te NWs, respectively. Two different structural components
are observed at 573.4 and 575.1 eV assigned to Te-Te and
Te-O bonds, respectively.’! The quantitative analysis showed
91.4 and 8.6% for Te and TeO, phase for S-Te NWs while
L-Te NWs displayed a composition of 86.9% for Te and
13.1% of TeO, phase. As such, a slight surface oxidation of
S-Te NWs and L-Te NWs was noticed from XPS results,
whose investigation of their optical properties was taken into
account considering negligible the presence of TeO, phase.

Figures 4a and 4b show the linear optical absorption
spectra of the S-Te NWs and L-Te NWs. Both nanostructures
display two characteristic broad bands in the UV-Vis
region. The bands centered at 285 nm for S-Te NWs and
300 nm for L-Te NWs are related to electronic transitions

from the valence band (ligand p-triplet) to the conduction
band (antibonding p-triplet). The intense and broad
absorption bands centered at 636 nm for S-Te NWs and
630 nm for L-Te NWs are related to transitions from the
valence band (non-bonding p-triplet) to the conduction
band (antibonding p-triplet).*

The NL absorption coefficient, o,, and NL refractive
index, n,, of the samples were investigated using the Z-scan
technique.’” This technique allows the measurement of
o, in the open-aperture scheme, by recording the NL
transmittance of a sample while it is moved along the laser
propagation direction (Z-axis). On the other hand, n, can
be measured detecting the light transmitted through the
sample followed by an iris positioned in the far-field region
in front of the detector (closed-aperture scheme). As in the
open-aperture scheme the sample is moved in the focal
region, along the Z-axis to measure the NL transmittance.

In the present experiments no signal was obtained in
the closed-aperture scheme and this indicates that the value
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Figure 4. Plot of the linear optical absorption coefficient at different
wavelengths for (a) short, and (b) long Te nanowires.

of n, is smaller than the detection limit of our apparatus
(1.53 x 105 cm?> W).

The open-aperture Z-scan profiles for the S-Te NWs and
L-Te NWs are shown in Figure 5 for several laser intensities.
Both samples exhibited saturated absorption (SA) at laser
intensities lower than 0.33 GW cm. However, for higher
intensities, the Z-scan profiles reveal a competition between
SA and reverse saturated absorption (RSA). The dip centered
at Z = 0 indicates that excited state absorption (ESA)
and/or two-photon absorption (TPA) contribute for
the NL transmittance of the Te nanostructures. When
the excitation intensity is increased, ESA and/or TPA
become the dominant phenomena as shown for intensities
in the range of 5.74 to 7.85 GW cm™. NL absorption
was not observed for the pure solvent (water without
Te nanoparticles) in the whole range of intensities
investigated.

We attributed the switching from SA to RSA to the
competition between ground-state bleaching, ESA, and
direct TPA from the ground-state. It is important to outline
that the laser wavelength (532 nm) is inside the profile of the
broad absorption band shown in Figure 4 and then a strong
SA should be expected. From Figure 4, we also observe
that there is a large absorption for wavelengths in the UV
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range. Therefore, a two-step one-photon absorption is
possible starting from the ground-state. Of course, in order
for RSA to occur, an excited state absorption cross-section
larger than the ground-state cross-section is required. Direct
TPA transition from the ground-state is also possible and
cannot be discarded. However we expect a TPA probability
smaller than the RSA probability.

Therefore the open-aperture Z-scan data were analyzed
considering the simultaneous contributions of SA, ESA
and/or TPA yielding a total absorption coefficient described
by:58

&

1++
S

a(l)= +o,1 (D
where 0, is the linear absorption coefficient, I is the
laser intensity, I is the saturation intensity and o, is the
parameter that describes the contribution of SA, ESA
and/or TPA. 0, is negative in the case of SA and positive
for ESA and TPA.

The expression for the normalized NL transmittance,
using equation 1, can be written as:3"-38:60-62

T(z) = \/Tté((lz()z)]iln[l-’-q(Z) exp(—1°)]dt (2

where A(z) =exp[o, LI/ (I + )], and q(z) = 0, I Loy/ 1 + (2 / 2,,)?
with I, being the peak intensity at the focal point, z, is the
Rayleigh length, L ;=[1-exp(—o,L)]/a,, and L is the sample
thickness.

The Z-scan profiles for different laser intensities, shown
in Figure 5, were fitted using equation 2. The saturation
intensities were determined to be 3.7 x 107 W cm for
S-Te NWs and 3.0 x 10’ W cm? for L-Te NWs. The obtained
NL absorption coefficients for both samples are given in
Table 1 for different laser intensities.

Previous works showed that only RSA was found
in open-aperture Z-scan experiments performed with
nanoseconds pulsed lasers for aqueous suspensions of
Te nanowires with similar size and shape.’> The authors
observed a small SA signal only at higher concentrations
of Te nanowires. Due to the large pulse energy, Z-scan
measurements performed with nanosecond laser pulses
are usually affected by thermal effects or destruction of
the samples which in turn, also prevent the investigation of
purer electronic contributions of the NL optical properties.
In the present experiment clear evidence of SA or RSA
was possible because laser pulses with low energy were
employed.

Additional experiments were performed with other
nanostructures shapes such as spine-like and nanobrooms,
achieved by modifying the surfactant (i.e., sodium
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Figure 5. Open-aperture Z-scan profiles recorded at 532 nm as a function
of laser intensity for (a) short; (b) long Te nanowires. The solid curves are
the fitting results using a model that includes contributions from saturated
absorption, two-photon absorption and reverse saturated absorption.

Table 1. Nonlinear absorption coefficients of short and long Te nanowires
at 532 nm as function of the laser intensity

S-Te NWs L-Te NWs
I,/ (GWem?) o,/ (cm GW!) I,/(GWcem?) o,/ (cm GW?)
0.23 -22+03 0.32 -13+2
0.57 9.4 1.4 6.09 0.81+0.12
3.80 4.0x0.6 7.9 1.0+0.15
5.74 5.0+0.8

S-Te NWs: short Te nanowires; L-Te NWs: long Te nanowires.

dodecylsulphate and poloxamers) as well as the Te:H,PO,
molar ratio. However, we observed very small NL
absorption from those samples and bad reproducibility
of the results which was consistently supported with the
significant degradation of those nanostructures when they
are exposed to the laser beam.

Conclusions

The synthesis of one-dimensional tellurium
nanostructures displaying similar interesting nonlinear
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optical behavior in the visible region has been described.
Short and long Te nanowires were synthesized via
surfactant-assisted synthesis into solution-phase approach
at low temperature. Particularly, we observed the occurrence
of SA and RSA phenomena at 532 nm in Te nanowires
displaying different aspect ratios for excitation with 80 ps
pulses by using the Z-scan technique. To the best of our
knowledge, this is the first report on SA and RSA at the
same wavelength in the case of 1D-Te nanostructures. This
interesting property could be observed because picosecond
laser pulses with small energies were employed. We
modeled the results assuming that the competition between
ground-state bleaching, excited state absorption (ESA), and
direct two-photon absorption (TPA) transitions starting
from the ground-state, are responsible for the observed
switching behavior from SA to RSA. As a final remark
we point out that although both nanostructures have large
potential to be tested for applications such as laser pulse
compression and optical limiting, short Te nanowires may
be more appropriate because they present larger nonlinear
absorption coefficient than the long ones. In addition,
these Te nanowires can be potentially embedded in rigid
or flexible solid-state matrix for the development of more
robust and longer lasting optical devices.

Supplementary Information

Supplementary information (Figures S1-S2) is available
free of charge at http://jbcs.org.br as PDF file.
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