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The third-order nonlinear infrared and ultraviolet properties exhibited by silicon quantum dots irradiated by ultrashort pulses
were studied. The samples were prepared by 1.5 MeV Si*? ion implantation processes in high-purity silica substrates. Femtosecond
z-scan measurements conducted at 830 nm wavelength revealed strong self-focusing effects together with two-photon absorption
that can be switched to saturable absorption as a function of the input irradiance. Changes in the main physical mechanism
responsible for the picosecond absorptive nonlinearity in the sample were also observed at 355 nm, made possible by the assistance
of photothermal phenomena. Ultraviolet self-diffraction explorations allowed us to estimate the Kerr effect of the nanostructures.
Potential applications for developing all-optical filtering functions performed by silicon-based nanosystems can be considered.

1. Introduction

Recent progress in device fabrication opens up fascinating
possibilities for the incorporation of advanced nanostruc-
tured materials to enhance the performance of all-optical
operations [1]. Integrated nanophotonic systems could pro-
vide platforms for developing ultracompact signal processing
tools and dense configurations for manipulating optical
information in the ultrafast regime [2]. The potential to
multiplex large data streams by ultrashort laser pulses seems
to be a suitable alternative for solving some of the key chal-
lenges in several technological applications [3]. Nonlinear
optical effects anticipate the all-optical implementation of
multifunctional photonic elements that can simultaneously
perform various signal processing tasks [4]. In the same
direction, distinct computing approaches based on quantum
network technologies can be envisioned as essential tools for
designing novel optical data communication systems [5].

Silicon-based materials have been employed as the main
components for building modern electronic and optoelec-
tronic systems [6]. The dynamics of electronic and photother-
mal processes emerging from silicon quantum dots (SiQDs)
seem to be attractive for the development of extremely
small structures that confine the fundamental charge carri-
ers responsible for semiconductive phenomena [7]. Silicon
nanostructures exhibit powerful optical and nonlinear optical
properties that can be attractive for the development of a new
generation of nonlinear photonic devices [8]. In particular,
it has been pointed out that excitonic effects associated with
SiQDs can be derived by quantum confinement mechanisms,
and they could play a critical role in the enhancement of the
nonlinear optical response [9].

From these collective excitations related to periodically
ordered SiQDs arrays, one can consider the enhancement of
nanophotonic properties that could promote superior light
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manipulation techniques at the nanoscale [10]. The involve-
ment of discrete density of states of SiQDs under illumination
may originate essential interactions for practical applications
such as low-dimensional laser systems [11], single-photon
sources [12], photonic waveguide circuits [13], or all-optical
switching devices [14].

Optical and electronic transitions associated with high-
irradiance beams can be also considered to generate absorp-
tive or refractive nonlinearities that potentially play a crucial
role for modulating photonic signals [15]. Since the nonlinear
optical properties exhibited by SiQDs are drastically depen-
dent on the size and size distribution of nanoparticles in
the sample, then also the processing route for their synthesis
can significantly influence their optical properties [16]. In
this respect, MeV ion implantation technique allows the
versatile design of structured samples with SiQDs following
a particular depth profile distribution that can be controlled
by the energy, fluence, and angle of the ion beam. Moreover,
ion implantation is fully compatible with CMOS technology
processing design in actual microelectronics. Then, one of
the main advantages of this synthesis method is its potential
to create nanosystems that may be attractive for direct
applications that require very stable optical and mechanical
characteristics.

In view of all of these elements, the topic discussed in this
paper mainly presents an analysis of the third-order nonlin-
ear infrared and ultraviolet effects exhibited by ion-implanted
SiQDs embedded in silica plates. A modification from
ultraviolet saturated absorption to two-photon absorption
in the sample was observed by a photothermal action able
to demodulate laser signals. A picosecond self-diffraction
method was carried out to explore the magnitude of the
third-order nonlinear susceptibility tensor of the sample at a
355 nm wavelength, while a z-scan technique was employed
to measure infrared femtosecond nonlinear absorption and
refraction effects. Within the text we discussed the fascinating
nonlinearities that could be engineering in SiQDs by the
contribution of cooperative interactions.

2. Experimental

2.1. Sample Preparation. The samples were synthesized by
using the 3 MV Tandem accelerator (NEC 9SDH-2 Pelletron)
facility at the Instituto de Fisica of the Universidad Nacional
Auténoma de México. High-purity silica glass plates (25 x 25
x 1mm) with OH content less than 1 ppm and total impurity
content less than 20 ppm were employed as substrates. The
room temperature ion implantation was performed by means
of .5MeV Si*? ions at a fluence of 2.5 x 10" ions/cm”.
The Si-implanted samples were then thermally annealed in a
reducing atmosphere (50% N, +50% H,) at 1100°C for 1 hour.
A FEI Tecnai F30 Transmission Electron Microscope (FEG-
TEM 300kV) in scanning mode (STEM) with a high angle
annular dark field (HAADF) detector (Z-contrast) was used
to perform nanoscopic observations on the sample. The char-
acteristic optical absorption spectrum of the studied samples
was recorded by using an UV-visible spectrometer (Varian
Cary 5000). Nonlinear optical measurements were investi-
gated during different years in different regions of similar
samples systematically studied.
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2.2. Femtosecond z-Scan Explorations. The nonlinear absorp-
tion and nonlinear refraction exhibited by the samples with
embedded SiQDs were studied by the z-scan technique using
infrared femtosecond irradiation [17]. Z-scan measurements
were undertaken by using a Ti:sapphire laser system with
80 fs pulses at 830 nm wavelength focused in a beam waist
of 47 ym + 0.5 ym, resulting in a peak irradiance of with
48 MW/cm?, and a repetition rate of 94 MHz. The trans-
mittance for the open-aperture z-scan technique can be
described by [17]

ﬂIoLeff
2V2 (%2 +1)

where f corresponds to the two-photon absorption coeffi-
cient, L ¢ is the effective length given by L ¢ = (1 —e™%")/a,
with L the sample length, and «, is the linear absorption
coefficient.

T(Z’ ACDO) =1- (1)

On the other hand, for the transmittance of the closed-
aperture z-scan measurements, we considered [17]

4AD x
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where x = z/z,,z, = kw§/2, k = 2m/A, A represents the laser
wavelength in free space, and the on-axis optical phase shift
of the beam can be denoted by AD, as

AD, = kAn,L 4, (3)

the on-axis maximum refractive index change can be repre-
sented by An, = n,I;, and related to the nonlinear refractive
index, n,, and I, that corresponds to the focused peak on-axis
irradiance.

2.3. Time-Resolved Optical Kerr Gate Evaluations. Optical
Kerr gate (OKG) studies were undertaken in order to see
the femtosecond time-resolved behavior of the SiQDs sam-
ples [18]. The pulses were provided by a Ti:sapphire laser
system emitting a 825 nm wavelength, 80 fs pulses, and 3 nJ
maximum pulse energy at 94 MHz. Pump and probe beams
presented an irradiance relation of 15:1, vectorial planes of
linear polarization making an angle of 45°, and a spot size
focused in about 80 ym. The Kerr signal was recorded by
a photodetector acquiring the probe irradiance propagated
through an analyzer crossed with respect to the initial polar-
ization of the probe beam. A lock-in amplifier assisted the
experiment to detect the frequency related to the probe beam
passing through a mechanical chopper. The probe trans-
mittance as a function of the electronically controlled delay
time between the pump to probe was measured.

2.4. Picosecond Ultraviolet Irradiation Studies. The single-
beam transmittance of the sample irradiated by the third
harmonic (355nm) emerging from a Nd:YAG laser system
(EKSPLA) with pulse duration of 25 ps was explored. More-
over, a degenerated two-wave mixing experiment with the
same laser source was carried out to identify the magnitude
of the third-order nonlinear ultraviolet response exhibited by
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the sample. The incident probe and pump beams at 355 nm
wavelength were linearly polarized and adjusted to present an
irradiance relation of 1:10. These two laser beams, focusing
on the sample with a geometric angle of about 10°, a spot size
~0.2 mm, and a total incident energy of 55 y1J, were analyzed at
two different repetition rates, 1 Hz and 10 Hz repetition rates,
respectively. The polarization of the probe beam was fixed,
while the polarization of the pump beam was rotated with a
half-wave plate. The self-diffracted irradiances were acquired
by using a high speed Ga photodetector (DET 25K Thorlabs).

The expressions for describing the approximated ampli-
tudes of the transmitted fields are [19]

E(2) = []0 (\Pil)> E., +i], (\IIS)) EZi]
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where E,, (z) and E,, (z) are the complex amplitudes associ-
ated with the circularly polarized components of the trans-
mitted waves beams; E;, (z) and E,, (z) are the amplitudes
of the self-diffracted waves; a(I) is the irradiance dependent
absorption coefficient; J,,, (‘I’S)) stands for the Bessel function

- exp (—i\I’f) -

of order m; z is the thickness of the nonlinear media; and ‘{’io)
and ‘I’il) are the nonlinear phase changes.

2.5. Photothermal Analysis. The photothermal response
exhibited by the sample was measured by a Wheatstone
bridge circuit with a thermistor as a sensor of temperature.
The photothermal experiment was conducted with a 355 nm
focused beam featuring 25ps pulse duration and 10Hz
repetition rate. The change in temperature (AT) was induced
by 650 pJ laser excitation for 10 seconds in a spot area of
4712mm?. The temporal thermal response of the SiQDs
sample was acquired by an infrared sensor with a resolution of
0.01°C. The signal was conditioned with a low noise amplifier
and a17-bit high-resolution analog-digital converter. The data
were collected into a PC by an 8-bit Atmel microcontroller. In
order to fit the experimental data, the numerical solution of
the 2D heat equation was considered,

oT (x, y,t k 1

ﬂ = — VT (x,3,t) + —P(x, ,t), (5
ot P P

where t represents the time, x and y represent the spatial
coordinates transverse to the propagation of the beam, k

FIGURE 1: Panoramic STEM micrograph of a representative sample
with embedded SiQDs.

represents the thermal conductivity, ¢, represents the specific
heat, p represents the density, and P represents the Fourier
series of the laser pumping. The parameters to approach
the function were thickness I mm of the silica substrate and
400 nm for the FWHM of the implanted Si ions estimated by
SRIM simulation [20]. The absorption coeflicient is ten times
smaller in pure silica that in the nanostructured samples with
embedded SiQDs according spectroscopic measurements.
Consequently, we can assume that thermal transport was
mainly induced by the phonon dispersion on the SiQDs
excited by the ultraviolet irradiation. Moreover, we repro-
duced the experiment in pristine silica plates to corroborate
that no change in temperature was achieved under the same
laboratory conditions.

2.6. Low-Pass Filter by Nonlinear Ultraviolet Absorption Effects
in SiQDs. Ultraviolet picosecond pulses provided by our
Nd:YAG system with two different repetition rates, c.a. 10 Hz
and 1Hz, were employed as a laser signal featuring a pulse-
density-modulation (PDM). Here, PDM signals correspond
to binary signals distinguished by their characteristic fre-
quency, f, =10 Hzand f; =1Hz, for representing the digital 0
or 1 value, respectively. The demodulation of the PDM signals
was obtained through the nonlinear transmittance of the ion-
implanted SiQDs sample behaving like a low-pass filter.

3. Results and Discussions

Figure 1 shows a STEM image of our samples where the
white points in the micrograph represent the SiQDs. The
estimated average size of the SiQDs was approximately 6 nm
+ 2.5 nm. SRIM calculations indicated that the FWHM of the
Si depth profile distribution is ~400 nm with a maximum
peak concentration located at about 1700 nm below the
surface of the silica substrate.

In Figure 2 the comparative UV-Vis spectra for the silica
sample with embedded SiQDs and the pristine silica are
illustrated. For the SiQDs sample, a well-defined absorption
edge can be visualized. Reproducibility in the fabrication of
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FIGURE 2: Optical absorption spectra of the sample with embedded
SiQDs and the pristine silica.
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FIGURE 3: Femtosecond open-aperture z-scan data at 830 nm.

the sample was guaranteed by SEM and UV-Vis spectroscopic
measurements. Crystallinity of the SiQDs has been previously
verified by photoluminescence analysis of comparative sam-
ples prepared by ion implantation [10].

Figure 3 describes the open-aperture z-scan data (80 fs
at 830 nm excitation wavelength) resolving a two-photon
absorption effect; that is, a diminishing transmittance at the
focal plane can be seen. The fit in the plot was computed by
using (1) and the estimated 8 = 1.6 x 10~/ m/W magnitude.

The closed-aperture z-scan experiments (Figure 4)
denote a positive nonlinear refractive index n, for the fs

Journal of Nanomaterials

1.006

1.004 + i

1.002

Normalized transmittance

0.998 I
.O
0.996 | °, ° «® LY
[ |
0.994 - - -
-40 -20 0 20 40

Sample position (mm)

FIGURE 4: Femtosecond closed-aperture z-scan data at 830 nm.
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FIGURE 5: Time-resolved OKG signal for the SiQDs samples studied.

pulses. The value 7, =2.11 x 10~** m*/W was obtained by the
fitting performed by using (2).

Figure 5 demonstrates the ultrafast time-resolved OKG
measurements collected for the SiQDs excited by infrared
fs pulses. The data demonstrates a nonlinear Kerr response
that raises and decays during the femtosecond pulse duration,
which can be associated with an ultrafast purely electronic
optical behavior exhibited by the nanostructures.

Ablation was not observed in the sample during fem-
tosecond experiments up to the maximum 3n] energy
available, focused in a beam waist of approximately 47 ym.
Furthermore, picosecond ultraviolet damage of the sample
was observed with 0.2J/cm” pulses. This ablation threshold
magnitude corresponds to a single shot focused on an area
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TABLE 1: Nonlinear infrared and ultraviolet coefficients estimated.
Laser irradiation B (m/W) n, (m?*/W) | X(3)| (esu)
830 nm, 80 fs, 94 MHz 16 x1077 211x107 1.8x107°
355 nm, 25 ps, 10 Hz 21x107° 121x 1076 1.05x 107"
355 nm, 25 ps, 1 Hz -2.4x107°
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FIGURE 6: Contrast in the experimental inverse of the transmittance
as a function of the incident irradiance at 355nm and 25ps in
propagation through the SiQDs sample studied at two different
repetition rates: 1 Hz or 10 Hz.

with 0.lmm radius in the waist, 355nm wavelength, and
65 uJ.

The ultraviolet transmittance of the sample, T, was
measured as a function of the input irradiance, I,. The results
that correspond to T~ versus I, are plotted in Figure 6. An
error bar of £10% was estimated for the irradiance data. The
dots in the graph correspond to experimental data and the
lines are related to numerical fits adjusted by considering the
total irradiance of the incident beam as I, and the transmitted
irradiance I(L) as

I, exp (—a,L)

I(L) =
( ) l+ﬁIoLeff

(6)
Expression (6) clearly shows that the inverse of the trans-
mittance (T~") is a linear function of input irradiance, with
the slope related to the two-photon absorption coeflicient f3.
Figure 6 shows the experimental results plotted as T~ versus
I, together to linear fits to the data at the two repetition
rates employed. A clear divergence in the behavior of the
inverse of the transmittance as a function on the irradiance
at two different repetition rates can be observed in Figure 6.
By using a repetition rate of 1Hz, induced transparency
(saturable absorption) is obtained, while the increase in the

o0  Experimental
—— Numerical

FIGURE 7: Experimental and numerical photothermal response
exhibited by the SiQDs sample exposed to picosecond laser pulsed
irradiation at 355 nm wavelength.

repetition rate to 10 Hz notably produces the signature of a
multiphotonic absorption (induced absorption) process in
the sample. The fit to the data yields f = —2.4 x 10° m/W
for the 1Hz data set and 8 = 2.1 x 107 m/W for the 10 Hz
set, and the values are contained in Table 1. We confirmed
the possibility of controlling the slope of the nonlinear
transmittance with the modification of the repetition rate
from 1Hz to 10 Hz. The numerical solution of the 2D heat
equation expressed in (5) and experimental results showed
in Figure 7 demonstrated that a photothermal process takes
place in the picosecond experiments when the repetition rate
isincreased. Apparently, the change in dynamics of the energy
deposited gives rise to a remarkable modification in the
nonlinear ultraviolet absorbance transitions. Usually, in order
that saturable absorption can be present, there should be an
absorption resonance close to the excitation wavelength as it
corresponds to our experiments at a 355 nm. Subsequently,
we inferred that this change in nonlinear transmittance in
the sample can be associated with a variation in the nonlinear
ultraviolet absorbance resonance. This last inference implies
a potential tuning of the two-photon absorption effect. Auger
recombination and the temporal dynamics related to the
photonic interaction in the sample may receive an important
energy contribution that could modify the valence band



electron density, automatically affecting the absorption as a
function on the irradiance. The irradiance magnitude used
in this work is enough to increase the probability to get
two pairs of e-h (excitons) per SiQDs. Auger recombination
in SiQDs, due to Coulomb interactions between carriers, is
very fast (about 10 ps to 100 ns) and it limits the number
of excitons per SiQDs to a maximum of two. Then, as the
energy of the incident pulse increases, it is expected that
a larger number of SiQDs with two excitons also increase
until a saturated behavior is reached; this can explain the
induced transparency observed in Figures 3 and 6 [21].
On the other hand, if the repetition rate of laser pulses is
increased, two effects could take place: intraband absorption
of electrons in the excited state [22] or biexciton emission
[23] and both effects can explain the reduced transmittance
of the SiQDs observed in this work. Biexciton deexcitation
is a very inefficient process, but it is enhanced for higher
temperatures and stronger laser intensities. The decay time
for biexciton emission is of the order of Auger recombination,
and it corresponds to a decay time of the order of 30ns
for SiQDs. The lifetime related to the release of excited
states in ion-implanted SiQDs is governed by an exponential
beta function that results from the interaction between the
electrical fields emitted by different SiQDs. This situation
typically originates stored excitation energy as slow as 100 ys;
comparative experimental fluorescence studies are in good
agreement with this asseveration [10]. Taking into account
the lifetime of excited transitions in SiQDs, differences in
the nonlinear optical behavior exhibited by Figure 6 can
receive an important influence from intraband and Auger
effects processes which are more likely to occur for 10 Hz
rather than 1Hz pulse rate. On the other hand, intraband
absorption processes can result after photon excitation into
the conduction band of the SiQDs. Then electrons decay
quickly (subpicoseconds) to the lowest energy state within
the conduction band. At the same time, this excited electron
may also make an electronic transition to higher energy level
by absorbing another incoming photon [22]. Therefore, the
increase in absorbed energy from the laser pulses reduces the
transmittance of the sample.

In order to experimentally identify if a photothermal
process would be responsible for our observations, the sample
temperature was monitored. Using a single-beam irradiation
with a 1Hz repetition rate no temperature change was
observed up to the ablation threshold levels; however a
noticeable induced temperature change was recorded with
a 10 Hz repetition rate. Figure 7 shows the induced tem-
perature change in the sample when ultraviolet picosecond
pulses irradiated the sample with a 10 Hz repetition rate.
This experiment corresponds to an irradiation time of 10
seconds regarding the fact that the results were compared for
repetition rates of 1 Hz and 10 Hz.

The change in temperature described by Figure 7 con-
cerns 10 seconds of optical irradiation followed by the evolu-
tion of the heat dissipation with a 1/e decay close to 1 second.
A significant temperature variation could be responsible for
nonlinear refraction and for that reason the third-order
nonlinear ultraviolet response of the sample was explored by
a self-diffraction technique [19]. The optical Kerr effect can
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FIGURE 8: Normalized probe transmittance as a function of the angle
of polarization between the interacting beams in the SiQDs sample
studied.

be derived from different physical mechanisms of nonlinear
refractive index. A thermal process can be associated with
a thermooptic coeflicient that may be important for the
modification of self-diffraction phenomena obtained by two-
wave mixing experiments. The rotation of the angle between
the planes of polarization of two incident beams in the sample
allows analyzing the vectorial self-diffracted behavior. In
Figure 8 representative self-diffraction signals obtained by a
two-wave mixing experiment are shown; the repetition rate
of the laser excitation was 10 Hz in this case. The nonzero
value of the self-diffracted signal obtained by orthogonal
polarization of the incident beams indicates an electronic
mechanism as the main responsible for the optical Kerr effect
induced in the sample by third-order nonlinearities [23]. The
self-diffraction system was calibrated by using a well-known
CS, standard sample. An error bar of +10% was estimated for
the experimental data. Using (4), | X(3)| =1.05%x10"" esu value
was estimated, corresponding to the SiQDs sample studied in
this picosecond regime at 355 nm.

We considered the relationship between the nonlinear
refractive index n, and 8 with X(3) [24]:

2
@) 1y MycA )
= n, +i ,
R T TSR

where A represents the wavelength, c is the speed of the light
in vacuum, and 7, the refractive index for low intensity (in
esu units). When substituting in (7) the magnitudes for A =
355nm, ¢ = 3 x 10 m/s, ny, = 1.42, |X(3)| =1.05 x 107° esu,
and the f value obtained by the single-beam transmittance
experiments, the nonlinear refractive index was calculated.
The nonlinear parameters are summarized in Table 1. It can
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be considered that different contributions from free carriers,
bound electrons, and thermal effects generate the strong
differences in the femtosecond and picosecond response at
the different wavelengths studied. Nonlinear optical effects
are strongly dependent on shape and size of Si nanoparti-
cles. Nevertheless, these results are in good agreement with
previous investigations performed with silicon nanoparticles
measured at different wavelengths [25].

Differences in nonlinear optical parameters described in
Table 1 concern to irradiance, pulse duration, and wavelength
variations for performing the experiments. These factors can
be related to the dynamic response of electronic and thermal
effects that should be present in the samples studied. The
idea behind the fact that thermal effects play a key role in
the difference comes from the numerical analysis and exper-
imental observation of the changes in temperature illustrated
in Figure7. The intense nonlinear ultraviolet absorption
properties exhibited by the SiQDs seem to be adequate to
control discrete high-energy photonic interactions. In this
respect, we consider the possibility of modifying the physical
mechanism responsible for absorptive nonlinearity to modu-
late quantum processes in SiQDs by ultraviolet nonlinearities.
It has been previously reported that two-photon absorption
can be switched to saturated absorption in nanostructures by
changing the wavelength that gives rise to the nonlinearity
[26]. Moreover, it has been pointed out that the size, shape,
and spatial distribution of nanoparticles can play a key role
for the change of their characteristic nonlinear optical effects
[27]. Figure 9 illustrates the nonlinear ultraviolet single-beam

transmittance exhibited by the sample at two different
repetition rates; here f, = 10Hz and f; = 1Hz represent
binary PDM signals with 10 Hz describing the 0 logic value
and 1Hz corresponding to the 1 logic value. These plotted
results (Figure 9) correspond to nonlinear demodulation
based on SiQDs interacting with PDM signals in the proposed
sample. From Figure 9 it can be seen that the sample acts
like a low-pass filter for ultraviolet high-irradiance pulses.
The difference between the magnitudes for the transmitted
probe irradiances can be tailored by the synergy of different
collections of SiQDs.

Considering that the temporal dynamics of energy trans-
fer mechanisms can be employed for manipulating nonlinear
transmittance processes, then the ability for demodulating
PDM signals by nanostructures with ultrafast response can
be contemplated. Important enhancement in refractive and
absorptive nonlinearities was observed by infrared studies
in comparison to ultraviolet results in our SiQDs. But
remarkably, switching in the mechanism responsible for
femtosecond absorption was observed in comparison to
similar SiQDs measured by different input intensities [28].

Recent progress related to the development of nonlinear
photonic systems with potential quantum functions has
gained considerable attention by several research groups
[29]. The possibility of manipulating low-dimensional signals
for instrumentation and processing information is still a
challenge that may take advantages of nanomaterials science
and applied optics [30]. Encoding and ciphering processes
constitute a clear example that advanced materials are cur-
rently required to improve the performance of their encrypt-
ing characteristics. Taking into account the opportunity to
control all-optical interactions by nonlinear phenomena in
SiQDs, diverse nanophotonic devices assisted by isolated
nanoparticles can be envisioned. On the other hand, energy
transfer based on SiQDs can play a fundamental role in
applications that would be tuned by multiphotonic nonlin-
earities. In this work a clear indication about new possibilities
for tailoring nanostructured samples to be used for ultrafast
electromagnetic functions based on nonlinear excitations is
highlighted.

4. Conclusions

Within this work the nonlinear infrared and ultraviolet
properties exhibited by ion-implanted SiQDs in silica plates
were analyzed. Strong absorptive and refractive nonlineari-
ties effects were observed by ultrashort pulses at 830 nm and
355 nm wavelengths. The ability of the nanostructures studied
for demodulating PDM signals by distinct near-resonance
nonlinearities was pointed out. The increase in the pulse
repetition rate of the laser system can result in the switch from
saturated absorption to two-photon absorption in the sample,
allowing attractive applications to be considered. This report
emphasizes the need for attention of absorptive nonlineari-
ties in controlled photothermal phenomena associated with
silicon-based nanomaterials. The implications of these results
may have the potential to develop low-dimensional all-optical
modulating systems.
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