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This study investigates near-infrared region Ag,S quantum dots (QDs) and their nonlinear optical response under 532 nm

nanosecond laser pulses. Our experimental result shows that nonlinear transmission is reduced from 0.084 to 0.04. The observed

narrowing behavior of the output pulse width shows superior optical limiting. We discuss the physical mechanisms responsible for

the nonlinear optical response of the QDs. The average size of the nanocrystals was 5.5 nm. Our results suggest the possibility of

using these Ag,S QDs for photoelectric, biosensor, optical ranging, and self-adaptive technologies.

Introduction

Quantum dots (QDs) are semiconductor nanostructures with a
size from 3 to 10 nm [1]. Through tailoring their size and com-
position, the emission wavelength of the quantum dots can be
tuned from 650 to 1250 nm. In the last ten years, the study and
development of QDs has rapidly progressed, and also influ-
enced other research areas, such as nonlinear optics, plas-
monics and biosensors. The special optical properties of QDs
include good resistance to photo-bleaching, large absorption
cross section, long fluorescence lifetimes, high quantum yields,
and luminescence emission with large Stokes shift [2]. The
development of synthetic nanoparticles has facilitated research

on the nonlinear behavior of QDs and shown the great potential

of QDs for different applications [3,4]. The synthesis of QDs
with nonlinear behavior has been accomplished in aqueous
solution over the past two decades [5,6]. Recently, studies have
reported on nonlinear optical properties of QDs. Given their
potential for various applications, including nonlinear reflec-
tivity, efforts have recently been devoted to identifying QDs
with near-infrared region (NIR) emission, such as PbSe, PbS,
and CulnS, [7,8]. These are non-cadmium-based QDs, and the
use of NIR light solves the autofluorescence problem through
the reduction of the fluorescence background [9-11]. Previous
research has demonstrated that Ag,S QDs may be good candi-
dates for use as NIR emitters [12-19]. Ag,S QDs have a band
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gap of 1.1 eV, the appropriate narrow band gap for NIR emis-
sion, and a relatively large absorption coefficient, which may
enhance the emission intensity. Therefore, Ag,S QDs provide a
powerful route for improving the optical properties of semicon-
ductor nanocrystals [20-22]. Ag,S QDs have a wide range of
applications in optical and other research fields. The develop-
ment of their synthesis method may facilitate their application
in optoelectronic devices for light absorption, photoconductor
cells, IR detectors and so on [21,23-28].

Various optical properties of semiconductor or metallic
nanoparticles with different sizes and shapes, such as nonlinear
absorption and scattering, have been investigated both theoretic-
ally and experimentally [29-35]. However, there is a lack of
research on the nonlinear properties of laser-pumped NIR QDs.
In this study, we report experimental results of nonlinear optical
behavior of AgyS QDs pumped by 532 nm nanosecond laser
pulses. The results of spectral, spatio-temporal and pump wave-
form measurements from laser pump energy effect are
presented in this study and explained on the basis of the nonlin-

ear optics theory of nanoparticles.

Results and Discussion

Figure 1 shows the analysis of a sample of Ag;S nanocrystals
dispersed in chloroform (CHCl3). The QDs were synthesized
using the typical procedure published previously [20]. The sizes
of the QDs were determined using a JEOL JEM-100cx trans-
mission electron microscope (TEM) with an accelerating
voltage of 80 kV. The TEM image of Ag,S is shown in
Figure 1a. The particles are estimated to have an average diam-
eter of 5-6 nm.

Figure 1a shows the absorption spectra of Ag,S QDs, measured
by a scanning spectrophotometer (UV-3101PC from
Shimadzu). Figure 1b shows the EDS spectra of Ag;S QDs
clearly indicating Ag and S as constituents. The two sharp
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peaks at 0 and 0.15 keV have no relation to the Ag,S quantum

dots, and are caused by a measurement error.

COMSOL Multiphysics 4.2a was used to simulate nonlinear
optical characteristics for Ag;S QDs. Full-wave 2D analysis
with Gaussian laser beam profile was employed. In order to
reduce the needed computational resources, the model size was
defined as 300 x 2000 nm, and the circles represent the
quantum dots, as shown in Figure 2a. The following equations
were used to describe the electric field (z-component):
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where ©¢ is the minimum waist, @ is the angular frequency, y is
the in-plane transverse coordinate, and & is the wave number.
The simulation parameters are shown in Table 1.

The results of simulations are presented in Figure 2b, the dots in
the rectangle represent the Ag>S QDs. One can see that the
AgyrS QDs can show nonlinear optical phenomena under
532 nm laser irradiation. The intensity of the electric field
changes drastically when the laser passes through the quantum
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Figure 1: (a) Absorption spectra of Ag,S QDs in chloroform, the TEM image of Ag>S QDs is shown in the inset. (b) EDS spectra of Ag,S QDs.
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Figure 2: Simulation model (a) and result (b).

Table 1: Simulation parameters.

name value description

wo 2 [um] minimum waist

Ao 532 [nm] laser wavelength

Eo 30 [kV/m] peak electric field

X0 T Wwe/Ag Rayleigh range

ko 211/ propagation constant
wo ko'c Angular frequency

dt 8.9 [ns] pulse width

dots. Previous research attributed the nonlinear optical behav-
ior of nanoparticles to the reverse saturable absorption, when
the nanoparticle were pumped by nanosecond laser pulses at a

v 9655

wavelength of 532 nm [36]. When the nanoparticles were
pumped by femtosecond or picosecond laser pulses at wave-
lengths of 800 or 1064 nm, the nanoparticles exhibited self-
focusing effects or positive nonlinear absorption, which reduced
the nonlinear optical signal of nanoparticles [36-40].

Figure 3 shows the experimental setup. The pump source is a
532 nm Nd:YAG laser with tunable pulse width [41]. The repe-
tition rate was 10 Hz. Input pump pulses were focused with an

=15 cm lens onto the center of a quartz cuvette with the sample

solution. The optical path length of the focused pump beam
passing through the sample medium was 2 cm, and the
minimum waist of the laser is 3 = 1 um, the Rayleigh range of

the laser is 53.12 pum.
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Figure 3: Experimental setup.

Briefly, a Z-scan is one of the commonly utilized methods to
measure nonlinear behavior. In this study, we used “open-aper-
ture” and “closed-aperture” experiments according to Ganeev et
al. [40]. Moreover, to check for the presence of nonlinear scat-
tering, we used a photodiode placed at a fixed angle of about
40°. Insignificant nonlinear scattering of the laser beam was
observed. Figure 4 shows the recorded Z-scan graphs of the
Ag>S QDs. The laser pump energy ranged from 25 to 45 mJ.

We can see that all the open-aperture Z-scan exhibit a transmis-
sion maximum at low laser energy, indicating a saturable
absorption behavior. However, there is a dip in the center of the
transmission maximum with the laser energy increasing [42].
There is also a transmission minimum at higher laser energy,
indicating a reverse saturable absorption behavior [22]. The
curves of the closed-aperture Z -scans show different shapes
compared to the open-aperture Z-scans, which is because of the
combination of nonlinear effects in the system [22]. When the
laser interacts with the QDs, free-carrier absorption, nonlinear
scattering, and saturable absorption will occur, which all
contribute to nonlinear behavior.
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In semiconductor QDs the absorption coefficient and cross
section were found to be the major properties that are largely
affected by the structure of the semiconductor. Table 2 and
Table 3 list the fitted nonlinear optical parameter of Ag,S QDs
for open-aperture Z-scan and closed-aperture Z-scan. The data
in the table have an estimated error of 15%, which is caused by
the energy fluctuations of the laser beam and air turbulences.

We measured the pulse energy values of the input and the trans-
mitted laser beams to get a larger detecting area compared to the
beam cross section. In our case, the dynamic transmission of the

sample is determined by [41]:

In(1+BLIy)

T(Iy)=TyT"(1y) =T BLie

3)

Here, T is the linear transmission, T’ is the nonlinear transmis-
sion, /) is the input pulse energy, and the absorption coefficient
J was obtained through Equation 4:
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Figure 4: (a) Open-aperture Z-scan graph of Ag2S QDs; (b) closed-aperture Z-scan graph of Ag,S QDs.
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Table 2: Fitted nonlinear optical parameter of Ag,S QDs for open-aperture Z-scans.?

laser energy (mJ) linear absorption

coefficient a (cm™")

25 0.32 5.2
35 0.23 5.2
45 0.16 5.2

8All values listed have an estimated error of 15%.

estimated size (nm)

absorption coefficient B, cross section oy (x10% GW)

(x1073 cm/GW)

1.889 3.899
0.686 1.416
0.376 0.775

Table 3: Fitted nonlinear optical parameter of Ag,S QDs for closed-aperture Z-scans.?

laser energy (mJ) linear absorption

coefficient a (cm™")

25 0.32 52
35 0.23 5.2
45 0.16 5.2

aAll values listed have an estimated error of 15%.

Here, T is the normalized peak height, P is the pulse peak
power, ® is the beam waist radius, L¢r is the effective length in
medium. The cross section ¢ was obtained by Equation 5:

10°Byhv

5
NoC ®)

)

Here, C is concentration, /v is the energy of incident light, Ny is
a molecular number of quantum dots solutions. We set L as the
constant optical path in the sample. As shown in Figure 5 we
can see that the measured nonlinear transmission value is
reduced from 0.084 to 0.04 when the input pulse energy
increased. Figure 6a shows the waveforms of pulse and trans-
mission pulse measured at the same pump energy level (40 mJ)
by a two-channel digital oscilloscope of 200 MHz bandwidth
(TDS 2024B).

It can be seen that the laser pulse width is 22.8 ns for a pump
energy of 40 mJ. The transmission pulse is 10.5 ns for Ag,S
QDs, and 21.08 ns for CHCl3. The transmission pulse of nano-
structure particles is much shorter than that of the laser pulse.
Figure 6b shows the transmission pulses at a different pump
energy level. The waveforms became narrower as the laser
pump energy increased. In a two-level system, such as this,

when the laser pulse width is much larger than the particle

estimated size (nm)

absorption coefficient B, cross section g, (x104 GW)
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Figure 5: Measured nonlinear transmission versus the input pulse
energy for AgoS QDs. The dashed line represents the best fitting curve
based on Equation 3 with 3 = constant.

relaxation time, multiple absorption will occur in the QDs. For
Ag>S QDs, a large Ag protrusion is formed in the nanogap
when the laser pump energy increased. Both electronic and
ionic currents contribute to the absorption of the Ag,S QDs,
which is affected by the pulse width waveforms. It could also be
explained by an effect of nonlinear optical absorption that
depends othe pump energy. This may reflect the dynamic
behavior of gain or feedback mechanisms in the nonlinear
absorption behavior of nanostructure particles. To exclude the
possibility of a nonlinear behavior of nanocrystalline materials,
we conducted the experiment for Ag,S QDs absorption

measurement.
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Figure 6: (a) Normalized waveforms of laser pulse and transmission pulse at the same pump energy level; (b) normalized waveforms of transmission

pulse of Ag>S quantum dots showing width curve at different pump energy.

Figure 7 shows the output energy as a function of the input
pump energy at different concentration values. The intensity of
the absorption is defined as the ratio of the output energy to the
input pump energy. It is shown that at the different pump levels,
the Ag,S sample with a higher concentration (4.0 mg/mL)
produced a smaller output energy than the Ag,S sample with a
lower concentration (2.0 mg/mL). CHCI3 produced the lowest
absorption intensity. Ag,S exhibited stronger absorption
compared with CHCI3 as the pump energy increased. This can
be explained by the fact that there are many impurities and elec-
tron—hole pairs in QDs. Also, when the laser interacts with QDs
the dielectric constant of the medium surrounding the QDs will
be changed. Ag,S has a narrow band gap, which leads to the
strong absorption characteristics of Ag,S and which makes

Ag,S particularly suitable for use in optical detectors and solar

cells.
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Figure 7: Absorption intensity and input pump energy spectra of Ag»S.

Conclusion

In summary, we have demonstrated, using NIR Ag,S QDs
pumped by 532 nm nanosecond pulses, that the nonlinear
optical characteristics can be efficiently generated in QDs. The
simulation results show the nonlinear characteristics of Ag,S
QDs. Nonlinear transmission measurement revealed that Ag,S
QDs have a superior nonlinear optical performance because of
their strong absorption characteristics, and can compress pump
pulse waveform. The strong absorption characteristics of Ag,S
QDs may lead to more uses for nonlinear applications. This
makes them promising candidates for nonlinear optical studies
and the potential future applications of nanoparticles. We also
note that in future research we may explore further the specific
physical mechanisms and dynamics of nanoparticles with laser
technology.
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