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Abstract

Silver nanoparticle (AgNP) aqueous colloids with different surface plasmon resonance (SPR) frequencies were controllably
synthesized by a facile and green chemical synthesis method. The obtained AgNPs with an average diameter of ~ 15 nm
show a symmetrical SPR peak at~400 nm. Another longitudinal SPR mode at~ 520 nm occurs when increasing the amount
of ethanol according to the ultraviolet—visible light spectra. The third-order nonlinear optical (NLO) absorption properties
of the AgNP colloids were found to switch from two-photon absorption (TPA) to saturable absorption (SA) by tuning the
SPR frequency using Z-scan technique with 340 fs pulses at 515 nm. When combined with two-dimensional (2D) MoS,, an
enhanced SA response is observed for Ag/MoS, nanocomposites compared with the counterparts. The nonlinear absorption
coefficient of Ag/MoS, nanocomposites is about —(10.93 +0.6) x 102 cm-GW~!, which is almost three times higher than
that of MoS,. Our work has an instructive value in promoting the potential application of AgNPs and its nanocomposites in
optoelectronic and photonic devices, such as optical limiting and ultrafast laser pulse generation.
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1 Introduction
Metal nanoparticles (MNPs) with at least one dimension
(length, width, or thickness) within a range of 1-100 nm,
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ties, enabling potential applications in catalysis [1], sensing
[2, 3], energy storage [4], surface enhanced Raman scatter-
ing [5]. Among various MNPs, silver nanoparticles (AgNPs)
were paid great attention to a variety of fields due to their
unique physical and chemical properties, such as surface
plasmon resonance (SPR) [6] and fluorescent properties [7],
owing to their excellent photo-stability, good process ability,
and extremely low toxicity. Generally, AgNPs with sizes
of less than 2 nm, where the particle size is on the same
order of the electron Fermi wavelength (0.5 nm), exhibit a
fascinating fluorescent property, and become non-lumines-
cent with the particle size approaching to the electron mean
free path length (~50 nm), where collective excitations of
electrons become dominant, leading to plasmon resonance
[8, 9]. It has been reported that the SPR and fluorescent
properties of silver nanostructures depend strongly on its
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geometry and environment, such as the nanoparticle size
[10] and shape [11]. Shang et al. [12] synthesized fluores-
cent Ag nanoclusters using the common and commercially
available polyelectrolyte poly(methacrylic acid) as the tem-
plate. The obtained Ag nanoclusters exhibit good photo-sta-
bility, pH- and excitation-dependent emission behavior, and
a stimuli-responsive property, showing potential applications
in a wide range such as bio-sensing. Luo et al. [13] obtained
Ag nanorods with thin diameters and tunable aspect ratio
using a seed-mediated approach. It is found that the trans-
verse mode kept below 400 nm, while the longitudinal mode
could be readily tuned from the visible to the near-infrared
region by varying the aspect ratio. Tsuji et al. [14] studied
the rapid sphere-to-prism (STP) transformation of AgNPs
by monitoring the changing of SPR bands in the UV-Vis
region. They reported that a key process for the STP trans-
formation is shape-selective oxidative etching of spherical
particles in a mixture of spheres and prisms with that the
etching rate of spherical particles by H,O, is faster than that
of prisms. Scardaci et al. [15] found that the shape change
of AgNPs from spherical to flat nanoparticles can tune the
position of the main plasmon resonance across the visible
and near-infrared part of the spectrum. Therefore, it is cru-
cial for the controllable synthesis of AgNPs with desirable
physicochemical properties.

Recently, the third-order nonlinear optical (NLO) prop-
erties of AgNPs and its nanocomposites have attracted a
lot of attention due to its potential applications in optical
switching [16] and ultrafast laser generation [17]. Gieseking
et al. [18] found in theory that in linear silver nanowires, the
longitudinal excited states show positive NLO polarizability
which increases with nanowire length, while the transverse
modes show a negative one. Wada et al. [19] fabricated a
layered hybridized thin films composed of oriented polymers
and AgNPs. They found that the existence of AgNPs in the
hybrid thin films can significantly enhance the third-order
NLO properties due to “excitation enhancement” induced by
the localized SPR. Ferreira et al. [20] synthesized Au—Ag
bimetallic nanoparticles and reported that the third-order
NLO susceptibility can be tailored by modifying the thick-
ness of shell. The NLO absorption of AgNPs contains a
variety of processes like saturable absorption (SA), two-
photon absorption (TPA), multiphoton absorption, excited
state absorption (ESA), free-carrier absorption (FCA), and
reverse saturable absorption (RSA), which have differ-
ent applications in different areas. Generally, SA leads to
decrease in absorption in the sample along with increase
in the input intensity which can be used to generate ultra-
short pulse lasers, whereas for TPA and other processes, the
absorption in the sample increases along with increase in
the input intensity resulting in optical limiting effect, which
can be used for optical limiter to protect the electro-optical
sensors and the eyes [21]. For example, Bhavitha et al. [22]

reported the optical limiting performance of Ag cluster and
investigated the solvent effect at 532 nm using 5 ns laser
pulse. Zvyagin et al. [23] observed optical limiting effect
in AgNPs with spherical and triangular shapes using 10-ns
laser pulses at 532 nm, respectively. It is found that the opti-
cal limiting effect was induced by the nonlinear light scat-
tering. Maurya et al. [24] investigated the polymer effect on
the nonlinear absorption of AgNPs using femtosecond (fs)
laser pulses at 400 nm and found that the SA process can be
suppressed at high concentration of the polymer. However,
how to differentiate which process dominates the NLO per-
formance remains challenging for AgNPs, especially for the
optical limiting effect.

On the other hand, two-dimensional (2D) transition metal
dichalcogenides (TMDs) show excellent NLO performances,
such as giant TPA absorption in monolayer MoS, [25] and
SA in few-layer MoS, [26, 27], with potential applications
in ultrafast laser generation and optical limiting. Forma-
tion of hetero-structured nanocomposites of AgNPs and 2D
TMDs is expected to further enhance the NLO absorption
properties compared with their counterparts. Shao et al. [28]
reported that introduction of AgNPs in WS,-Ag nanocom-
posites can further enhance the nonlinear absorption of 2D
WS, at nanosecond 532 nm. Poudel et al. [29] found a strong
coupling of excitonic states in Ag-MoS, hybrids.

In this work, we used a simple chemical synthesis method
to synthesize AgNP colloids using sodium citrate as sta-
bilizing agent and sodium borohydride as reducing agent
in water—ethanol solution by a simple mixing process. It is
found that the addition of the amount of ethanol significantly
affects the formation and growth of AgNPs in the colloids.
The AgNP colloids synthesized with optical parameters can
keep stable for several weeks without heating or stirring.
Then, we investigated its linear and nonlinear optical proper-
ties by ultraviolet visible (UV-Vis) spectrophotometer and
open-aperture Z-scan (Z is Z-axis, which is the optical axis)
technique irradiated at 515 nm with 340 fs at a repetition
rate of 1 kHz, respectively. A tunable nonlinear optical per-
formance is observed by adjusting the SPR frequencies. In
addition, the selectively synthesized AgNPs were found to
be able to greatly enhance the NLO properties of 2D MoS,
by forming hetero-structured nanocomposites.

2 Experimental

2.1 Synthesis of AgNPs colloids

All chemicals were analytical-grade reagents and used as
received without further purification. Water used for this

study was double-distilled water. Silver nitrate was used as
precursor of silver to prepare AgNPs in colloidal solution
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with a concentration of 0.8 x 10~ mol-L~! in the existence
of sodium citrate as surfactant.

To investigate the effect of the ethanol on the morphol-
ogy of the AgNPs and the stability of the colloids, a series
of samples with different amounts of ethanol were prepared.
Typically, 0.5 mL 5x 10> mol-L ! AgNOj; was mixed with
30 mL of deionized water and 0.1 mL 1 wt% sodium citrate,
followed by addition of 0.1 mL 1 mg-mL~! sodium borohy-
dride gradually without stirring at room temperature. The
color of the mixture turned slowly from colorless to yellow.
The obtained sample was denoted as AgNPs(0), where 0
means 0 mL ethanol. By increasing the amount of ethanol
from O to 15, 20, and 25 mL, a series of AgNPs aqueous
colloids were obtained, denoted as AgNPs(15), AgNPs(20),
AgNPs(25), respectively.

2.2 Synthesis of AgNPs/MoS, nanocomposites

The AgNPs/MoS, nanocomposites were synthesized via
a simple two-step process. First, it is the synthesis of 2D
MoS, by liquid-exfoliated method [26]. Typically, MoS,
powders (5 mg-mL™") were dispersed in 90% ethanol aque-
ous solution and ultra-sonicated in a water bath for 24 h
without addition of any other surfactants. The dispersions
after standing for 24 h were centrifuged at 3000 r-min~!
for 90 min to remove the un-exfoliated powders. The top
two-thirds of the dispersions were collected for use. Then,
similar to the synthesis of AgNPs(25) colloids, Ag/MoS,
hetero-structured nanocomposites were in situ synthesized
in 2D MoS, solutions by adding sequentially Ag precur-
sors, sodium citrate and NaBH, with the volume of ethanol
as 25 mL.

2.3 Characterizations

UV-Vis absorption spectra were measured for the samples
with a PerkinElmer Lambda 750 instrument in the range
of 250-800 nm. Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) were carried out with
a JEOL 3010 instrument. The samples were drop-cast on
carbon-coated copper grids (400 meshes) and allowed to dry
under ambient conditions.

2.4 NLO measurements

An open-aperture Z-scan system was used to investigate the
third-order NLO properties of AgNPs and AgNPs/MoS,
aqueous solution in a quartz cuvette with a thickness of
1 mm using a mode-locked fiber laser operating at 515 nm
with 340 fs pulses at a 1 kHz repetition rate [30]. Total trans-
mittance through the samples as a function of incident inten-
sity was measured while the samples were gradually moved
through the focus of a lens along the Z-axis. The beam waist
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radii of the focus at 515 nm were estimated to be ~30 pm. In
our experiments, the excitation power is limited in a range
within which Z-scan curves are readily reproducible without
any change in linear transmittance to avoid laser damage.

3 Results and discussion

3.1 Characterization of the fabricated AgNPs
colloids

A series of AgNP colloids was synthesized with different
amounts of ethanol. Figure 1 shows the UV-Vis absorp-
tion spectra of the series of AgNP colloids with the detailed
synthesis parameters shown in Table 1. Obviously, samples
AgNPs(0), AgNPs(15) and AgNPs(20) exhibit only one
SPR peak at~400 nm [31], while AgNPs(25) revealed two
SPR bands with the color of the solution displaying light
purple (Fig. 1a, c). According to previous reports, the one
at~400 nm is ascribed to the transverse plasmon mode,
and the other one at~520 nm is ascribed to the longitu-
dinal mode, demonstrating a non-spherical morphology of
AgNPs in AgNPs(25) [13, 32]. Gao et al. [33] also reported
the SPR bands evolution along with the shape of AgNPs
changing from isotropic sphere to anisotropic triangle from
only one mode at~450 nm to two modes with another
at~600-800 nm. On the other hand, the symmetry of the
SPR peak at~400 nm becomes poorer along with increasing
the amount of ethanol, suggesting the shape of the AgNPs
grows gradually non-spherical [33, 34]. The results demon-
strate the addition of ethanol plays a vital role on controlling
the shape of AgNPs. By increasing the volume ratio of etha-
nol in the system to a suitable value, two SPR modes will be
observed for the obtained AgNPs colloids.

By comparing the positions of the SPR peak at~400 nm
for the samples (Fig. la), a little red-shift from~401
to~403 nm then to~416 nm occurs along with increasing
the volume of ethanol (Vi) from 0 to 15 mL, and then to
20 mL. The red-shift is probably ascribed to the increased
anisotropy with higher aspect ratio of the AgNPs induced by
the increase of the ethanol amount [11, 35], which is further
proved by the following TEM results. The refraction index
of the host media may also contribute to the red-shift with
the refraction index increasing from~ 1.33 for AgNPs(0) to
about 1.36 for AgNPs(25) [36].

To monitor the colloidal stability of the samples in a
quantitative manner, we measured the absorption inten-
sity at 407 nm per unit cell length (/). Figure 1b shows
Absorptiony; (A4;)/! as a function of time for dispersions
for AgNPs(0), AgNPs(15), AgNPs(20) and AgNPs(25),
respectively. Obviously, sample AgNPs(15) reveals the
highest dispersion ability. This is due to that the increas-
ing amount of ethanol can accelerate the reduction rate of
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Fig. 1 Effect of ethanol on the absorption for the prepared AgNPs
colloidal solution. a Linear absorption spectra for the Ag colloidal
solution prepared with the amount of ethanol as 0, 15, 20 and 25 mL,

respectively. b A/l versus sedimentation time for the obtained
AgNPs colloid solution. ¢ Photographs of the colloids with different
storage times. Note: d means days

Table 1 Synthesis parameters

for the ANP colloids Sample Cp/(mol L™ Vg/mL Vp/mL Vy/mL Vg/mL Phenomenon
AgNPs(0) 0.8x10™ 0.1 0.1 30 0 Yellow
AgNPs(15) 0.8x10™ 0.1 0.1 15 15 Yellow
AgNPs(20) 0.8x10™ 0.1 0.1 10 20 Yellow
AgNPs(25) 0.8x10™ 0.1 0.1 5 25 Purple

Note: C, is the concentration of AgNO;; Vg is the volume of 1% sodium citrate; Vj is the volume of
1 mg-mL~! NaBH,; V4 is the volume of deionized water; Vj is the volume of absolute ethanol

AgNO;, which results in the highest stability of AgNPs(15)
with moderate reaction rate among the series of samples. As
demonstrated by Morales-Bonilla et al. [37], the NPs with
sizes smaller than 17 nm will stay suspended in the solu-
tion with a good stability, which is in consistent with our
results. Combined with the following TEM results, the poor
dispersion ability of sample AgNPs(25) can be ascribed to
the larger sizes of un-spherical AgNPs with obvious larger
aspect ratio compared with the other three samples.

The morphology of the prepared AgNPs in the col-
loidal solution was characterized by TEM and HRTEM.
Figure 2a—c reveals the typical TEM images of the sam-
ples synthesized with different amounts of ethanol. The

AgNPs show an average diameter of ~ 15 nm and well
crystal structure with the average size slightly increasing
with increasing the amount of ethanol. Clearly, the AgNPs
in AgNPs(0) and AgNPs(15) present spherical morphol-
ogy. While for AgNPs(25), the AgNP displays an obvious
elliptical morphology (Fig. 2¢), leading to the appearance
of the longitudinal mode at ~ 520 nm. The results are con-
sistent with the results of the UV-Vis absorption spec-
tra. The lattice spacing of 0.23 nm was observed from the
HRTEM image in Fig. 2d, which is corresponding to the
{111} planes of Ag [13].
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Fig.2 Typical TEM images of a—¢ AgNPs(0), AgNPs(15) and AgNPs(25). d Typical HRTEM image of a AgNP for sample AgNPs(15)

3.2 NLO performances of the AgNPs colloids

Based on the above results, we chose samples AgNPs(15)
and AgNPs(25) as the typical samples to investigate their
NLO properties and the dominant mechanism using Z-scan
setup. The open-aperture Z-scan system was illustrated in
Fig. 3. This experimental set-up has been successfully used
in measuring the NLO performances of graphene and 2D
TMDs [38, 39].

Figure 4 shows the typical Z-scan curves of AgNPs(15)
and AgNPs(25) excited by 515 nm (340 fs). As shown in
Fig. 4a, the AgNPs(15) colloids exhibit obvious optical lim-
iting response, while sample AgNPs(25) shows obvious SA
response (Fig. 4b). In our case, the thermal effects can be
neglected because the samples were excited by femtosecond
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Fig.3 Schematic of the adopted open-aperture Z-scan set-up

laser pulses with low irradiance intensity which have weak
peak intensity [40]. So, the observed optical limiting response
can be attributed to the absorption, such as TPA, multi-photon
absorption, ESA, FCA, or RSA. For FCA effect, the critical
fluence is:
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Fig.4 Typical Z-scan results for the samples a AgNPs(15) and b
AgNPs(25) under excitation of femtosecond laser at 515 nm with a
pulse width of 340 fs. The solid symbols denote the experimental

Fe = 4V2holo(1 - R)], (1)

where ¢ is the FCA absorption cross section and R is the
surface reflectivity which is much higher when compared
with the onset fluence for TPA. The estimated F|- in previous
report is ~0.1 J-.cm™2, which is approximately two orders of
magnitude larger than the fluence in our experiment [41].
This means the FCA effect can also be neglected. At the
same time, AgNPs(15) shows only one SPR peak at~400 nm
(~3.1 eV) with the photon energy larger than that of the
excitation laser (515 nm, 2.4 eV) which needs to absorb
two photons to excite the surface plasmons. For AgNPs(25),
two SPR modes were observed with one at~400 nm and
the other at~520 nm with the photon energy smaller than
that of the excitation laser, making it possible to absorb one
photon to excite the surface plasmons. This means that only
TPA exists in AgNPs(15), while TPA and SA co-exist in
AgNPs(25). Considering that the irradiation wavelength of
515 nm is near to the longitudinal SPR mode at~520 nm, it
is reasonable to assume that SA is dominant in AgNPs(25)
[42]. This explains why AgNPs(15) exhibits TPA response
while AgNPs(25) shows SA response.

To quantitatively determine the NLO characteristics of
AgNP colloids, the Z-scan data were fitted using the propa-
gation equation in the form of Eq. (2) [43, 44],

di(Z')
dz

= —ayl(Z) = pl” ('), ©)
where I(z) is the laser beam intensity through the sample,
7 is the propagation depth in the sample, a is the linear
absorption coefficient of the sample, and f¢ is the nonlinear
absorption coefficient. In the case of SA, f . is negative,
while in the case of TPA, S, is positive. This Eq. (2) can be

AgNPs(25)

1.02}+ . 515 nm

422 GW-cm?
= 6.8 GW-cm™2

1.01

Normalized transmission/ T ©

Z' mm

data and the solid lines represent the theoretical fits, and Z' represents
the distance from sample to focus

solved exactly, and the normalized power transmission 7(z)
is seen in Ref. [38]

T@) = [In (1 + fegloLen (1 +22/25)) ] / [BesoLer (1 + 2 /75)]
3)

where Ly = (1 — e"%)/a is the sample’s effective thick-
ness, which is the optical length of the adopted cuvettes
(1 mm), , is the on-axis irradiance at the focus, L is the sam-
ple’s real thickness, and z; is the beam’s diffraction length.
The solid lines in Fig. 4a and b are the fitting curves
based on the nonlinear absorption model and agree well
with the experimental data. The fitting parameters are
shown in Table 2. The nonlinear absorption coefficient
P Was fitted to be (1.96 +0.4)x 1072 cm-GW~! and —
(7.90+0.4)x 1072 cm-GW~! at the irradiance intensity
of ~(2.2+1.2) GW-cm™2 for AgNPs(15) and AgNPs(25),
respectively. The TPA coefficient S ¢ for AgNPs(15) is
increased to (5.81+0.4)x 10 cm-GW™', while the SA
coefficient S, for AgNPs(25) kindly decreased to—(3.45 +
0.6)x 1072 cm-GW~! with increased irradiance intensity to
(6.8 +1.2) GW-cm ™2, respectively. The irradiance-dependent
TPA coefficient was reported previously by Zhang et al. [38].
The deviation of the nonlinearity at different irradiances for
AgNPs(25) can be mainly due to the experimental errors
(Table 2). The strong SA absorption response of AgNPs(25)
can be ascribed to the relatively strong longitudinal reso-
nant absorption (~520 nm) near the excitation wavelength
at 515 nm, resulting in prominent SA response induced
by one-photon absorption [45]. Lopez-Suérez et al. [46]
observed the variation of TPA to SA in AgNPs with only
one SPR band at ~400 nm under off-resonance excitation,
which is caused by the small difference in the magnitude of
the absorbance values and SPR peak positions. In our work,
the two AgNPs samples exhibit significantly different linear
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Table 2 Linear and NLO parameters of the AgNP colloid excited at 515 nm in the fs region

Sample Irradiance T (%) a, (cm) Iy (GW-cm™) Peir (em-GW™!,x1072) Im ;((3) (esu, x 10714 FOM
(GW-cm™) (esu-cm™!, x 1071%)
AgNPs(15) 22+1.2 89.5 1.11 - 1.96+0.4 0.64+0.01 0.57+0.01
6.8+1.2 89.5 1.11 - 5.81+0.4 1.88+0.01 1.70+0.01
AgNPs(25) 22+12 85.5 1.57 17.72 —(7.90+0.4) —(2.56+0.13) 1.63+0.09
6.8+1.2 85.5 1.57 39.42 —(3.45+0.6) —(1.12+0.19) 0.71+0.02
MosS, 264+1.5 73.9 3.03 25.38 —(3.71+0.6) —(1.20£0.19) 0.40+0.01
Ag/MoS, 264+1.5 67.4 3.95 16.57 —(10.93+0.6) —(3.54+0.19) 0.90+0.03

absorption in the UV-Vis region as shown in Fig. 1. Thus, in
our experimental conditions, only TPA occurs for the sample
with only one SPR band, while both TPA and SA co-exist in
the sample with two SPR bands with SA dominant due to the
on-resonance irradiation. This phenomenon reveals that the
on/off resonance of SA/TPA near the SPR frequency plays
an important role in adjusting the NLO response [44]. The
imaginary third-order susceptibility Imy® can be approxi-
mately expressed in Eq. (4):

Imy® = [(1077can?) /(9627)| Begr» @)

where c, 4, and n are the light speed in vacuum, wavelength
of the laser pulses, and the refractive index, respectively.
Here, n is taken as 1.36. The figure of merit (FOM) for the
third-order optical nonlinearity is defined as:

FOM = |imz®/a|. )

The calculated Imy® and FOM for the two typical sam-
ples are shown in Table 2.

To further study the SA characteristic of the AgNPs col-
loids, we fitted the Z-scan data using the following equation:

I XAR
TGz) = [1- sat

1 — AR),
Ism+10/(1+ZZ/Z§)]/( ) ©

where AR and I, are the modulation depth and saturation
intensity, respectively. As shown in Fig. 4b, the modulation
depth is 2.1%. By fitting the curve, the saturation intensity
of the AgNPs colloids was calculated to be 39.42 GW-cm™
at irradiance of (6.8 +1.2) GW-cm™2. As shown in Table 2,
the saturation intensity I, becomes larger at higher irradi-
ance, which can be explained by a weak saturation effect
[44]. Additionally, both the relative absorption intensity and
the position of the longitudinal SPR band are dependent on
the aspect ratio of the anisotropic AgNPs [13]. The NLO
absorption in the anisotropic nanoparticle can be greatly
influenced by its aspect ratio. Our work demonstrates that
the varied NLO performances from SA to TPA can be real-
ized for AgNPs by adjusting its SPR frequencies, which is
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meaningful in practical applications. Gorham et al. [47]
reported that if AgNPs is oxidized, the SPR bands will dis-
appear with obvious color loss. In our work, no color loss is
observed for the AgNPs colloids during measuring process
with the Z-scan results repeatable, suggesting that no oxida-
tion of AgNPs occurs under the experimental conditions.

3.3 NLO properties of AgNPs/MoS, nanocomposites

It has been reported that 2D MoS, shows SA response under
the excitation of femtosecond laser pulses in a wide range
from visible light region to near-infrared region [25, 48].
Thus, we choose AgNPs(25) with SA behavior to form com-
posites with 2D MoS,. Figure 5a shows the linear absorp-
tion spectra of MoS, and Ag/MoS, nanocomposites. The
characteristic bands at 623 and 670 nm corresponding to
few-layered MoS, are observed for both two samples, which
are ascribed to the A and B excitonic transitions arising
from the K point of the Brillouin zone [49]. Compared with
pure MoS, dispersions, the nanocomposites exhibit higher
absorption in the UV-Vis range, which is due to the surface
plasmon band of AgNPs as shown by the arrows.

Their NLO properties were investigated using Z-scan
technique under the same conditions with those of AgNPs.
Figure 5b shows the typical Z-scan curves of MoS, and
Ag/MoS, suspensions. As expected, the nanocomposites
show enhanced SA response compared with that of pure
MoS, under the same measuring conditions. By fitting the
experimental data, the nonlinear absorption coefficient
was obtained to be — (3.71 +0.6) x 107> cm-GW ™! and — (
10.93 +0.6) x 102 cm-GW ™! at the irradiance intensity of
(26.4+1.5) GW-cm™? for MoS, and Ag/MoS, suspensions
(Table 2), respectively. The .4 for Ag/MoS, nanocompos-
ites was almost three times that of MoS, suspensions, and
two times that of AgNPs(25) with an average SA coefficient
of —(3.71 +£0.6) x 1072 cm-GW™'. Combined with previous
reports, the NLO enhancement compared with single com-
ponents can be ascribed to the SPR of AgNPs and the charge
transfer between AgNPs and MoS, [50].
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4 Conclusion

In summary, we investigated the NLO performances of
the fabricated AgNP colloids and realized the tunable
NLO performances from TPA to SA. The linear optical
spectra results demonstrate that only a typical SPR band
is observed at~400 nm for AgNPs(0) and AgNPs(15) col-
loids with low ethanol amount. When increasing the ethanol
amount, another longitudinal SPR mode occurs for sample
AgNPs(25) at~520 nm. For the ultrafast NLO investiga-
tion, the optical limiting effect for sample AgNPs(15) was
switched into SA effect for sample AgNPs(25). The control-
lability can be attributed to their different SPR frequencies
which induce dominant TPA occurrence for AgNPs(15) and
SA for AgNPs(25). The prominent SA behavior is caused by
the strong longitudinal resonant absorption near the excita-
tion wavelength at 515 nm. Additionally, we controllably
synthesized nanocomposites of Ag/MoS, utilizing the reso-
nant absorption near the excitation wavelength at 515 nm,
which exhibited enhanced NLO property, almost three times
that of MoS, suspensions. The present results are beneficial
to in-depth understanding of the ultrafast NLO absorption
properties of AgNPs and to promote the practical applica-
tions of AgNPs and its nanocomposites in different fields.
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