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Abstract: Silver nanowire (AgNW) has become preferred due to its excellent performance
in terms of biocompatibility, transparency, heat transfer and conductivity, and thus has been
widely used in catalysts, microelectronic devices, sensors, solar cells, etc. Although some related
properties of which have aroused great interest, the nonlinear optical properties of AgNW in
laser have not been reported so far. In this paper, the nonlinear optical properties of AGNW
are explored in Q-switched fiber laser. Additionally, the effects of three different AgNWs on
the performance of corresponding Q-switched lasers are investigated. Results show that the
concentration, saturation intensity, insertion loss and modulation depth of AgNW have great
influence on the performance of lasers. Moreover, compared with similar SA-based lasers, the
AgNW-based laser implemented has bright application prospects in the generation of ultrashort
pulses.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nanomaterials refer to materials with structure unit size of the nanometer scale. On the one
hand, nanomaterials can produce strong interactions due to their small coherence lengths, thus
exhibiting completely different properties from bulk materials. On the other hand, their nanometer
size makes them have a special performance of large surface effect. This special structure prompts
nanomaterials to show unique nature, including dielectric confinement effects, macroscopic
quantum tunneling effects, quantum size effects, interface effects and small size effects [1].
Among them, two-dimensional (2D) materials have aroused an upsurge of research. Since the
first 2D material, graphene, was introduced in 2004 [2—7], about 700 2D materials have been
experimentally or theoretically certified to exist [8—10]. Some of these materials, such as black
phosphorus, topological insulator, and transition metal dichalcogenides (TMD), have been used
in applications such as photovoltaics, semiconductors, electrodes, optical devices and sensing
[11-20].

Meanwhile, the tremendous progress of other nanomaterials in theoretical research and
commercial applications should not be underestimated [21-34]. In the catalysis, the silver
nanomaterials with uniform size and high aspect ratio have a large reaction area and strong
oxygen reduction ability, which improve the total electric efficiency of the lithium oxide battery
by 83.4% [35]. In addition, AgNWs have become the focus of electrode materials because of
their excellent performance in terms of transparency and conductivity, the flexible transparent
conductive films based on which can be widely used in liquid crystal display and wearable
electronic devices [36,37]. Meanwhile, it was reported that the AgNW electrode prepared by Lee
et al. has good electrical conductivity and transmittance of 87.6%, which can be used to replace
ITO materials in organic light-emitting diodes and solar cells [38]. Besides, sensor based on
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AgNW not only has high sensitivity and ultra-fast response time, but also exhibits great stability
in a given environment [39,40].

In recent years, the optical property of AgNW is becoming a cause for concern. By using
Z-scan technology, the third-order nonlinear polarizability of AgNW is investigated [41], which
is found comparable to TMD material [42]. Besides, it was reported that the lifetime of plasmon
in the AgNW is 150 + 7 fs [43], which is smaller than graphene [44]. Therefore, AgNW has great
advantages in the realization of ultrafast fiber lasers.

In this paper, the nonlinear optical properties of proposed AgNW SAs are investigated
experimentally with the ideal platform of Q-switched fiber laser (QSFL). Meanwhile, the effects
of three different AgNW SAs on QSFLs are explored through comparative experiments. The
results show that both the concentration, saturation intensity, insertion loss and modulation depth
of AgNW have a influence on the performance of lasers. Furthermore, the pulse duration of 536
ns and average output power of 34.7 mW are achieved based on the AgNW SA with concentration
of 1 mg/mL, which is competitive with similar lasers. Our research indicates the great potential
of AgNW in the generation of ultrashort pulse, and paves the way for the subsequent engineering
design of related optical devices.

2. Preparation and characterization of AQNW SA

The AgNWs used in the experiment were prepared by the classical hydrothermal method,
which is conducive to the acquisition of samples with high purity, good dispersion, uniformity
and crystalline form. Three ingredients, such as copper chloride dihydrate (CuCl,-2H,0),
polyvinylpyrrolidone (PVP), and silver nitrate (AgNO3) are all put into the container and stirred
sufficiently to achieve uniform mixing. After 10 minutes of stirring, the formed precursor solution
is heated at 130 °C temperatures for up to 3 hours. Then, AgNWs with high purity are obtained.
Prepared AgNWs are subsequently diffused into ethanol (EtOH) for use. By diffusing unequal
amounts of AgNW into EtOH, three samples with different concentrations such as 2 mg/mL,
1 mg/mL and 0.5 mg/mL are obtained. The prepared solutions were spin-coated on the end
surfaces of fiber ferrules as SAs at a speed of 1500 rpm.

The X-ray diffraction (XRD) pattern of prepared AgNW is shown in Fig. 1(a). There are
three distinct diffraction peaks including (111), (200) and (220), which can be indexed to the
face-centered cubic structure of silver according to the reported data (JCPDS File No. 87-0718).
X-ray photoelectron spectroscopy (XPS), as an important method for distinguishing material
components and valence states of materials, is able to effectively help to identify the form of
silver in the sample. As shown in Fig. 1(b), two peaks at 374.1 eV and 368.1 eV correspond
to Ag3ds)> and 3ds;,, which are reported as the typical values of Ag® [45]. XPS demonstrates
the inclusion of metallic silver in the product, further eliminating the presence of silver nitrate
residues and silver oxides. The linear absorption of AgNW with different concentrations is shown
in Fig. 1(c), which indicates that the absorptivity increases with the increase of concentration.
Transmission electron microscope (TEM) is always used to investigate the microstructure and
morphology of materials. As shown in Fig. 1(d), the different positions of the nanowires almost
maintain a diameter of 50 nm, which indicates that the material is relatively uniform. The electron
diffraction pattern in the illustration of Fig. 1(d) confirms that the AgNW tested had only one set
of diffraction patterns, indicating that the material is a single crystal structure.

Scanning electron microscope (SEM) is considered to be an effective method to measure the
surface topography of materials. The density variation of materials with different concentrations
are clearly observed in Fig. 2(a) (samplel: 2 mg/mL), Fig. 2(b) (sample 2: 1 mg/mL) and
Fig. 2(c) (sample 3: 0.5 mg/mL). The thicknesses of three materials are measured by atomic
force microscopy (AFM) as shown in Fig. 2(d)-2(i). Although AgNWs are considered to be
one-dimensional nanostructures, when the number is more than one, overlaps and cross junctions
inevitably occur between the nanowires. Because the probability and the number of overlaps and
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Fig. 1. (a) The XRD, (b) XPS, (c) linear optical absorption and (d) TEM of AgNW.

cross junctions appearing in sample 1 with a higher concentration are more as shown in Figs. 2(d)
and 2(g), while those in sample 3 with lower concentration are less as shown in Fig. 2(f) and
2(i). Therefore, from the AFM in Fig. 2(d)-2(i), the greater the concentration, the larger the
D-value in thickness. The nonlinear transmission properties of three AGNW SAs are investigated
by a typical 2-arm transmission measurement. The center wavelength, pulse duration, repetition
rate and average power of used mode-locked laser are 1553 nm, 600 fs, 120 MHz and 11.9
mW, respectively. The measurement results and fitting curves are shown in Fig. 2(j)-2(1). The
absorption coefficient of saturated absorber decreases with the increase of incident light intensity,
and it is “transparent” to laser when it reaches the saturation value. The saturable absorption
mechanism is theoretically expressed as

(07

N=—235
a(D) 141/ 1y

+ Q.
By fitting, the modulation depth (a;) of sample 1 is 46.19%, with saturation intensity (Isy) of
2.256 MW/cm? and non-saturable 1oss (ays) of 5.481%. Similarly, the as, I and ays of sample

2 and sample 3 are 26.23%, 6.819 MW/cm?, 4.243% and 13.79%, 10.36 MW/cm?, 9.424%,
respectively.
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Fig. 2. The SEM, AFM and nonlinear transmission property of AgNW which with the
concentrations of (a)(d)(g)(j) 2 mg/mL, (b)(e)(h)(k) 1 mg/mL and (c)(f)(i)(1) 0.5 mg/mL.

3. Experiment

As depicted in Fig. 3, the optical nonlinearity of AgNW SA is explored using a classical ring
cavity fiber laser. The whole system operates in the state of anomalous dispersion of —0.032
ps? with a total length of 2.7 m. The length of erbium-doped fiber (EDF, Liekki 110-4/125)
used is measured as 0.4 m. By a wavelength-division multiplexer (976/1550 WDM), the pump
light from a 976 nm laser diode is coupled into the cavity. Using a 20:80 optical coupler (OC),
20% of laser power is exported to accomplish further detection and observation. The isolator
(ISO) guarantees the unidirectional laser operation, which protects the related optical devices
in the cavity and enhances the efficiency of operation. The evolution of laser polarization state
in the cavity can be regulated within a certain range by using a polarization controller (PC).
An oscilloscope is used to monitor the transmission status of intra-cavity pulses and record the
pulse information in real time. An optical spectrum analyzer and radio frequency (RF) spectrum
analyzer are used to collect relevant subsequent supplementary data.
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Fig. 3. Schematic diagram of AgNW-based QSFL.

4. Results and discussion

For comparison experiments, three samples with different concentrations are prepared and
applied to the experiment in turn. Firstly, sample 1 is coupled into the ring cavity, and the
stable Q-switched sequences are observed for the first time when the pump power increased
to 167 mW. The performance of QSFL based on samplel is summarized in Fig. 4. From the
evolution of the output pulse sequences in Fig. 4(a), the repetition rate of pulses increases and
the pulses in finite time become more and more intensive at high power. In Fig. 4(b), the pulse
duration of achieved Q-switched pulses is 838.4 ns when the pump power is 630 mW (maximum
value). From Fig. 4(c), the operating wavelength of the Q-switched system is located at 1559.88
nm, the 3-dB spectral bandwidth is 1.53 nm. The monitoring of the spectrum for up to 15
hours demonstrates the high pulse quality and stability of the system. The resolution of the
optical spectrum is 2 nm. The radio frequency (RF) spectrum about fundamental frequency and
frequency multiplication (illustration) are revealed in Fig. 4(d). The signal-to-noise ratio (SNR)
is given as 55.7 dB at a resolution of 30 Hz. The large SNR and the uniform trend of frequency
multiplication indicate the stability of the system. The trends of power-dependent repetition rate
and pulse duration are revealed in Fig. 4(e). From Fig. 4(f), the maximum output power is given
as 32.9 mW. Correspondingly, the pulse energy is calculated as 139 nJ.

Subsequently, sample 2 replaced sample 1 in the same way where the experimental environment
remains unchanged. The Q-switching threshold of the system is 212 mW. Similar to sample 1,
the main information of the Q-switched pulse is summarized in Fig. 5, which shows that the
pulse duration of QSFL employing sample 2 is 536 ns. The SNR of fundamental frequency
Fig. 5(b) is 53 dB. The evolution process of power-dependent pulse duration and repetition rate
are described in Fig. 5(c). Similarly, the maximum output power and pulse energy of QSFL
employing sample 2 are given in Fig. 5(d), which are 34.7 mW and 142 nJ, respectively.

Finally, sample 3 is applied in the cavity in the same way. When the pump power increases to
276 mW, a stable Q-switched pulse sequence appears as shown in Fig. 6. The pulse duration in
Fig. 6(a) is measured as 764 ns. The SNR is up to 50 dB as shown in Fig. 6(b). The maximum
output power is 30.2 mW as shown in Fig. 6(d). The optical damage threshold of samples 1, 2 and
3 are 218.6 mJ/cm?, 223.3 mJ/cm?, and 199.7 mJ/cm?, respectively. To discover the performance
differences between the three lasers more intuitively, the main data are summarized in Table 1.

During the experiment, the three SAs have environmental stability. The comparison of the data
in Table 1 indicates that the Q-switching threshold of the laser based on sample 1 is the smallest,
which may be related to the saturation intensity of samples. When the spontaneous emission
in the cavity is greater than the saturation intensity of absorption, the absorption coefficient of
SA decreases, resulting in laser oscillation and Q-switched pulse output. Therefore, a smaller
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Fig. 4. Performance of QSFL based on sample 1. (a) Evolution of the output pulse sequence;
(b) Pulse duration; (¢) Spectrum; (d) RF spectrum; (e) The power-dependent functions of
repetition rate and pulse duration; (f) The power-dependent functions of pulse energy and
output power.
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Fig. 5. Performance of QSFL based on sample 2. (a) Pulse duration; (b) RF spectrum; (c)
Trends of power-dependent repetition rate and pulse duration; (d) Trends of power-dependent
output power and pulse energy.
Table 1. Performance of QSFLs based on three samples.
MD(%)
Mgat Threshold Pulse
Material  (MW/cm?) (mW) RF (kHz) A (nm) T (us) SNR (dB) IL (dB) P (mW) energy (nJ)
Sample 1 46.19/2.256 167 127-236.6  1559.8 0.838-2.94 55.7 0.25 329 139
(2mg/mL)
Sample 2 26.23/6.819 212 146.2-244.5 1559.8 0.536-1.818 53 0.19 34.7 142
(Img/mL)
Sample 3 13.79/10.36 276 164.5-237 1557.4 0.764-2.516 50 0.43 30.2 127
(0.5mg/mL)

saturation intensity is beneficial to the generation of Q-switched sequences. The value of the
modulation depth affects the stability of the system. When the modulation depth is larger, the
stability of the system is better, which is consistent with previous research [46]. Besides, we note
that the output power of laser based on the device with larger insertion loss (IL) is smaller. As for
the pulse duration of laser, this may be the result of the combined action of modulation depth,
saturation intensity, and unsaturated loss, etc. We can not assert which of these factors is more
effective, as the detailed mechanism of these parameters is still unknown to us, but we believe
that there is an optimal concentration in achieving the shortest pulses.

As shown in Table 2, the performances of various similar QSFLs are enumerated. From
the aspect of pulse duration, the pulse duration as low as 536 ns is competitive from Table 2,
which illustrates the potential of AgNW for the generation of ultrashort pulses. Furthermore, the
average output power is also an important indicator for evaluating the performance of the laser.
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Fig. 6. Performance of QSFL based on sample 3. (a) Pulse duration; (b) RF spectrum; (c)
Trends of power-dependent repetition rate and pulse duration; (d) Trends of power-dependent
output power and pulse energy.

Considering the wide application of Q-switched lasers in laser processing, the demand for high
power is inevitable and important. In general, the average output powers of SA-based lasers are
less than 25 mW. However, the power of the implemented laser is up to 34.7 mW, which indicates
the great prospect of AgNW in the realization of a high power laser.

Table 2. Performance comparisons of SA- based QSFLs

Repetition

frequency Output Pulse energy
Material (kHz) T(us) SNR (dB) power(mW) (n]) Ref.
BiySes 495-940 1.9-7.79 50 22.35 237 [47]
MoS, 8.77-43.47 3.3-26.7 50 591 160 [48]
WS, 82-134 0.71 25 2.5 19 [49]
BP 5.73-31.07 25.77-63.59 46 4 142.6 [50]
MoSe; 66.847 6.506 31.3 2.45 369.5 [51]
Gold nanorods 7.1-39.9 4.8-23 - 12.5 - [52]

AgNW(Img/mL) 146.2-244.5 0.536-1.818 53 34.7 142 This work

5. Conclusion

In the experiment, the nonlinear optical properties of proposed AgNW SAs have been investigated
in QSFLs. Meanwhile, the effects of three different AgNW SAs on QSFLs have been explored
through comparative experiments. Comparing the performance of three different QSFLs, it is
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found that the concentration, saturation intensity, insertion loss and modulation depth of AgNW
SA have a great influence on the performance of QSFLs. Moreover, compared with previously
reported QSFLs, AgNW-based lasers have great potential in the generation of ultrashort pulses.
This is not only the first successful attempt of AgNW in QSFLs, but also provides a meaningful
reference for further research on the application of AgNW, paving the way for the engineering
design of related optical devices.
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