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Abstract: Metal nanomaterials have promising applications in ultrafast photonics due to their broad-
band operation, large third-order nonlinear susceptibility, and ultrafast recovery time. We realized a
Q-switched pulsed erbium-doped fiber laser based on a silver nanoplate polyvinyl alcohol film as a
saturable absorber. This film, with a modulation depth of 15.7%, was integrated into a fiber laser by
means of a sandwich structure. We obtained Q-switched pulses in the 1.5-um band, which plays an
important role in telecommunications and atmospheric detection. Stable Q-switched pulses were
obtained at the pump power of 135 mW, with a single pulse energy of 33.8 nJ, a pulse width of 2.3 s,
a repetition rate of 62.4 kHz, and a signal-to-noise ratio of about 45 dB. When increasing the pump
power up to a maximum value of 246 mW, the maximum single pulse energy of 57.8 n] was achieved.
This study first demonstrates the potential of silver nanoplates as saturable absorbers in generating
stable laser pulses with high energy.
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Pulsed lasers have attracted extensive research efforts in the field of laser ranging [1],
optical fiber sensing [2], spectral analysis [3], and medical photonics [4]. With the capability
to generate pulses with a narrow bandwidth and high energy, pulsed lasers have a vital
practical value. Mode-locking and Q-switching are the two main techniques for obtaining
laser pulses [5-8]. The former usually requires fixed phases of longitudinal modes in the
laser cavity, resulting in pulses with a narrow bandwidth and a high repetition rate. The

latter refers to adjusting the loss in a laser cavity and generating pulses with extremely
high energy. There exist multiple methods to realize mode-locked and Q-switched lasers,
such as nonlinear polarization rotation (NPR) [9], a nonlinear amplifying loop mirror
(NALM) [10], a semiconductor-saturable absorber mirror (SESAM) [11], and saturable
absorbers (SAs) based on nanomaterials [12-21]. Owing to the outstanding nonlinear
optical properties, these methods have good performance in the realization of pulsed lasers.
However, NPR and NALM have bulky structures, which require complex adjustments.
As the classical real SA, SESAM is limited by high fabrication cost and narrow operating
bandwidth. Nanomaterials assist the generation of pulsed lasers due to the properties
of saturable absorption, which possess the advantages of low cost, simple fabrication,
and convenient integration. In recent years, nanomaterials have been widely utilized in
pulsed fiber lasers as SAs owing to their preeminent optical properties. The common
Attribution (CC BY) license (https:// ~Nanomaterials employed as SAs include carbon nanotubes [22], graphene [23-25], black
creativecommons.org/licenses /by / phosphorus [26,27], topological insulators [28,29], transition metal dichalcogenides [30,31],
40/). and MXenes [32,33]. In addition to these materials, metal nanomaterials have also attracted
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extensive attention due to their excellent nonlinear optical properties [34]. Very recently,
Li et al. used reduced graphene oxide-tricobalt tetroxide composites to obtain stable mode-
locked pulses, showing a feasible method to prepare SA materials [35]. In addition, alloy
films and metal oxides can also be utilized as nonlinear SAs due to their advantages [36,37].

Metal nanomaterials have tunable surface plasmon resonance (SPR), remarkable
nonlinear optical properties, as well as ultrafast recovery time, which make them promising
candidates as SA materials [38—41]. In general, the SPR of metal nanomaterials varies
with their microscopic morphology, size, and environmental factors [42,43], which also
indicates that metal nanomaterials have a bright prospect in the field of photonics. Gold
nanomaterials, as the most common metal nanomaterials, include various forms such as
nanoparticles, nanorods, nanowires, and nanoplates. These gold nanomaterials could be
used as SAs in fiber lasers to achieve stable mode-locked or Q-switched pulses at the main
wavelengths of 1, 1.5, and 2 um [44—-47]. Silver nanomaterials, showing superior optical
properties comparable to gold nanomaterials, such as possessing large third-order nonlinear
optical properties and broadband operation [48-51], have also been investigated for laser
pulse generation [52-55]. Erbium-doped fiber lasers (EDFLs) utilizing silver nanoparticle
SAs have been extensively studied, while employing silver nanoplates (SNPTs) as SAs to
realize pulsed lasers at 1.5 um has not been explored so far to our knowledge. Compared
with carbon nanotubes and 2D nanomaterials, SNPTs have interesting SPR properties. The
SPR-related optical properties make SNPTs a promising SA with broadband operation
and large third-order nonlinear polarizability [56]. In addition, using polyvinyl alcohol
(PVA) to form a composite film is a convenient and efficient integration method. In 2012,
Sackuvich et al. implemented a middle-infrared (mid-IR) laser by using a silver-based
composite material [57]. In 2017, Cesca et al. experimentally investigated the nonlinear
absorption property of Ag nanoprism arrays, indicating the excellent nonlinear optical
responses of Ag nanomaterials [58]. In 2019, Rosdin et al. achieved stable mode-locked
pulses in EDFL using a silver nanoparticle film on PVA as the SA [53]. However, the
silver nanoparticle film was synthesized by a thermal evaporation process in a vacuum
environment with a complex preparation process and poor control of the film morphology.
The SNPTs used in our paper were fabricated by wet chemistry processing, which is more
convenient and allows better control of the morphology and optical properties of silver
nanomaterials [43].

In this paper, SNPT-based SAs were used to realize Q-switched EDFL. We employed
the seed-mediated growth process for the synthesis of SNPTs by controlling the volume
of seed solution to obtain appropriate SNPTs. To integrate those nanoplates into the ring
laser cavity, we compounded our nanoplates with PVA, which were formed into a thin
film with high light transmittance. Then, the SNPT-PVA film was integrated into the laser
cavity with a sandwich structure. Furthermore, we measured the saturable absorption
capability of the SNPT-PVA film and obtained a modulation depth of about 15.7%. The laser
structure featured a 0.5 m erbium-doped gain fiber and incorporated an SNPT-PVA film
for a total cavity length of around 7 m. The stable Q-switched laser pulses were obtained
by increasing the pump power to 135 mW, possessing a central wavelength of 1563.3 nm
and a pulse width of 2.3 ps, while the output single pulse energy was around 33.2 nJ. Upon
increasing the pump power to the maximum value of 246 mW, the maximum single pulse
energy of 57.8 n] was achieved. To the best of our knowledge, EDFLs utilizing SNPTs as
nonlinear SAs for Q-switched lasers has not been explored. In this work, the results indicate
that SNPTs can be promising candidates for obtaining high-energy Q-switched pulses.

2. Fabrication and Characterization

Triangular SNPTs were synthesized by the well-known seed-mediated growth method [59].
In an aqueous environment containing citrate, silver nitrate (AgNO3, 99% purity from
Merck, Kenilworth, NJ, USA) was reduced by sodium boron hydrate to form spherical
silver nanoparticles (SNPs), or seeds. Such SNPs were converted to triangular SNPTs by
using a set volume of the seed solution to which further citrate, hydrazine, and AgNOs3



Photonics 2022, 9, 835

30f9

were added. The volume of the seed solution could affect the size of the materials, which
would further influence the SPR of the SNPTs. Utilizing a smaller amount of solution
would produce SNPTs with larger sizes, displaying SPR in the near-infrared band [59]. To
achieve SPR in the near IR, especially close to 1550 nm, very large nanoplates have to be
synthesized [49]. Herein, a volume of ~5 L of seeds solution was used. The citrate was
used for both stabilizing the SNPTs in solution as a ligand and directing the seed growth
by binding preferentially to the (111) facets of Ag [60]. However, as citrate is transparent in
the whole range, this would not affect the property of the SA.

As shown in Figure 1a, the scanning electron microscopy (SEM) image of the SNPTs
taken from the starting solution reveals that most of the SNPs have grown into a mixture
mainly containing triangular nanoplates. Figure 1b shows the atomic force microscope
(AFM) image of the SNPTs. Compared with the SEM image, the micromorphology of our
SNPTs is clearer in the AFM image. It can be observed that the grown SNPTs are about
200 nm in size. Besides, the yield of nanoplates is a mixture of shapes, containing mainly
triangular nanoplates.

Figure 1. Microscopic images of SNPTs. (a) SEM image. (b) AFM image.

In order to obtain the composite film, an aliquot of the SNPT solution was mixed under
stirring with 2 mL PVA aqueous solution (50 g/L) and let dry under ambient conditions in
a plastic Petri dish. The PVA was applied to form a relatively closed space, thus making
the materials relatively robust. Breaking the petri dish left a freestanding SNPT-PVA film.
Then, we measured the absorption spectrum shown in Figure 2 by using an ultraviolet and
visible spectrophotometer (Agilent Cary 60, Santa Clara, CA, USA). It can be seen that there
is a small absorption peak at about 450 nm, likely arising from residual seeds, and a broad
absorption band from 800 nm to 1600 nm, thus comprising our target wavelength at 1.5 pm.
The marked areas indicate the range of typical working wavelength for the erbium-doped
fiber laser (yellow band in Figure 2).
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Figure 2. Absorption spectrum of SNPT-PVA composite. The yellow band indicates the typical
working wavelength for an EDFL.
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With the purpose of further analyzing the nonlinear absorption characteristics of the
SNPT-PVA film in the 1.5-um band, we used the nonlinear transmission measurement
setup shown in Figure 3. This twin detector method could measure the modulation depth
of the SNPT-PVA composite and obtain the nonlinear saturable absorption curve shown in
Figure 4. The laser source could output a stable mode-locked laser at 1.5 um. A variable
optical attenuator (VOA) was used to adjust the pulse energy. After the output coupler
(OC), the laser was split into two beams, passing through two paths with and without an
SNPT-based SA. The output power was finally measured by a power meter. Two sets of
data were obtained, representing the input and output power of the pulses passing through
the SNPT-based SA. By integrating the two sets of data, the relationship curve between
the transmittance and input power was acquired. In addition, the modulation depth was
calculated from the difference between the maximum and minimum transmittance of the
curve. We can observe from the curve in Figure 4 that the SNPT-PVA film has a saturable
absorption characteristic with a modulation depth of around 15.7%, which confirms the
potential to become an SA.
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Figure 3. Setup of nonlinear transmission measurement. VOA: variable optical attenuator; OC:
output coupler; SA: saturable absorber.
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Figure 4. Nonlinear saturable absorption curve of the SNPT-based SA.

3. Schematic of the Passively Q-Switched Fiber Laser

The setup of the EDFL ring cavity is shown in Figure 5, in which the SNPT-PVA
film was used as the SA. Moreover, a 0.5 m EDF was employed as the gain medium. A
980 nm laser diode (LD), used as the pump source, was injected into the laser cavity by
a wavelength-division multiplexer (WDM). Other components included a polarization-
insensitive isolator (PI-ISO) to assure unidirectional propagation, a polarization controller
(PC) to adjust polarization expediently, an output couples (OC) with 20% output, and
single-mode fibers in the cavity. Since each device had a certain pigtail length, the total
length of the cavity was ~7 m.

The output parameters were monitored through an optical spectrum analyzer (Yoko-
gawa AQ6375B, Musashino, Japan), a digital storage oscilloscope (Siglent SDS6104 H10
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Pro, Shenzhen, China), a spectrum analyzer (Agilent N9320B), and an optical power meter
(EXFO FPM-602X, Quebec, QC, Canada).
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Figure 5. Setup of passively Q-switched fiber laser based on an SNPT-based SA. EDF: erbium-doped

% Output

fiber; LD: laser diode; WDM: wavelength-division multiplexer; PC: polarization controller; SNPT:
silver nanoplate; SA: saturable absorber; PI-ISO: polarization-insensitive isolator; OC: output coupler.

4. Results and Discussion

Originally, the continuous wave operation was first obtained at the pump power of
55 mW. The Q-switched pulses were obtained when the pump power reached 135 mW.
Figure 6a shows the optical spectrum at the central wavelength of 1563.3 nm with a full
width at half maximum of 0.3 nm. The Q-switched pulse train with a time interval of 16 ps
is shown in Figure 6b, in line with the repetition rate of 62.4 kHz (Figure 6d). As shown in
Figure 6¢, the pulse duration of the Q-switched pulse is around 2.3 us with a pulse energy
of 33.8 nJ. The 45 dB signal-to-noise ratio (SNR) of the radio-frequency (RF) spectrum in
Figure 6d indicates the stable operation of the laser. Figure 7a presents the output power
as a function of the pump power, in which the maximum output power is 2.9 mW at the
pump power of 246 mW. Meanwhile, the pulse energy as a function of pump power is
shown in Figure 7b, where the pulse energy of the output pulses increases from 44.7 to
57.8 nJ. The error bars are presented in Figure 7, indicating that the Q-switched laser is
relatively stable.
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Figure 6. Experimental results of EDFL for a pump power of 135 mW. (a) Optical spectrum.
(b) Q-switched pulse train. (c) Single pulse profile. (d) RF spectrum.
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Figure 7. Q-switched laser features for different pump powers. (a) Average output power as a
function of pump power. (b) Measured pulse energy as a function of pump power.

Ultimately, we compared the output performances of Q-switched EDFL using diverse
metal-based SAs (including our work), as shown in Table 1. From the comparison table,
the polymer film is still the mainstream method, in which PVA is widely used with high
light transmittance. It should be noted that our Q-switched EDFL based on SNPTs obtained
the highest output power and single pulse energy. In addition, the SNR of the Q-switched
pulses we obtained is also comparable to other works. It can be concluded that SNPT is a
potential SA to realize pulsed lasers with high energy and output power for a variety of
applications.

Table 1. Comparison of Q-switched EDFL enabled by different metal-based SAs.

Metal-Based SA  Integration = SNR (dB) Pov(\)r::l:;tW) Pulse(:fj;\ergy Ref.
Fe30,4 Deposition - 0.794 23.76 [61]
NiO Chitosan 43.3 - 15.3 [62]
ZnO Polymer film 42 2.77 46 [63]
ITO Deposition - 1.72 21.16 [64]
TiO, PVA 37 0.826 5.81 [65]
Au PVA - 1.4 44.29 [66]
Cu PVA 50.9 1.86 18.38 [67]
Ag PVA 45 29 57.8 This work

Fe3Oy: ferroferric oxide; Ni: nickel; Zn: zing; I: indium; T: tin; Ti: titanium; Au: gold; Cu: copper; Ag: silver;
PVA: polyvinyl alcohol; SA: saturable absorber; SNR: signal-to-noise ratio.

5. Conclusions

We obtained a Q-switched EDFL based on an SNPT-PVA film, with an intracavity
modulation ability at 1.5 um by controlling the size of the SNPTs through the seed-mediated
growth process. When the pump power reached 135 mW, stable Q-switched pulses were
obtained at 1563.3 nm, with a repetition rate of 62.4 kHz and an SNR of about 45 dB. At the
maximum pump power of 246 mW, we achieved the maximum pulse energy high up to
57.8 nJ. The experimental results show that SNPT-based SAs, prepared by seed-mediated
growth, can generate Q-switched pulses with high energy in the EDFL, which is worthy
of further exploration for multiple applications, such as telecommunication, biomedical
photonics, and atmospheric detection.
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