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Transition metal disulfides are widely applied as nonlinear optical materials for laser pulse generation. In this paper,
TaS; is successfully used for the first time to achieve a high-energy passively Q-switched erbium-doped fiber (EDF) laser.
TaS, nanosheets are prepared by the liquid phase exfoliation method, and then the TaS; solution is mixed with polyvinyl
alcohol (PVA). TaS,/PVA film is prepared, which is cut into 1 mm x 1 mm flakes. TaS,/PVA saturable absorber (SA) is
obtained by sandwiching a small flake between two fiber optic patch cable connectors. With the TaS;/PVA SA added to
an EDF laser, a Q-switched fiber laser with a center wavelength of 1560 nm and a repetition rate ranging from 51.33 kHz
to 83.04 kHz is realized. At the pump power of 231 mW, the maximum output power is 1094 uW, and the shortest pulse
duration is 3.48 ps. The results confirm that the TaS, material has excellent potential for application in nonlinear optics.
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1. Introduction

The Q-switched fiber laser has the advantages of high-
power pulse output, compactness, lightweight, high efficiency,
wavelength tunability, stability and reliability, and ease of con-
trol. These merits have led to a growing demand for more
efficient and cost-effective Q-switched lasers. For example,
pulse lasers have been used in some laser surgeries and laser
therapies in the medical field.!'"”) High peak power pulse
lasers can be used for metal cutting and drilling in indus-
trial processing.[*>! Beyond these applications, Q-switched
lasers are also widely employed in fiber-optic communica-
tions, optical data storage systems, and lidar (laser radar)
technologies.[®~!! Passive Q-switched lasers have been more
desirable than their active counterparts because they are struc-
turally simple, and have stable output power and high output
beam quality.[!>~16]

Generally, to achieve passive Q-switched operation, an
optical modulator is usually required to modulate the quality
factor.l!”l A saturable absorber (SA) is an excellent quality
modulator for generating uniform pulses in Q-switched fiber
lasers,[18-23] which enables the energy storage-release cycle
in Q-switched fiber lasers through dynamic intra-cavity loss
modulation and nonlinear absorption shaping. For decades,
semiconductor saturable absorber mirrors (SESAMs) have
been considered among the best and most cost-effective SA
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options.'?*! However, SESAMs suffer from a narrow absorp-
tion wavelength range, which limits their performance. There-
fore, the continuous search for low-cost, large-bandwidth,
and high-performance SAs remains an ongoing problem. In
a previous study, nanomaterial-based SAs, such as carbon
nanotubes (CNTs), graphene, topological insulators (TIs),
transition metal dichalcogenides (TMDs), and black phos-
phorus (BP) have attracted researchers’ attention, and have
been extensively studied and proven to be important substi-
tutes for SAs in pulsed laser setups for generating ultrashort
pulses.[>73% The generic term TMD refers to the combi-
nation of sulfur atoms (S, Se, and Te) with transition met-
als (groups IVB to VIII, IB, and IIB). In fact, VIB group
TMDs (MoS; and WS,) have been extensively employed for
pulse creation.?-32! In addition, some other TMDs with small
band gaps, including ReS, and HfS,, have also been used as
SAs.[33:34 However, ultrafast photonic devices based on VB
TMDs are still in the early stages of development. TaS; is a
representative of conducting VB TMDs, consisting of metal-
lic tantalum in the form of S—Ta—S sandwiched between two
sulfide layers with negligible band gap metal behavior. TaS,
can be used in energy technology, photovoltaic devices, elec-
trochemical energy storage, and other multifunctional applica-
tion areas where it offers outstanding advantages. >33

In this work, we demonstrate the successful application
of TaS;,/polyvinyl alcohol (PVA) as an SA in a Q-switched

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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erbium-doped fiber (EDF) laser. The SA thin film has the ad-
vantages of a simple preparation process, good homogeneity,
and flexibility. Stable Q-switched pulses are achieved by inte-
grating the TaS,/PVA SA into the EDF laser cavity. The laser
generates uniform Q-switched pulses centered at 1560 nm. As
the pump power increases from 118 mW to 231 mW, the rep-
etition rate rises nearly linearly from 51.33 kHz to 83.04 kHz,
while the pulse duration decreases from 6.5 us to 3.48 ps.
The Q-switched fiber laser operates in a saturated state with-
out damaging TaS,;/PVA SA. The experimental results indicate
that TaS; can be used as a Q-switched device for generating ul-
trashort pulses. Furthermore, it promotes the advancement of
ultrafast optical devices based on two-dimensional (2D) mate-
rials.

2. Fabrication and characterization of TaS,
nanosheets

In this paper, the TaS,/PVA SA was prepared by the liquid
phase exfoliation method. Isopropyl alcohol (IPA) is a com-
monly used solvent with excellent solubility. As a solvent, it is
widely used as an economical and practical solvent in industry,
which can be mixed freely with water, and has stronger solu-
bility than ethanol for lipophilic substances. Some 2D nano-
materials disperse well in IPA. Therefore, in this work, IPA
was chosen as the solvent to prepare the TaS,/PVA SA. 6 mL
deionized water was added to 0.45 g PVA powder and soni-
cated uniformly. Then, 11 mg TaS, powder was dispersed into
6 mL IPA, and ultrasonically cleaned for 10 h. The ultrasonic
cleaner’s power was set to 150 W. Finally, PVA and TaS, IPA
solutions were mixed at a 1:2 ratio, yielding the mixture shown
in Fig. 1(a).

Fig. 1. (a) The photograph of TaS, nanosheets dispersion. (b) Glue
TaS,/PVA SA to the end of the optical fiber connector.

The obtained mixture solution was shaken well and de-
canted into the plastic vessels. Subsequently, the plastic ves-
sels were put into the drying oven, and the temperature of the
drying machine was set at 50-55 °C. The time required for the
TaS,/PVA SA to dry was about two days. After drying was
completed, the film was adhered to the inner walls and bot-
tom of the plastic vessel. The PVA solution exhibits strong

wet adhesion to plastic surfaces, enabling uniform coating of
container walls. Upon drying, the PVA film lost interfacial ad-
hesion, allowing for facile peeling from the plastic substrate.
The TaS;,/PVA film on the wall of the container was used as
the SA, because it has higher quality than that on the bottom.
The TaS, film was cut into small pieces of 1 mmx1 mm and
adhered to the end of the fiber optic connector, as shown in
Fig. 1(b).

For more detailed material characterization, the solution
was deposited onto a silicon substrate, which minimally af-
fects the measurements. A Raman spectrometer with an ex-
citation wavelength of 532 nm was used to analyze the vibra-
tion modes of TaS,. The measurement results are shown in
Fig. 2(a). We can see four peaks with different vibrational
modes. The sweep range is set from 0 to 700 cm~!, and the
out-of-plane mode of TaS, vibration includes the A, peak ob-
served at 400.31 cm™'. The Ejq peak at 109.85 cm™' and E;,
peak at 288.73 cm™! reflect the in-plane mode of vibration of
TaS;. The Ej, mode always occurs below 200 cm ™. In addi-
tion, a broad peak around 185 cm™! in Fig. 2(a) corresponds to
a two-phonon mode, which is always present in the VB group
of TMDs.?! In order to more clearly observe the exfoliated
TaS; nanosheets in the experiment, a scanning electron micro-
scope (SEM) was used to characterize the parameters such as
the layer structure of the prepared TaS; nanosheets. An atomic
force microscope (AFM) was used to observe the lateral size
and thickness of the prepared materials. Figure 2(b) shows the
SEM image. The lamellar structure of the nanosheets is clearly
visible, and the successful exfoliation of the TaS, nanosheet
material is confirmed.

Intensity (arb. units)

100 200 300 400 500 600

Raman shift (cm™')

Fig. 2. (a) Raman spectrum of the prepared TaS; sample. (b) SEM image
of TaS, nanosheets.

The AFM images are demonstrated in Fig. 3(a), and
the thicknesses corresponding to the images are shown in
Fig. 3(b). The thickness of TaS; nanosheets is between 15 nm
and 20 nm, which confirms that the TaS, nanosheets contain
fewer than 30 layers, as compared to the theoretical monolayer
thickness of 0.66 nm. It is confirmed from the SEM and AFM
images that the TaS; nanosheets are successfully stripped with
transverse dimensions on the order of a few hundred nanome-

ters.
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Fig. 3. (a) AFM image of TaS,/PVA nanosheets. (b) The thickness of TaS, nanosheets. (c) Three-dimensional AFM image.

3. Experiment setup

Figure 4 depicts the experimental setup commonly used
for the TaS; SA, which is employed in lasers with rare-earth-
doped fiber.
laser cavity to generate the pump laser.

A 980 nm pump source is connected to the
The polarization-
independent tap-isolator-wavelength-division multiplexer (PI-
TIWDM) is a compound device that consists of a wavelength
division multiplexer, an optical coupler, and a polarization-
independent isolator. Its implementation can notably facilitate
laser construction. Ten percent of the laser portion is linked
out of the annular cavity for experimental research. In this
experiment, a 5-meter-long EDF is used for sufficient gain,
with a dispersion parameter of —16 ps/(nm-km)~!. The TaS,-
SA serves as a Q-switched component in the laser ring cav-
ity. A polarization controller (PC) is inserted between the PI-
TIWDM and TaS,-SA, and the polarization state is adjusted
by means of the PC. The fabricated TaS,-based SA is em-
ployed to enhance the Q-switched parameters through the ma-
nipulation of the polarization state within the annular cavity.
The remaining fibers and pigtails in the optical setup consist

of single-mode fiber (SMF), with a dispersion parameter of

~ 17 ps/(nm-km)~!. The total laser cavity length is 27.9 m.
The output performance of the fiber laser is measured using a
digital oscilloscope, a dynamometer, and a spectrum analyzer.

980 nm LD

- >
PI-TIWDM
PC
EDF ‘
SMF
TaS,-SA

Fig. 4. Schematic diagram of the experimental setup.

4. Results and discussion

A continuous wave is observed on the oscilloscope dur-
ing the experiment, which is powered by a pump source out-
put of 8 mW. At 118 mW, the Q-switched images are found
on an oscilloscope. In Fig. 5, the pump power is adjusted to
120 mW, 140 mW, 160 mW, 180 mW, 200 mW, 220 mW, and
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230 mW in order to observe various pulse sequences. The
schematic drawing indicates the absence of noticeable pulse
modulation, manifesting that the Q-switched fiber laser is op-
erating smoothly. When the pump power exceeds 180 mW,
the Q-switched pulse amplitude decreases, which is caused by
gain saturation. Once the peak power exceeds 231 mW, the Q-
switched pulses vanish. The pump power has been restored to
231 mW, and the re-emergence of Q-switched phenomenon is
observed. The pump power varies in the range from 118 mW
to 231 mW, and Q-switched pulses are always present, indi-
cating that the TaS>/PVA is not damaged.

As shown in Fig. 6(a), we measure the output power and
pulse energy as a function of pump power. The pump power
varies in the range from 118 mW to 231 mW, correspond-
ing to annular cavity output power linearly increasing from
528.9 uW to 1094 uW. Until the Q-switched image vanishes,
the pulse energy can reach 13.1 nJ. The corresponding optical
spectral characteristics of the TaS,/PVA SA film are shown
in Fig. 6(b). The center wavelength of the spectrum is lo-
cated at 1560 nm with variation over a range of powers and
with no change in width. The double Y-axis in Fig. 6(c) il-
lustrates two linear trends, with the repetition rate gradually
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increasing from 51.33 kHz to 83.04 kHz as the pump power
changes. Before the Q-switched image vanished, the pulse du-
ration was reduced to 3.48 ps. We obtained a pulse full width
at half maximum (FWHM) of 1.22 us at 180 mW, as shown in
Fig. 6(d). Under the pump power of 231 mW, the fiber laser
operates for several hours and without any noticeable changes.
Furthermore, despite adjustments to both the pump power and
polarization state, no mode-locking operation is observed.

0.3 F Pump power =230 mW
Pump power = 220 mW
—~
%)
=
=}
= 0.2F
,.d Pump power =180 mW
=
<
N
>y Pump power =160 mW
=
0
= 0.1f
E Pump power =140 mW
A

Pump power =120 mW

-2 0 2 4 6 8
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1 1 1
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Fig. 5. The various pulse trains obtained under different pump powers.
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Fig. 6. (a) Output power and pulse energy versus incident pump power. (b) Optical spectra at pump powers of 120 mW, 140 mW, 180 mW, and
200 mW. (c) Pulse repetition rate and pulse duration as functions of pump power. (d) Single pulse profile.
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Table 1. A comparison of passively Q-switched Er-doped fiber lasers based on different SAs.

SA Center wavelength (nm) Min pulse duration (pus) Max pulse energy (nJ) Max output power (mW) Repetition rate (kHz) Ref.
WSSe 1558.4 2.6 7.31 0.45 27.52-61.81 [40]
SWNTs 1555-1560 ~17 14.1 ~ 225 uW ~ 516 [41]
Bi,Ses 1565.14 13.4 13.4 ~ 150 uyW 4.508-12.88 [42]
MoTe, 1557.8 14 4.6 0.4 44.4-77.8 [43]
P3;HT 1562 3.79 15.05 1.183 62.97-78.63 [44]
Graphene 1566.35 3.7 16.7 1.1 3.3-69.5 [45]
TaS, 1560 3.48 13.1 1.094 51.33-83.04 this work

We attempt to verify whether the observed Q-switched
operation originates exclusively from the saturable absorption
properties of the TaS;-based SA. For this reason, we removed
the TaS; SA from the fiber laser. For the ring cavity with-
out the TaS, SA, even if we kept varying the pump power or
rotating the PC, we could not observe the Q-switched opera-
tion on the oscilloscope. The comparative results unequivo-
cally demonstrate that the Q-switched operation is attributed
to the saturable absorption of the SA based on the TaS,. As
shown in Table 1, TaS,, as an SA, generates pulse output, fea-
turing higher single-pulse energy and superior output power
compared to nanomaterials such as MoTe, and WSSe.[#041]
Compared to other materials reported in earlier studies, >
the output pulses have narrower pulse widths and higher repe-
tition frequencies.

5. Conclusion

This work has exhibited the use of the TaS,/PVA SA in
the Q-switched EDF lasers. By inserting the TaS,-SA film
into the laser cavity, stable Q-switched pulses are achieved at
a pump power of 118 mW. The passively Q-switched EDF
laser operates at a central wavelength of 1560 nm. As the
pump power increases from 118 mW to 231 mW, the rep-
etition frequency correspondingly varies from 51.33 kHz to
83.04 kHz. At the maximum pump power of 231 mW, the
single pulse energy reaches 13.1 nJ with a minimum pulse
width of 3.48 ps. These experimental results prove that the
TaS,/PVA film is able to withstand the high power and pos-
sesses significant qualities suitable for applications in ultrafast
photonics, rendering it an excellent candidate material for fiber

laser applications.
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