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Abstract: We demonstrate the passive Q-switching operation of an erbium-doped fiber
laser using a few-layer WS,-based saturable absorber with evanescent field interaction.
WS, flakes have been synthesized via a liquid-phase exfoliation method, and an optical
fiber taper was selected as a light-material template that causes to achieve a long inter-
action length of the evanescent wave. Subsequently, the prepared solution was optically
deposited around the 3-mm interaction length of the fabricated optical fiber taper with a
5-pum waist diameter. The proposed Q-switched fiber laser based on the WS,-deposited
fiber taper saturable absorber could generate stable output pulses at 1565 nm, with a
pulsewidth ranging from 1.3 to 3 us and a repetition rate of 33—-108 kHz.

Index Terms: Tungsten disulfide, nonlinear optical materials, saturable absorber,
Q-switched fiber laser.

1. Introduction

Q-switched fiber lasers have attracted great attention owning to the relatively large pulse energy
at relatively low repetition rates and pulse width of the scale from microsecond to nanosecond.
These short pulsed lasers have extensive applications in material processing, telecommunica-
tions, medicine, and sensing [1]. Q-switched pulses can be obtained via active or passive
Q-switching techniques. Passively Q-switched lasers have several advantages such as sim-
plicity, compactness, and low cost compared to that of active techniques which require an
active optical component such as electro-optic or acousto-optic modulators [2].

Passive Q-switched technique of lasers based on saturable absorber (SA) is the well-known
and most effective method to achieve Q-switching operation which has been widely investigated.
In the past few decades, researchers investigated various kinds of SA materials, including toxic
dye materials [3], semiconductor saturable absorber mirrors (SESAMSs) [4], carbon nanotubes
(CNTs) [5], and graphene [6], [7]. Although the SESAMs are very mature and commercialized,
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they are still limited due to the complex and expensive fabrications, as well as having a narrow-
band wavelength operation range [8]. The most cost-effective method was using carbon mate-
rials such as the carbon nanotubes where their working wavelengths were connected with the
diameter of the nanotubes [9], as well as graphene with zero band-gap and small absorption [6].

Recently, transition metal dichalcogenides (TMDs) materials like molybdenum disulfide (MoS,)
and Tungsten disulfide (WS,) attracted great attention due to the high saturable absorption of
these materials [10]. TMDs are two-dimensional materials which their band-gap depends on the
thickness. Their monolayers have a direct band-gap and as the number of layers increase the
band-gap shifts toward indirect band-gap structure [11]. Due to their unique characteristics, they
have been deeply studied in several research fields [12]. Moreover, TMDs have been used as the
SA for mode locking and Q-switching technology in different structures [13]-[19].

Although the fiber ferrule type SA has been widely used due to the easy implementation, the
mechanical contact is induced physical damage as well as causes to break all-fiber ring cavity
configuration [20]. Due to the direct interaction of light with materials, this type of SA also de-
creases the damage threshold under high power regimes, especially in the presence of polymer
binders. The saturable absorbers based on evanescent field interaction not only increase the
damage threshold as well as light-material interaction length, but also maintain the all-fiber
cavity structure. There are two practical templates for evanescent coupling structure including
side-polished fiber and fiber taper [14], [19]. Side-polished fiber suffers of several drawbacks
such as a complicated fabrication process and difficulty in making a fine polished surface, as
well as high unavoidable polarization sensitivity due to the asymmetric structure [21]. So, we
could assume that the fiber taper is one the best option for a light-material template in fiber la-
ser configurations [18], [19]. So far, the application of WS, as a Q-switcher in an all fiber laser
structure based on fiber taper saturable absorber has not been attempt yet, which will have a
great impact in this field of study due to the simple and trustable fabrication process and com-
pact proposing structure.

In this work, we propose and demonstrate an all-fiber passively Q-switched Erbium-doped fiber
laser using the interaction of WS, flakes and the fiber taper's evanescent fields. WS,-deposited
fiber taper is demonstrated as a Q-switcher, for the first time to the best of our knowledge, to
overcome the drawbacks of the sandwich structure and the side-polished ones. The few-layer
WS, flakes are fabricated via liquid phase exfoliation method and optically deposited around the
5 pum waist diameter of the fabricated fiber taper. Subsequently, in order to confirm the saturable
absorption characteristic, passively Q-switched pulses were obtained based on WS, SA in an
all-fiber laser configuration with high thermal damage threshold and stability.

2. WS, Flakes Preparation and Saturable Absorber Fabrication

The fiber taper as a template for light material interaction is fabricated via the standard flame
brushing technique [22]. The fiber taper was fabricated by fixing a single-mode fiber (SMF) at
both ends in two fiber clamps and when the central region was heated, the fiber was stretched
simultaneously at both sides. The insertion loss of the prepared tapered fiber was around 1 dB
and the waist diameter and the interaction length of fiber taper are about 5 um and 3 mm
respectively, as shown in Fig. 1(a).

Then, we prepared a uniform solution to take full advantage of the optical properties of the 2D
materials. The few layer WS, flakes were synthesized by well-known liquid phase exfoliation
method (LPE) [23], as shown schematically in Fig. 1(b). LPE method involves three steps as fol-
lows: 1. Dispersion of bulk WS, in solvent; 2. Exfoliation process via ultra-sonication; 3. Using
ultra-centrifuge to separate exfoliated few-layer WS, flakes from un-exfoliated thick flakes. The
inset of Fig. 1(c). shows a picture of prepared uniform solution of WS, flakes in ethanol and
Fig. 1(c). illustrates the SEM image of drop-casted WS, flakes on a SiO, substrate. Linear trans-
mission of the prepared solution is depicted in Fig. 1(d). indicating the absorption peak of WS,
at 625 nm and the inset shows transmission electron microscopy (TEM) images of the WS,
flakes on a TEM substrate which confirms the very thin exfoliated flakes. Finally, as shown in
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Fig. 1. (a) Tapering of a single mode fiber from 125 um to 5 um diameter via flame brushing
method. (b) Liquid Phase Exfoliation process including 3 steps: first dispersion of bulk WS, in sol-
vent, then exfoliation process using ultra-sonication, and finally ultra-centrifugation. (c) SEM image
of the uniform size of the exfoliated few layer WS, flakes (inset: bottle of a well-dispersed WS,
flakes in ethanol). (d) Transmittance of the WS, flakes via spectrophotometer (inset: TEM image of
the exfoliated few layer WS, flakes). (e) AFM measurement results of the prepared flakes. (f) Opti-
cal deposition of WS, flakes onto the fiber taper via evanescent field interaction.

Fig. 1(e), the thickness of WS, flakes were measured via an atomic force microscopy (AFM),
showing the thickness of 5 ~ 7 nm which corresponds to 8 ~ 10 layers [24].

Finally, we deposited the WS, onto the waist diameter of fabricated fiber taper to prepare sat-
urable absorber as a Q-switcher. The evanescent light deposition of WS, flakes onto the fiber
taper is schematically demonstrated in Fig. 1(f). The uniform solution is softly and slowly dripped
onto the interaction length of the fiber taper while the 1.5 um laser light pass through the fiber
for optical deposition via the evanescent field. We monitored the transmission of the fiber taper
during the deposition process by an optical power meter in order to control the deposition
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Fig. 2. Schematic diagram of passively Q-switched Er-doped fiber laser (LD: Laser Diode; WDM:
Wavelength Division Multiplexer; EDF: Erbium-Doped Fiber; PC: Polarization Controller; OSA: Opti-
cal Spectrum Analyzer).

process. Since the waist diameter of the fiber taper is decreased to 5 um, the propagating light
will form the evanescent field in the air and consequently interact with the droplet of solution
around the waist. After the deposition of WS, flakes around the interaction region, the sudden
drop in transmission was observed to confirm the successful optical evanescent-field deposition.

3. Q-Switched All-Fiber Laser

The schematic diagram of the Q-switched fiber laser combined with the fabricated WS, SA is
demonstrated in Fig. 2. The ring cavity consists of a gain fiber, a wavelength division multiplexer
(WDM), an optical coupler (OC), a polarization controller (PC), and a polarization independent
isolator (ISO), along with fabricated saturable absorber. A 1 m long erbium doped fiber (EDF)
(Er80-8/125) was employed as the gain medium. The EDF was pumped by a 976 nm laser di-
ode (LD). The PC was engaged to achieve different polarization orientation states. The PI-ISO
was used to force the unidirectional operation in the fiber ring cavity and the 10% portion of the
laser was coupled out from the cavity via the optical coupler. The total length of the fiber laser
cavity was about 9 m. Temporal and spectral profiles of the Q-switched fiber laser output are re-
corded by a fast electro-photonic detector followed by a digital oscilloscope (Tektronix TDS
784D) and an optical spectrum analyzer (Yokogawa AQ6370 B).

The laser started the continuous-wave lasing at the pump power of ~200 mW, and the
Q-switched operation obtained at 295 mW. The threshold of the fiber laser was relatively high due
to the primarily large intra-cavity loss induced by the WSx-deposited fiber taper SA which could be
optimized by managing the ring cavity and sample preparation. The performance of fiber laser in-
cluding optical spectrum and output pulses are depicted in Fig. 3. The 3-dB bandwidth of the optical
spectrum is measured to be ~1 nm at the center wavelength of 1565 nm as shown in Fig. 3(a). The
pulse trains of laser in different pump power are illustrated in Fig. 3(b), which prove the robust oper-
ation of Q-switching pulses. In contrast to mode-locking operation which is repetition rate corre-
sponding to the cavity length, the repetition rate of the Q-switched pulses can be varied with
reference to pump power. When the pump power was increased, the repetition rates of output sta-
ble pulse trains simultaneously increased and the pulse duration monotonically decreases, which
are the typical features of passively Q-switched lasers. Fig. 3(c) shows the repetition rates and
pulse duration versus incident pump powers. The repetition rate increased from 33 kHz to 108 kHz
while the pump power increasing from 295 mW to 603 mW, and the pulse widths decreased from
3 usto 1.3 us.

When the pump power was over 600 mW, the Q-switched pulses became unstable. The pos-
sible reason for the unstable Q-switching could be the over-saturation of the SA at higher pump
intensity, which has been reported this kind of unstable phenomenon [25], [26]. However, after
the pump power was decreased from 600 mW, the stable Q-switched operation was observed
again with the same characteristics. This phenomenon indicated that the WS,-deposited fiber
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Fig. 3. Q-switched operation. (a) Optical spectrum. (b) Q-switched pulse trains with different pump
powers. (c) Repetition rates and pulse duration versus incident pump powers. (d) Average output
power versus incident pump power.

taper SA was not destroyed by the thermal accumulation and that there was no thermal damage
in SA even at maximum pump power of LD (750 mW). Moreover, the Q-switched output pulses
were stable and robust at the entire different repetition rate and pump power.

The shortest pulse duration of 1.3 us was similar to the reported passively Q-switched fiber
lasers based on graphene and CNT SAs [25], [26]. The pulse duration can be improved by
shortening the laser cavity and optimization of saturable absorber fabrication process. The aver-
age output power and pulse energy versus incident pump power were depicted in Fig. 3(d). At
the pump power of 603 mW, the maximum average output power was 7.84 mW, which is com-
parable with some other reported Q-switched fiber lasers. Even though the pulse energy is not
that much high in comparison with the laser using conventional semiconductor-based SAs, fur-
ther improvement of pulse energy is possible by optimizing the fiber taper SA fabrication as well
as increasing the output ratio of the tap coupler in the ring cavity which we only used 10%.

Finally, we confirmed the functionality of WS,-deposited fiber taper SA by inserting a non-
deposited fiber taper into the same laser cavity and no pulse generation was observed. It con-
firms that the Q-switched pulses originate from the WS, materials not the bare fiber taper. The
Q-switching results confirmed the pulse shaping ability of the WS, which is comparable with
previously reported carbon materials. However, in the case of WS,, there were no hazardous
materials in the preparation process, unlike dichlorobenzene in CNT or additional polymer and
composite, which cause a decrease in the damage threshold. We also need to consider that the
WS, [27]-[30] is a new emerging nanomaterial in this field of study like MoSe, [31] and black
phosphorous [32] and that their nonlinear optical properties should be studied in more detail for
better comparison between these new materials and carbon materials like CNT and graphene.
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4. Conclusion

In summary, we demonstrate the application of WS,-deposited fiber taper, which can be em-
ployed as Q-switcher in a fiber ring cavity, for the first time to the best of our knowledge, to gener-
ate Q-switched short pulses. The advantages of the proposed WS, SA include all-fiber
configuration, long nonlinear interaction length, flexibility, high optical damage threshold, and
polymer free material. The SA fabrication process is based on the evanescent field interaction of
a fiber taper with few-layer WS, flakes. Moreover, the deposition process can be controlled by
continues in situ monitoring of the fiber taper transmission. We have successfully obtained an
all-fiber passively Q-switched Erbium-doped fiber laser, including the WS»-deposited fiber taper.
The results indicate that the WS, has comparable optical property in a Q-switched fiber laser,
and both the repetition rate and the output power could be tuned and increased significantly.
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