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Passively Q-switched ytterbium-doped fiber lasers (YDFLs) incorporating a molybdenum sulfide selenide
(MoSSe)-based saturable absorber (SA) are demonstrated. The modulation depth and saturation intensity
of the MoSSe-based SA are measured to be approximately 25.0% and 0.002 MW∕cm2, respectively, using
the twin detector technique. The YDFL’s output has a center wavelength of 1038.5 nm with a top pulse width
and energy of 1.2 μs and 18.9 nJ, respectively, at a pump power of 333 mW. The MoSSe-based SA has a good
linear optical response, providing significant opportunity for use in applications over an ultra-broadband
spectrum, particularly spectroscopy and biomedical diagnostics.
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Fiber lasers capable of passively generating Q-switched
pulses are the focal point of substantial research efforts
due to their wide range of applications, including range
finding, material processing, and optical communication[1].
Q-switching in fiber lasers can be achieved passively
through the use of saturable absorbers (SAs), including
semiconductor SA mirrors[2,3] and transition-metal-doped
crystals[4], as well as graphene, carbon nanotubes (CNTs),
and their derivatives[5–7]. Graphene was initially seen as a
highly promising material to be used as an SA for gener-
ating Q-switched pulses but exhibits a weak absorption
capability of around 2.3% per layer, which in turn limits
the modulation co-efficiency of graphene-based SAs[8].
Similar to graphene, CNTs, which are another carbon
derivative, also have the potential to be good candidates
as SAs, but the combination of different CNT diameters
necessary for broadband operation leads to the high non-
saturable losses as a result of the non-resonance effect by
large numbers of CNTs[8].
As a result of this, research has now focused on the

exploration of new materials for use as SAs. Among the
materials being explored are topological insulators (TIs),
such as (Bi2Se3)

[9–13] and bismuth telluride (Bi2Te3)
[14,15],

which have already seen applications in various
Q-switched fiber laser designs. Another potential material
is transition metal dichalcogenides (TMDs). TMDs en-
compass various transition metal compounds, such as mo-
lybdenum sulfide (MoS2)

[16–18], molybdenum diselenide
(MoSe2)

[19], tungsten disulfide (WS2)
[20–22], and tungsten

diselenide (WSe2)
[23], and have been successfully demon-

strated in Q-switched fiber laser operations. TMDs in par-
ticular exhibit layer-dependent optical properties and, at
near-infrared wavelengths, have the ability to alternate
their bandgap between indirect and direct, making them
highly desirable as optical materials[24]. Furthermore,
TMDs have high non-linearity, ultrafast carrier dynamics,

great photoluminescence, and strong absorption, making
them suitable for a variety of photonic applications[25,26].

Of the many TMDs, however, one TMD, molybdenum
sulfide selenide (MoSSe), has received little attention in
the study of SAs. As MoSSe hails from the same family
as other TMDs, it is predicted that it would exhibit the
same characteristics as other TMD-based SAs and thus
have potential to be applied to passively generating
Q-switched pulses in fiber lasers. It is interesting to note
that MoSSe is the amongst the most stable TMDs as a re-
sult of its ordered alloy structures. The reported MoSSe
bandgap is only 0.05 eVdue to size and chemical differences
between two constituent elements[27], although this sug-
gests that the TMD monolayer bandgap could be varied
by altering the X2 composition, unlike MoS2 or MoSe2

[28].
In this work, a Q-switched fiber laser using an MoSSe-

based SA operating in the 1.0 to 1.5 μm region is presented.
The MoSSe’s non-linear absorption characteristics are
obtained by the twin detector technique, and the results
indicate modulation depths of ∼25% and ∼0.002 MW∕cm2

at 1560 nm. The fiber laser can generate output pulses with
a narrow pulse width of 1.2 μs and a corresponding pulse
energy of 18.9 nJ. To the best of authors knowledge, this
is the first report of an MoSSe-based SA being used to
achieve a Q-switching operation at the 1.0 region and in-
dicates the potential for MoSSe to be used as a broadband
SA for generating passively Q-switched pulses in a fiber
laser system.

The MoSSe-based SA used here was prepared using the
mechanical exfoliation technique. This process is illus-
trated in Fig. 1. In this technique, a piece of scotch tape
is prepared, as is a small MoSSe crystal flake, as shown in
Fig. 1(a). Next, the MoSSe crystal flake is carefully placed
on the scotch tape, and scotch tape is folded in two, as
shown in Figs. 1(b) and 1(c), respectively. The folded
scotch tape is repeatedly pressed to exfoliate a few MoSSe
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layers on the other side of the scotch tape. Figure 1(d)
shows the thin MoSSe layer obtained on the other side
of the scotch tape once it is unfolded. The thin MoSSe
layers are then carefully removed and placed onto the
surface of a fiber ferrule before being embedded with an
index matching gel as per Fig. 1(e).
The characterization of the MoSSe Raman is in

Fig. 2. The linear and non-linear optical characteristics
and the microscope image of the MoSSe is shown in
Figs. 2(a)–2(c), respectively. Raman spectroscopy at a
wavelength of 532 nm using an 1800∶l∕mm grating reveals
the Raman spectrum of the MoSSe SA. It can be seen from
the spectrum obtained that two primary peaks are seen
at 210 and 260 cm−1, indicating the presence of Mo-Se.
Additionally, a single secondary peak at approximately
400 cm−1 is also observed, indicating the presence of the
compound Mo-S. These findings are comparable to those
reported by Konkena et al.[29], and augur well with their re-
port in which the inclusion of the Se element weakens the
Mo-S band within the MoSSe structure, thus giving differ-
ent peaks as compared to those acquired for MoS2 and
MoSe2. Furthermore, the shift in theRaman peak indicates
the sample layer to be about 5 to 6 layers, or about
6 nm thick.
For the characterization of the MoSSe’s linear optical

characteristics, a white light source with a wavelength
range from 900 to 1600 nm is used. Figure 2(a) shows

the linear optical response of the MoSSe sample, covering
a range of 1150 to about 1450nm. It is interesting to observe
that when it is exposed to light at 900 nm, the linear re-
sponse of the MoSSe sample is significant, with an absorb-
ance of almost 3.6 a.u. However, the absorbance decreases
as the wavelength of the light source increases, reaching a
dip of about 2.8 a.u. at about 1150 nm before rising again
and peaking at an absorbance value of 3.0 a.u. at a wave-
length 1250 nm, before finally dropping again. This indi-
cates that the optimum operating region for the MoSSe
is between 1000 and 1500 nm, making it suitable for oper-
ation in the C-band and particularly the S-band regions.

The inset of Fig. 2(b), on the other hand, shows the
MoSSe-based SA’s nonlinear optical absorption. For this
measurement, the twin detector technique is used, and
the collected data are fitted into the saturation model
formula[30–32]. A mode-locked seed laser with a 1560 nm
center wavelength is used for the twin detector technique,
and the measured modulation depth and saturation inten-
sity are approximately 25.0% and 0.002 MW∕cm2, respec-
tively. The modulation depth obtained is comparable to
those previously reported by Li et al.[33], Chen et al.[34],
Du et al.[35], and Lu[36] on two-dimensional (2D) nanoma-
terials. Figure 2(c) shows the actual MoSSe-based SA,
with the MoSSe sample sitting on the fiber ferrule as
captured using a microscope.

The proposed fiber laser’s schematic is given in Fig. 3.
The proposed system uses a length of 0.7 meter (Fibercore
DF1100) ytterbium-doped fiber (YDF) as the active gain
medium, which is excited by a laser diode (LD) operating
at 974 nm with a maximum pump power of 333 mW. The
YDF has an operating wavelength of between 1030 and
1100 nm with cutoff wavelengths of 800–900 nm, as well
as a numerical aperture (NA) between 0.14 and 0.17 and a
nominal absorption of 1500 dB/m at 975 nm. The LD is
connected to the YDF through the 980 nm port of a
980/1000 wavelength division multiplexer (WDM), with
the WDM’s common port connected to one end of the
YDF. The YDF’s other end is connected to an optical iso-
lator, which ensures unidirectional propagation as well as
blocking back-reflections within the cavity, which could be
detrimental to the LD. Immediately after the optical
isolator, the MoSSe-based SA is incorporated into the

Fig. 1. MoSSe mechanical exfoliation process and deposition
onto the fiber ferrule.

Fig. 2. Characterization of MoSSe SA Raman spectrum. The in-
sets of Fig. 2 show (a) the linear absorption, (b) the non-linear
absorption measurement, and (c) the microscope image capture
of the SA. Fig. 3. Setup of the proposed Q-switched YDF laser.
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laser cavity’s configuration. The output from the SA is
then linked to a 90∶10 optical coupler (OC), which is used
to obtain a portion of the signal propagating within the
cavity for analysis purposes. The 90% port of the OC is
now connected to theWDM’s 1000 nm port, thus complet-
ing the optical cavity.
The extracted signal is further split into two portions of

equal power by a 3 dB coupler, allowing both the optical
and electronic characteristics of the output pulses to be
analyzed simultaneously. The cavity’s total length
is 13.0 m.
Measurement of the output pulses’ optical characteris-

tics is done by an optical spectrum analyzer (OSA) and
indicates the occurrence of spectral broadening due to
self-phased modulation. The central wavelength of the
pulses is at approximately 1038.5 nm. Figure 4(a) provides
the optical spectrum obtained at a pump power of
333 mW, with a measured full width at half-maximum
of 2.1 nm. The inset of Fig. 4(a) shows the train of the
output pulses obtained at the same pump power, taken
from a radio frequency spectrum analyzer (RFSA) at a
resolution of 100 Hz. A single pulse is also captured, as
shown in Fig. 4(b), which gives a signal-to-noise ratio
of around 45 dB for the generated peaks. This shows that

the output pulses are highly stable[37] and comparable to
those obtained using other types of SAs in similar configu-
rations[1,38,39]. Furthermore, expanding the frequency span
until 1 MHz, as shown as the inset of Fig. 4(b), shows the
harmonics obtained by the pulses up to the thirteenth
harmonic.

Figure 5(a) shows the repetition rate and pulse duration
of the output pulses of the proposed laser. It can be seen
from the figure that the repetition rate and pulse duration
increase and decrease, respectively, against the increasing
pump power[40]. As the pump power is increased from 181
to 333 mW, the repetition rate responds linearly from 56.7
to 71.3 kHz, while the pulse duration is reduced at an al-
most linear rate as well from 2.14 to 1.2 μs. In the same
manner, raising the pump power also results in the output
power and pulse energy also increasing linearly, with the
output power rising from 0.6 to 1.3 mW for the same rise in
the pump power, as shown in Fig. 5(b). Furthermore, the
pulse energy also increases linearly, as it is a function of
the output power divided by the repetition rate[41], both
of which increase linearly as well against the pump power.
The maximum pulse energy of the system is 18.9 nJ.

From the aforementioned results, the MoSSe-based SA
is highly suited for the generation of Q-switched pulses at
the 1000 nm region, with the fiber laser in this work oper-
ating at a wavelength of 1038.5 nm. It is also important to
note that even at the maximum pump power, the SA does

Fig. 4. Q-switched pulsed output at 1 μm, showing (a) the op-
tical output as obtained using an OSA and a Q-switched pulse
train obtained using an RFSA (inset) and (b) single-pulse RFSA
and wide-band RFSA (inset).

Fig. 5. (a) Repetition rate and pulse width and (b) output power
and pulse energy as a function of the rising pump power.
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not exhibit any signs of optical damage, as the generated
pulses are highly stable and show a limited, if any, fluctu-
ations. Furthermore, reducing and increasing the pump
power result in similar results being obtained, further val-
idating that the SA has not been damaged. Due to the lack
of higher-power pump sources in this work, the damage
threshold of the MoSSe-based SA could not be determined
but is ascertained to be higher than 333 mW. This SA was
then repeated after a few days and found to maintain its
performance characteristics.
Table 1 shows the comparison between the reported re-

sults of this work with previously published results of sim-
ilar systems using different SAs with the gain medium of a
YDF. It can be seen that barring the graphene-based SA[41],
the proposed MoSSe-based SA performs comparably
against other SA types, including those fabricated from
TIs[42] and other TMDs[1,33].
This work proves the capability of the MoSSe-based SA

to generate Q-switched outputs in the 1000 nm region and
also opens the possibility for a similar laser operating in
the mode-locked regime by modifying sufficient parame-
ters, such as the losses in the cavity and the SA’s modu-
lation depth. However, it should be noted that in this
work, the thickness of the SA layer, which is approxi-
mately 5 to 6 layers thick, may not support mode locking.
The proposed SA shows substantial potential for an ultra-
broadband operation, as initial testing of its optical re-
sponse shows similar behaviors at longer wavelengths,
making it a possible candidate for various applications,
including spectroscopy and biomedical diagnostics.
Further applications can also be realized by incorporating
a tunable bandpass filter into the setup, allowing the
Q-switched output wavelength to be tuned.
In this work, a passively Q-switched YDFL using a

MoSSe-based SA operating at the 1000 nm wavelength re-
gion is proposed and demonstrated. Measurement of the
MoSSe based SA’s nonlinear absorption by the twin detec-
tor technique provides a modulation depth of ∼25.0% and
saturation intensity of ∼0.002 MW∕cm2. At a central
wavelength of 1038.5 nm and a maximum pump power
of 333 mW, a minimum pulse width and a maximum pulse
energy of 1.2 μs and 18.9 nJ, with a corresponding repeti-
tion rate from 56.6 to 71.3 kHz, are obtained. The
proposed MoSSe-based SA shows significant promise for
various SA applications along an ultra-broadband spec-
trum, owning to its somewhat similar optical response
characteristics at longer wavelengths, and can be a

potential candidate for a multitude of applications, includ-
ing spectroscopy and biomedical diagnostics.
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