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Abstract
In this work, we fabricate the Mo0.5W0.5S2 by microwave-assisted solvothermal method, and
report the Q-switched Yb-doped fiber lasers (YDFL) using Mo0.5W0.5S2 polymer film and
tapered fiber as the saturable absorbers (SAs). The modulation depth and saturable intensity of
the film SA are 5.63% and 6.82MW cm−2. The shortest pulse duration and the maximum single
pulse energy are 1.22 μs and 148.8 nJ for the film SA, 1.46 μs and 339 nJ for the fiber-taper SA.
To the best of our knowledge, this is the first report on the Q-switched YDFL using Mo0.5W0.5S2
SAs.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Passively Q-switched fiber lasers have been widely investi-
gated owing to their potential applications in optical com-
munications, remote sensing, medicine, and material process
[1–3]. Unlike the mode-locked fiber lasers which generally
exhibit wide optical spectrum and ultrashort pulses, the
Q-switched fiber lasers typically generate microsecond or
nanosecond pulses with high pulse energy. Besides, Passively
Q-switched fiber lasers are attractive due to their cost, effi-
cient operation, and easy implantation without much con-
sidering of dispersion and nonlinearity [4]. In recent years, a
wide variety of SAs have been used in fiber lasers to obtain
Q-switched laser pulses. Semiconductor saturable absorber
mirrors (SESAMs), single-wall carbon nanotubes (SWCNTs)
have been extensively studied and demonstrated in passively
Q-switched fiber lasers [5, 6]. SESAMs are mature SAs for
their flexibility and robustness. However, the narrow operat-
ing bandwidth and high fabrication cost limit their applica-
tion. For SWCNTs, the absorption wavelength is depend on
the nanotube diameter, which means that they are not effi-
cient. The emergence of two-dimensional (2D) materials
effectively solve the problems above.

The discovery of graphene has given birth to the 2D
materials. New 2D materials, such as topological insulator,
transition metal dichalcogenides (TMDs) and black phos-
phorus have been reported to possess unique optoelectronic
properties and Pauli blocking induced saturable absorption
[7–14]. Among these excellent 2D materials, TMDs have
attracted much research interest. The typical chemical struc-
ture of TMDs is MX2, the transition metal (M) atoms (M:
such as Mo, W) are covalently bound to the chalcogen (X)
atoms (X: such as S, Se) and the MX2 layers are stacked
together by van der Waals forces. They have a layer-depen-
dent bandgap and can transition from indirect bandgap (bulk
states) to direct band gap (monolayer or few layers) by
reducing the number of layers. TMDs including molybdenum
disulphide (MoS2), molybdenum diselenide (MoSe2), tung-
sten disulphide (WS2), and tungsten diselenide (WSe2) have
demonstrated that they are ideal SAs for Q-switching fiber
lasers [15–18]. The successful application of TMDs on
Q-switched fiber lasers has brought great motivation to
develop new types of TMDs materials.

Band gap engineering of monolayer 2D materials is of
great significance on the optoelectronics applications [19, 20].
Combining of materials with different bandgap into alloy
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could effectively modify their bandgaps [21]. Xie et al have
extensively studied the preparation, characterization and
application of 2D TMDs alloys [22, 23]. Mixed molybdenum
tungsten disulphide (Mo1−xWxS2) is a new type of the TMDs.
Chen et al demonstrate that the bandgap emission of 2D
alloys (Mo1−xWxS2 monolayers) could be tuned from 1.82 to
1.99 eV [24]. The bandgap tunable property may enhance the
broadband saturable absorptive capacity of the TMDs mate-
rials. However, the study of the nonlinear optical properties of
Mo1−xWxS2 is insufficient, whereas the application on the
Q-switched fiber lasers has not been reported yet. The Z-scan
measurements of Mo0.5W0.5S2 at 1064 nm indicated that
multilayer Mo0.5W0.5S2 has a large two-photon absorption
(TPA) coefficient and exhibits reverse saturable absorption
under high excitation intensity [25]. In this case, Mo0.5W0.5S2
may has potential application on Q-switching lasers.

In this work, we demonstrate the Q-switching operation
in Yb-doped fiber lasers (YDFL) based on Mo0.5W0.5S2 SAs.
The Mo0.5W0.5S2 is fabricated by microwave-assisted sol-
vothermal method (MAST) [26] and its polymer film is
inserted into the fiber cavity. Gradually increasing the pump
power, stable Q-switched pulses are obtained. The maximum
output power and pulse energy are 13.26 mW and 148.8 nJ
for the film SA. The fiber-taper Mo0.5W0.5S2 SA is also
prepared by optical driven deposition method in this work.
The small waist diameter (4 μm) of the tapered fiber enables a
strong interaction between laser pulses and the Mo0.5W0.5S2
SA. The maximum pulse energy of 339 nJ and the minimum
pulse duration of 1.46 μs are obtained based on the fiber-taper
Mo0.5W0.5S2.

2. Preparation and characterization of Mo0.5W0.5S2

SAs

Film saturable absorber (SA) is widely used in the Q-switched
fiber lasers for their uniform quality and flexibility to integrate
into the laser cavities. The Mo0.5W0.5S2 embedded in Poly-
vinyl Alcohol (PVA) film is prepared in the work. Firstly, 4 g
PVA powder is added into 100 ml deionized water and the
mixture is stirred at 50 °C for 30 min. When the PVA is
completely dissolved, 5 mg Mo0.5W0.5S2 powder is added
into 60 ml PVA solution. After stirring and ultra-sonicating
for 2 h, the Mo0.5W0.5S2 is uniformly dispersed in the PVA
solution. Then the mixture is dropping onto a culture dish and
evaporating in a vacuum drying oven for 12 h. When the
Mo0.5W0.5S2 PVA solution is completely dry, a transparent
polymer film can be obtained. The Mo0.5W0.5S2 nanosheets
are embedded in the polymer film. Finally, the transparent
polymer film is cut into small pieces of 1×1 mm2 and
sandwiched between two fiber patch cords, as shown in
figure 1(a). The function of the fiber patch cord is to connect
two optical fibers together and the optical fiber core is entirely
covered by the PVA film. The laser directly transmits the
Mo0.5W0.5S2-PVA film, enabling a strong interaction between
the SA and the laser pulses.

An alternative approach to prepare SAs is applied by
depositing the 2D materials to the tapered fiber surface. In this

case, the 2D material is not directly interacted with the laser
pulses but with the evanescence wave. This type of SAs takes
the advantage of high thermal damage threshold and long
interacting length [27]. Therefore, we deposit the
Mo0.5W0.5S2 nanosheets onto the tapered fiber. The
Mo0.5W0.5S2 nanosheets solution is obtained by dissolving
25 mg Mo0.5W0.5S2 powder in 20 ml ethanol solvent with 3 h
ultra-sonicating. The tapered fiber we used in our experiment
has a taper length of 21 mm. Figure 1(b) shows the image of
the tapered fiber, the microscopic image of the tapered region
indicates that the waist diameter is about 4 μm. The tapered
fiber is then transferred into a U-slot and packaged in a silica
tube. We drop the Mo0.5W0.5S2 nanosheets solution onto the
tapered fiber surface and insert it into the laser cavity for
optical driven deposition.

The transmission electron microscope image of
Mo0.5W0.5S2 nanosheets is shown in figure 2(a). High quality
few layer nanosheets can be observed at the edge of the
cluster. Figure 2(b) is the EDX spectra from the selected
section of the SEM image and the analysis results in the
table 1 for the Mo0.5W0.5S2 sample. The sample contains S,
Mo and W elements, the atomic ratio of which is
62.27:18.08:19.65. We characterize and compare the WS2,
Mo0.5W0.5S2, and MoS2 with the x-ray diffraction method. In
figure 2(c), the diffraction peaks of the Mo1−xWxS2 (x=1,
0.5, 0) alloy have three broad peaks at around 2θ=14.7°,
33.1° and 58.8° corresponding respectively to the (002),
(100), and (110) planes of the hexagonal Mo1−xWxS2, which
indicates the deficient crystalline in the sample. This is
ascribed to the limitation of the MAST method and the W,
Mo atom difference in the Mo0.5W0.5S2 sample.

To further verify the nonlinear optical properties of
Mo0.5W0.5S2-PVA, we built a twin-detector measurement
system. A homemade ultrafast YDFL is used as the illumi-
nation light. The repetition rate, center-wavelength and the

Figure 1. (a) Schematic showing integration of Mo0.5W0.5S2 SA
device between two fiber patch cords, the inset shows the facet of a
fiber patch cord covered with Mo0.5W0.5S2-PVA film. (b) Schematic
of the tapered fiber (above) and the microscopic image (below) of
the taper region.

2

Nanotechnology 29 (2018) 224002 J Wang et al



duration of the pulses are 39.38MHz, 1030 nm, 3.7 ps
respectively. The previous report about multilayer
Mo0.5W0.5S2 indicated that this material processes a large
TPA coefficient [25]. The transmittance of the SA decreased

at high input intensity. In this case, we fit the data with the
formula [28]:

T I T I I A I1 exp .sat ns b= - D ´ - - -( ) ( )

Where T is the transmittance, ΔT is the modulation
depth, I is the intensity of laser, Isat is the saturation inten-
sity, Ans is the non-saturable absorbance and β is the TPA
coefficient. Figure 2(d) shows the nonlinear saturable
absorption of the Mo0.5W0.5S2 SA. The Mo0.5W0.5S2-PVA
film has a modulation depth of 5.63% corresponding to the
saturation intensity of 6.82 MW cm−2. The non-saturable
absorbance is 50.3% and the TPA coefficient is about
6.12× 10−3 cm2 MW−1.

3. Results and discussion

The schematic of the all-fiber Q-switched YDFL based on
Mo0.5W0.5S2 SAs is shown in figure 3. Gain media with
Ytterbium-doped fiber (YDF) is capable of emiting laser in
1 μm wavelength range and there are many attractive
researches on the application of YDF [29–32]. The gain
medium used in our experiment is a 25 cm YDF with high
absorption coefficient (1200 dBm−1 at 976 nm). The YDF is
pumped by a tunable laser diode with 976 nm center wave-
length and 700 mW maximum output power. The pump laser
is coupled into the YDF by a 976/1030 nm wavelength
division multiplexer. A polarization independent isolator is
used to prevent the bidirectional transmission in the laser
cavity. A polarization controller (PC) is used to adjust the
polarization state of laser in the cavity. A 40/60 coupler is

Figure 2. (a) Transmission electron microscope of the Mo0.5W0.5S2 nanosheets. (b) Energy Dispersive x-ray spectroscopy of the Mo0.5W0.5S2
nanosheet, the inset shows the SEM image of the selected section. (c) X-ray diffraction image of the WS2, Mo0.5W0.5S2 and the MoS2. (d)
Nonlinear saturable absorption of the Mo0.5W0.5S2-PVA film.

Table 1. Elemental analysis of Mo0.5W0.5S2 sample.

Element Line k-ratio Weight%
Wt%
sigma Atomic%

S K-lines 0.206 22 27.19 1.17 62.27
Mo L-lines 0.16 020 23.62 2.31 18.08
W M-lines 0.42 499 49.19 1.67 19.65
Total 100.00 100.00

Figure 3. Schematic of the all-fiber Q-switched YDF laser cavity.
LD: laser diode; WDM: wavelength division multiplexer; YDF:
Ytterbium-doped fiber; PI-ISO: polarization independent isolator;
PC: polarization controller; Mo0.5W0.5S2 SA: fiber-taper
Mo0.5W0.5S2 SA and Mo0.5W0.5S2-PVA film SA (the film SA is
sandwiched between two fiber connectors).
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used to output the laser emission for further using or mon-
itoring. An Optical Spectrum Analyzer (Ocean optics
HR2000+CG) and an oscilloscope (Tektronix DOP 3052)
with high speed photodetector are used to monitor the output
spectrum and the pulse trains. The Mo0.5W0.5S2-PVA film is
cut into small pieces of 1×1 mm2 and sandwiched between
two fiber connectors. The setup for the fiber-taper
Mo0.5W0.5S2 SA is consistent with the former. We just
replaced the fiber connectors with a tapered fiber.

The Q-switching operations of fiber laser based on
Mo0.5W0.5S2-PVA film SA and fiber-taper Mo0.5W0.5S2 SA
are quite different. Continues wave operation are observed for
both the film SA and the fiber-taper SA when the pump power
up to 30 mW. Through increasing the pump power and
carefully adjusting the PC, Q-switched pulses are generated at

50 mW and 40 mW, respectively. Figures 4(a) and (b) shows
the typically Q-switched pulse train of the Mo0.5W0.5S2-PVA
film SA and fiber-taper Mo0.5W0.5S2 SA. In figure 4(a), When
the pump power is set at 70, 90, 110 and 130 mW, stable
Q-switched pulse train are obtained, the repetition rate are
54.54, 65.48, 74.60 and 83.61 kHz. For the Q-switched pulse
with fiber-taper Mo0.5W0.5S2 SA, as shown in figure 4(b),
the repetition rate are 35.8, 43.23, 44.46 and 43.96 kHz,
corresponding to the pump power of 50, 70, 90 and 110 mW.
The symmetrical Gaussian-shaped pulses in figures 4(c) and
(d) show the pulse width of 1.667 and 1.97 μs for the film SA
and fiber-taper SA at 90 mW. The oscilloscope traces without
pulse modulation in figures 4(a) and (b) also indicate the
Q-switching operation are stable. We measured the radio
frequency (RF) output spectrum of the pulse trains as shown

Figure 4. Q-switched Pulse train at different pump power and pulse width at 90 mW pump power based on (a), (c) Mo0.5W0.5S2-PVA film
SA and (b), (d) Fiber-taper Mo0.5W0.5S2 SA. (e) RF spectra (measured with 100 Hz RBW) of Q-switching operation with Mo0.5W0.5S2 film
SA at the pump power of 90 mW.
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in figure 4(e) in a wide span of 500 kHz. We only observed
the fundamental and the harmonic frequencies in the RF
output spectrum (the inset of figure 4(e)), which further
confirmed the stability of the Q-switching operation. The RF

spectrum analyzer (Rigol DSA815) has a minimum resolution
bandwidth of 100 Hz. The signal to noise ratio is 39 dB with
the film SA.

As the nonlinear transmittance is influenced by the laser
intensity, in this case, when the pump power is changed, the
output laser pulse should also change. Figures 5(a) and (b)
show the output power and the pulse energy of two type of
SAs increase almost linearly with the increasing of the pump
power. The largest output powers and pulse energies obtained
are 13.26 mW and 148.8 nJ for the film SA and 14.9 mW and
339 nJ for the fiber-taper SA. The results shows that
Q-switched fiber laser with the taper-fiber Mo0.5W0.5S2 SA
has a higher slope efficiency and higher single pulse energy.
This difference is due to the different way in which the laser
pulses interact with the film SA. The direct interaction method
for the film SA will introduce large non-saturation loss and
increase the loss in the cavity, result in less efficient. Mean-
while, the direct interaction method makes the SA very easy

Figure 5. The Q-switching output power and pulse energy of (a) Mo0.5W0.5S2-PVA film SA and (b) fiber-taper SA. The Q-switching pulse
duration and repetition rate of (c) Mo0.5W0.5S2-PVA film SA and (d) fiber-taper SA.

Figure 6. The output spectrum of the Q-switched YDF laser based on (a) Mo0.5W0.5S2-PVA film SA and (b) Mo0.5W0.5S2 fiber-taper SA at
the pump power of 110 mW.

Table 2. Typical Q-switched results on TMDs of YDF lasers in
recent reports.

SA

Min.
pulse

duration/
μs

Max.
pulse

energy/
nJ

Repetition
rate/kHz References

MoS2 2.88 126 65.3–89.0 [34]
MoS2 5.8 32.6 6.4–28.9 [35]
WS2 1.0 56.5 36.78–81.75 [36]
WS2 1.65 28.8 60.2–97.0 [37]
MoSe2 2.8 116 60–74.9 [16]
Mo0.5W0.5S2 1.22 148.8 39.44–89.09 this work
Mo0.5W0.5S2 1.46 339 30.57–44.58 this work
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to saturate under low laser intensity, therefore the pulse
energy with film SA is relatively low. However, the indirect
interaction method for tapered fiber SA can avoid these
issues. We think that the taper-fiber SA may have lower non-
saturable loss and larger saturation intensity.

The pulse duration and repetition rate are another two
important parameters for the Q-switched fiber lasers. As
shown in figures 5(c) and (d), the minimum pulse durations
and maximum repetition rate of the Q-switched fiber laser
based on film SA and fiber-taper SA are 1.22 μs and 1.46 μs,
89.09 kHz and 45.58 kHz respectively. As shown in
figure 5(c), in the beginning, with the pump power increasing,
the the reduction of the pulse width is obvious and the output
pulse is more and more stable due to the saturation of the SA.
Under higher incident power, the change of the pulse width
slow down. However, for the Q-switching with film SA,
when the pump power exceeds 145 mW, the Q-switching
operation disappears, the Q-switched pulse can be obtained
again by reducing of the pump power. This phenomenon
suggests that the disappearance of the laser pulse is not due to
the damage of the SA but for the oversaturation [33, 36].
Figure 6(a) shows the optical spectrum of the laser output
based on Mo0.5W0.5S2-PVA film SA, whereas the center-
wavelength is 1030.70 nm. As shown in figure 5(d), the pulse
duration of the Q-switched fiber laser based on fiber-taper
Mo0.5W0.5S2 linearly decreases with the pump power. The
minimum pulse duration is 1.46 μs at the pump power of
110 mW. Taking into account the interaction of the laser
pulse and the SA is weak, the short pulse duration benefits
from the long interaction length of the fiber-taper SA. The
slight fluctuations of the repetition rate could be related to the
competition between different wavelengths. When the pump
increases to 80 mW, a new wavelength appears on the left
side of the spectrum as shown in figure 6(b). The new
wavelength competes with the existed Q-switching laser and
partially bleaches the SA, which results in the fluctuation of
the repetition rate.

Table 2 shows the typical Q-switched result on TMDs of
YDF lasers in recent reports [16, 34–37]. It is seen that the
Mo0.5W0.5S2 SA shows excellent performance in both pulse
width and single pulse energy. The Mo0.5W0.5S2 SA has a
narrower pulse width as comparable with MoS2 and WS2 SA
and is superior on the single pulse energy. To further improve
the Q-switching performance or even obtain mode-locking
operation, one could optimize the fabrication method of the
Mo0.5W0.5S2, reduce the cavity loss and increases the strength
of the interaction between the SA and the laser pulses.

4. Conclusions

In conclusion, the Q-switched operations based on
Mo0.5W0.5S2-PVA film and fiber-taper Mo0.5W0.5S2 SA have
been demonstrated in all-fiber YDF lasers. The modulation
depth and saturable intensity of the film SA are 5.63% and
6.82MW cm−2. Based on the Mo0.5W0.5S2-PVA film SA,
Q-switched pulses with pulse energy of 148.8 nJ is realized.
The minimum pulse duration is 1.22 μs. Higher pulse energy

of 339 nJ and pulse width of 1.46 μs are also obtained with
the fiber-taper Mo0.5W0.5S2 SA. The results indicate the
excellent performance of the Mo0.5W0.5S2 SA for the pulse
laser applications. To our best knowledge, this is the first
report on the Q-switched YDFL based on Mo0.5W0.5S2 SA.
We believe that it will have greater potential applications in
the nonlinear optics and ultrafast photonics. Moreover, the
nonlinear optical properties of other Mo1−xWxS2 alloys with
different atomic proportions also require investigating in the
next work.
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