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A B S T R A C T   

In this paper, we utilized the ternary Mo(1-x)WxS2 alloys to fabricate Mo0.5W0.5S2 film, which serve as a ultrashort 
pulse mode-locker in erbium-doped all fiber lasers (EDFL). The modulation depth, saturable intensity and un
saturated loss of the film SA were 12%, 4.5 MW/cm2 and 67.1% respectively. Stable self-mode-locking pulses 
could be achieved with a threshold pump power of 60 mW. With the increasing pump power, the pulse was 
centered at 1556.8 nm ~ 1558.1 nm with pulse width of 575 fs ~ 800 fs. The shortest pulse width, fundamental 
repetition rate and maximum pulse energy is 575 fs, 4.873 MHz, and 0.154 nJ, respectively. The signal to noise 
ratio (SNR) was measured to be about 53 dB. For the first time, we have experimentally demonstrated a mode- 
locked EDFL based on Mo0.5W0.5S2 SA. To the best of our knowledge, this was the first realization of femtosecond 
photonics based on Mo0.5W0.5S2 SAs. Our results suggest that Mo0.5W0.5S2 SA is a promising candidate for mode- 
locked ultrafast fiber laser in optoelectronic and optical communications applications.   

1. Introduction 

In recent years, ultrafast fiber lasers have attracted significant 
attention in applications include nonlinear optics, medical surgery, and 
precise optical metrology and remote sensing technology [1–3]. Two- 
dimensional (2D) materials have unique optoelectronic properties 
comparing with many traditional materials, especially their outstanding 
nonlinear optical characteristics, which have shown great potential in 
building high-performance and new functional optoelectronic devices. 
In the researches and applications of 2D materials, it is one of the most 
important research directions to use them as SAs for laser pulse gener
ation and modulation. Different kinds of SAs are widely used in mode- 
locked fiber lasers, such as single wall carbon nanotubes (SWCNT) 
[4], graphene, transition metal dichalcogenides (TMDs) (MoS2, ReS2, 
WS2, WSe2, MoTe2, etc.) [5–9], black phosphorus (BP) [10], topologic 
insulators (TIs) [11], MXene [12], and Graphene [13]. These 2D SAs 
based fiber lasers have compact structures with stable and high beam 
quality output. More importantly, the structures can obtain desired 
bandgaps by adjusting the layer number of materials. The reported 
bandgaps of bulk and double-layer MoS2 are 1.29 eV and 1.75 eV, 
respectively. The corresponding bandgaps of WS2 are about 1.31 eV and 
1.57 eV, respectively [14]. Compared with the many binary TMDs, a 

composition-dependent band gap emission of Mo(1-x)WxS2 alloys, pro
vides more freedom to regulate its energy bandgap by altering the 
proportion of two elements (Mo and W). Photoluminescence charac
terization has shown tunable band gap emission continuously tuned 
from 1.82 eV (reached at x = 0.20) to 1.99 eV (reached at x = 1) [15]. 
Similar to other TMD materials, the transition metal (M) atoms (M: such 
as Mo, W, Re) are covalently bounded to the chalcogen atoms (X: such as 
S, Se) and the MX2 layers are connected by van der Waals forces. In 
comparison with other ternary 2D SA, such as ReS2(1-x)Se2x[16], 
Ti3C2Tx[17], and Ta2NiS5[18], Mo0.5W0.5S2 SA based can obtain the 
shorter pulse width in 1.5 μm spectral regions. 

Passively Q-switching based on Mo(1-x)WxS2 alloys were achieved at 
1 μm, 1.3 μm, 1.5 μm, 1.6 μm, and 2 μm, respectively [19–23], which 
showed broadband saturable absorption characteristics of ternary Mo(1- 

x)WxS2 alloys. But the mode locked laser pulse could not be obtained 
only by changing loss and gain in the ring cavity. One possible reason 
could be the low density of SA in the cavity. The home-made films 
normally have uneven surface and uncontrollable thickness, which 
make it difficult to attach effectively to the end face of the fiber. As a 
result, the effective interaction areas are reduced, which decreases the 
density of SA in the cavity. On the other hand, the dispersion and 
nonlinear effects also need to be optimized. In order to realize mode- 
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locking at 1.5 μm, two measures were taken in this experiment. The first 
was the improvement of SA/PVA film transfer technology. We found 
that by applying suitable amount of alcohol on the end face of the fiber, 
the SA/PVA film then could be tightly attached to the end face of the 
fiber. The second measure was increasing the negative dispersion to 
balance the nonlinear effect in the cavity. Through the above improve
ments, we experimentally demonstrated, for the first time ever to the 
best of our knowledge, an Er-doped fiber laser (EDFL) based on 
Mo0.5W0.5S2 film via microwave-assisted solvothermal method (MAST). 
The nonlinear absorption characteristics of Mo0.5W0.5S2 were measured 
by twin detector technique. A modulation depth of 12% and saturating 
intensity of 4.5 MW/cm2 were measured. By sandwiching the 
Mo0.5W0.5S2/PVA films between the two fiber end faces, we successfully 
obtained a stable mode locked pulse of 575 fs and a spectral bandwidth 
of 6.33 nm at 1.56 μm. 

2. Material preparation and characterization 

The Mo(1-x)WxS2 alloys were synthesised by MAST [24]. The trans
mission electron microscope (TEM) image of Mo0.5W0.5S2 nanosheet 
structure was showed in Fig. 1(a). The TEM image scale is about 100 nm. 
The darker area represents the thicker nanomaterial, so high quality few 
layer nanosheets could be observed at the edge of the cluster. The 
scanning electron microscope (SEM) was showed in Fig. 1(b). Under the 
acceleration voltage of 15 kV, the magnification of 20000×, the scan
ning scale of 1 μm, it was obviously that Mo0.5W0.5S2 nanosheets were 
composed of clusters of nanoflowers with a diameter in the range of 400 
nm-800 nm. Fig. 1(c) showed the element composition analysis of 
Mo0.5W0.5S2 nanosheets with an energy dispersive spectroscopy (EDS). 
The sample contains S, Mo and W elements, the atomic ratio of which is 
62.27:18.08:19.65. Then we characterized and compared the WS2, 
Mo0.5W0.5S2, and MoS2 with the X-ray diffraction method. Fig. 1 (d) 
showed that the Mo(1− x)WxS2(x = 1, 0.5 , 0) alloys have three broad 
diffraction peaks at around 2θ = 14.7◦, 33.1◦, 58.8◦, corresponding to 
the (002) , (100) , and (110) planes of the hexagonal Mo(1-x)WxS2, 
respectively. The result indicated the deficient crystalline in the sample, 
which could be attributed to the limitation of the MAST method. 

Fig. 1(e) was the atomic force microscopy (AFM) image of the 
Mo0.5W0.5S2 nanosheet, which showed that the size of the Mo0.5W0.5S2 
nanosheet is about 400 nm and the thickness is close to 8 nm. 

The most common transmission coupling sandwiches SA materials 
between two fiber ends directly. Few layer nanosheet materials 
embedded in thin organic polyvinyl alcohol (PVA) could be sandwiched 
too. In order to prepare the Mo0.5W0.5S2/PVA film, we first dissolved 25 
mg of Mo0.5W0.5S2 powder into 20 mL of Polyvinyl Alcohol solvent, and 
then obtained Mo0.5W0.5S2/PVA solution after 3 h of stirring and ul
trasonic treatment as showed in Fig. 2(a), it can be clearly seen that the 
Mo0.5W0.5S2/PVA solution was maded a well dispersion of nano
material. Then the mixture was dropping onto a culture dish and 
evaporating in a vacuum drying oven for 12 h. The transparent 
Mo0.5W0.5S2/PVA film was shown in Fig. 2(b). Fig. 2(c) showed the 
surface of Mo0.5W0.5S2/PVA film observed under an optical microscope. 

For a two-dimensional material with a certain band gap width, its 
Dirac cone structures are separated by a certain interval between 
neighboring cones. Only the photon with energy larger than the band 
gap (ΔE) could excite electrons from the valence band to the conduction 
band. Under weak light irradiation, the electrons in the valence band 
continuously absorb photons and are excited to the conduction band 

Fig. 1. (a) TEM image with 100 nm scale. (b) SEM image with 1 μm scale. (c) Energy Dispersive x-ray spectroscopy of the Mo0.5W0.5S2 nanosheet [24]. (d) The X-ray 
diffraction (XRD) pattern of WS2, Mo0.5W0.5S2, MoS2. (e) AFM image of Mo0.5W0.5S2 nanosheet. 

Fig. 2. (a) The image of the Mo0.5W0.5S2/PVA solution before and after soni
cation.. (b) The transparent Mo0.5W0.5S2/PVA film. (c) Optical microscope 
image of Mo0.5W0.5S2/PVA film. 
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(Light-induced electronic transition process is showed in Fig. 3(a)). The 
energy state distribution of each electron followed the Fermi-Dirac 
distribution. With the increasing of light intensity, the carriers gradu
ally reach thermal equilibrium (carriers thermal equilibrium showed in 
Fig. 3(b)). Before equilibrium, the Mo0.5W0.5S2 SA linearly absorbs the 
incident photons. However, when the excitation is sufficiently strong, 
the conduction band and valence band are completely filled by electrons 
and holes. At this time, the Mo0.5W0.5S2 SA no longer absorbs the inci
dent photons due to the Pauli blocking principle (as shown in Fig. 3(c)), 
the absorption of photons inside the saturable absorber at a transition 
energy ceases owing to the band filling. This is the saturable absorption 
process [25,26]. Generally, when the energy of the single input photon is 
less than the band gap energy of the SA, the two-photon absorption in 
the SA easily was triggered by the nonlinear absorption in the help of the 
enough intensity electrical density of the input laser pulse [27,28]. In 
this work, few-layer Mo0.5W0.5S2, The bandgap theoretically should be 
between 0.83 eV and 1.8 eV, the photon energy of the pulsed laser with 
1.5 μm wavelength is about 0.83 eV. Two-photon absorption can be 
achieved to complete the energy transition from the valence band to 
the conduction band in the SA. 

The nonlinear absorption property of the Mo0.5W0.5S2 SA was 
showed in Fig. 4, which was obtained by using the twin-detector tech
nique. The pump source was a homemade mode-locked fiber laser with a 
repetition of 44.47 MHz, pulse duration of 900 fs, and center wavelength 
of 1565 nm, where the output was linked with a 50:50 coupler. One half 
of the power was measured for reference, and the rest of power was 
incorporated in the SA. The experimental data and fitting curve of the SA 
is described by the following formula. 

T = 1 − ΔT × exp
(

−
I

Isat

)

− Ans 

Where ΔT is the modulation depth, I is the intensity of laser, T is the 
transmittance, Isat is the saturation intensity and Ans was the non- 
saturable absorbance. The Isat, Ans, ΔT of Mo0.5W0.5S2 were 4.5 MW/ 
cm2, 67.1%, and 12% respectively. 

3. Schematic of passively mode-locked fiber lasers 

The schematic diagram of Mo0.5W0.5S2 SA based Er -doped all fiber 
laser (EDFL) was shown in Fig. 5. A 976 nm laser diode (LD) with a 
maximum output power of 600mW was the pump source. A 980/1550 
wavelength division multiplexer (WDM) was connected to LD. A 38 cm 
highly doped Er fiber (Liekki Er-110–4-125) was the laser gain medium 
with a dispersion parameter of 12 ps2/km. The output rate of the optical 
coupler (OC) was 10%. Mo0.5W0.5S2 SA was sandwiched into two fiber 
end faces. A polarization controller was used to change the polarization 
state in the ring cavity. Other fibers and pigtails of the components were 
single mode fiber-28 (SMF-28). In the cavity, the group velocity dis
persions (GVD) of the SMF-28 was − 21 ps2/km, and the total length of 
the cavity was 41.1 m. Thus, there was a large negative dispersion of 
− 0.84 ps2 in the cavity.The output was connected to a real-time oscil
loscope (Tektronix DPO3053, 500 MHz, 2.5 GS/S, Shanghai, China), an 
optical spectrum analyzer (HORIBA IHR550, Shanghai, China) with a 
resolution of 0.05 nm, an commercial autocorrelator (APE Pulse Check 
USB, Berlin, Germany) and a RF spectrum analyzer (Agilent E4407B, CA, 
USA). 

4. Experimental results and discussion 

The self-starting mode-locking operation was observed when the 
pump power increased to 60 mW by adjusting PC. The repetition rate 
was 4.873 MHz, corresponding to the length of the cavity. Fig. 6(a) 
shows the oscilloscope trace of mode-locked pulse trains when pump 
power was 190mW. The interval between adjacent pulses was 0.205 μs. 
Fig. 6(b) shows the radio frequency spectra of the output pulse train. 

The SNR was 53 dB . The inset shows the 250-MHz span RF spectrum. 
Fig. 6(c) shows the measured spectrum at different pump power. It 
possessed the center wavelength of 1558.1 nm, 1557.3 nm, and 1556.8 
nm with a bandwidth of 4.18 nm, 5.74 nm, and 6.33 nm when pump 
power was 190mW, 240mW, and 350mW, respectively. Fig. 6(d) shows 
the autocorrelation trace of the output pulse and the fitting curve with 
the sech2 function at different pump power. It could be clearly observed 
that mode locking pulse duration decreased significantly with increasing 
pump power. It had a real pulse width of 800 fs, 647 fs, and 575 fs 

Fig. 3. The image of two-dimensional material nonlinear absorption process.  

Fig. 4. The nonlinear absorption of Mo0.5W0.5S2/PVA film.  

Fig. 5. The Diagram of the mode-locking fiber laser based on Mo0.5W0.5S2 SA.  
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respectively. With pump power increasing, the non-linear effect in the 
laser cavity cancels out the negative dispersion, and the self-phase 
modulation (SPM) in the cavity broadens the laser pulse spectrum, 
which can support shorter optical pulses generation. At the same time, 
the center wavelength of the laser pulse spectrum shifts to the short 
wavelength direction, and it also exhibits the characteristics of tunable 
wavelength. Fig. 7(a) shows the widest 3 dB bandwidth was 6.33 nm at a 
center wavelength of 1556.8 nm. Therefore, the shortest pulse width 
was 575 fs when pump power was increased to 350mW, as shown in 

Fig. 7(b). The time-bandwidth product is 0.4498, indicating that the 
mode-locked pulse was slightly chirped. The maximum output power 
was only 0.75 mW, corresponding to a single pulse energy of 0.154 nJ. 
Once the pump power is beyond 350 mW, multi-pulse operation is 
observed from the oscilloscope. The insertion loss of the material has 
been measured several times and averaged, and a result of 3.1 dB can be 
obtained. In addition, according to the nonlinear absorption curve of 
Mo0.5W0.5S2 SA, the unsaturated loss is 67.1%, which includes the 
scattering loss caused by surface roughness, absorption loss of defects 

Fig. 6. (a) Pulse trains. Inset: oscilloscope trace; (b) RF spectrum. Inset: is the RF spectrum of 250 MHz span. (c) Optical spectrum at different pump power. (d) 
Autocorrelation trace at different pump power. 

Fig. 7. (a) Optical spectrum at pump power of 350mW. (b) Autocorrelation trace at pump power of 350mW.  
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and impurities, and nonlinear absorption. Therefore, in devices that 
implement mode-locked modulation, Mo0.5W0.5S2 SA has a larger 
insertion loss. The mode-locked operation was unstable when the pump 
power exceeded 350mW. 

Furthermore, in order to confirm that the mode-locking operation 
was achieved only by the Mo0.5W0.5S2 SA, we replaced it by another 
uncoated FC/APC of the same size. In that case, the mode locking pulse 
could not be observed, even though the PC was adjusted carefully and 
the pump power was increased to maximum. The above experiment 
results confirm the Mo0.5W0.5S2 SA can realized the effective mode- 
locking operations in the around 1.5 μm wavelength laser through the 
two-photon absorption. Therefore, the Mo0.5W0.5S2 SA is able to played 
a significant role in the mode-locked operation. 

In Table 1, we compared the Mo0.5W0.5S2 SA with several novel 
nanomaterial-based SAs working around 1.5 μm. The result shows that 
Mo0.5W0.5S2 films have a higher modulation depth, a higher peak power 
and the narrowest pulse compared with all other 12 TMDs SA-based 
lasers. A large single pulse energy of 25.57 nJ with a pulse width of 
1.814 ns based on VSe2/PVA was realized in Ref 30, corresponding to 
peak power of 1.849 W. The single pulse energy of 25.57 nJ was 166 
times higher than that of our result. However, the corresponding pulse 
width of our result was fs level and the peak power of our result was 145 
times larger than the work in Ref 30. The output power of 23.34mW 
with a pulse width of 709 fs was obtained based on the nonlinear optical 
modulation effect of NbS2-microfiber SA. The pulse duration of 575 fs 
reported in our work was better than 709 fs. Notably, this was the first 
time mode-locking based on ternary Mo0.5W0.5S2 SA. Thus, Mo0.5W0.5S2 
was a valuable material in short-pulse width laser generation. 

5. Conclusion 

In summary, the Mo0.5W0.5S2/PVA was fabricated using microwave- 
assisted solvothermal method (MAST) and then sandwiched between 
two fiber end faces to serve as SA. Stable passively femtosecond mode 
locked EDFL with a tunable wavelength and a shorest pulse width of 
575 fs was demonstrated using the ternary chalcogenide Mo0.5W0.5S2 
SA. These experimental results demonstrated that Mo0.5W0.5S2 could be 
a potential candidate for femtosecond pulse fiber lasers. The Mo(1-x)WxS2 
alloys with different value of × will be investigated in our future work. 
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