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Soliton and bound-state soliton mode-locked fiber
laser based on a MoS./fluorine mica
Langmuir-Blodgett film saturable absorber
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In this article, we report on an experimentally generated soliton and bound-state soliton passively mode-locked
erbium-doped fiber laser by incorporating a saturable absorber (SA) made of MoS, /fluorine mica (FM) that was
fabricated with the Langmuir-Blodgett (LB) method. The FM substrate is 20 pm thick and easy to bend or cut,
like a polymer. However, it has a higher damage threshold and a better thermal dissipation than polymers.
In addition, the LB method can be used to fabricate a thin film with good uniformity. In this study, the modu-
lation depth, saturable intensity, and unsaturated loss of the SA are measured as 5.9%, 57.69 MW/ cm?, and
13.4%, respectively. Based on the SA, a soliton mode-locked laser is achieved. The pulse duration, repetition
rate, and signal-to-noise ratio are 581 fs, 15.67 MHz, and 65 dB, respectively. By adjusting the polarization
controller and pump power, we obtain a bound-state soliton mode-locked pulse. The temporal interval between
the two solitons forming the bound-state pulse is 2.7 ps. The repetition rate of the bound-state pulses is propor-
tional to the pump power. The maximum repetition rate is 517 MHz, corresponding to the 33rd harmonic of the
fundamental repetition rate. The results indicate that the MoS,/FM LB film absorber is a promising photonic
device in ultrafast fiber lasers. ~© 2019 Chinese Laser Press
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1. INTRODUCTION

Passively mode-locked fiber lasers have many widespread appli-

black phosphorus [24,25], perovskite [26], MXene [27], and
antimonene [28] have great application potential in nonlinear
optics and ultrafast photonics. Compared with SESAMs, 2D
nonlinear materials have some advantages, such as broadband
saturable absorption, ultrafast recovery time, and a high nonlin-
ear optical absorption coefficient.

Recent reports have shown that the band gap width of
TMDs can be changed by manipulating their thickness or
introducing atomic defects, thus obtaining a series of excellent
properties [29—-31]. Molybdenum disulfide (MoS,) is an atypi-
cal TMD material. Bulk MoS, is an indirect semiconductor
with a band gap of 1.29 eV, whereas monolayer MoS, is a
direct semiconductor with a band gap of 1.8 eV [32,33].
Few-layer MoS, with semiconducting properties can be excited
by absorbing one photon with a higher energy than the band
gap. At high excitation intensity, electrons in the valence band

cations in the field of nonlinear optics, optical fiber communi-
cation, material processing, and optical sensing because of their
good stability, high beam quality, and compact design [1-3].
In recent decades, the generation of passively mode-locked
pulse lasers mainly depended on nonlinear optical loop mirrors
(NOLMs) [4], nonlinear polarization rotation (NPR) [5], and
saturable absorbers (SAs) [6,7]. However, the NOLM and NPR
techniques are susceptible to the surrounding environment and
usually need a relatively high pump power for the mode-locked
operation, thus limiting their practical applications [8,9]. As a
type of SA, semiconductor SA mirrors (SESAMs) are considered
as practical absorbers and have been widely used in commercial
laser systems [10,11]. However, SESAMs have some disadvan-

tages such as high cost, a complex fabrication process, narrow
waveband, and long response time [12]. Two-dimensional (2D)
materials such as graphene [13,14], topologic insulators (TTs)
[15,16], transition-metal dichalcogenides (TMDs) [17-23],
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are transferred to fill the conduction band [34]. Similar to the
zero-band gap of graphene and the surface state of TlIs,
few-layer MoS, of the semiconductor phase can also exhibit
broadband saturable absorption with the help of the Pauli
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blocking effect. Moreover, the study shows that the intraband
transition of stimulated free carriers is approximately 30 fs, and
the lifetime of interband transition is a picosecond time scale of
MoS,, and it has a better saturation absorption response than
graphene [34,35]. In fiber lasers, TMD nanosolutions can be
deposited at the fiber ends, fused taper fibers, and D-type fi-
bers, or directly embedded in photonic crystal fibers. Among
them, the van der Waals force of fiber end deposition method
is very weak, causing loose contact between the SA and fiber
surface. The fabrication processes based on evanescent field SAs
are very complex and fragile, causing additional light loss and
fabrication cost [36]. The polymer film [37-39] has the advan-
tages of low cost, flexibility, and controllability, and it is more
favorable to the preparation of SAs, but its damage threshold is
very low [40]. In addition, SA films fabricated by the drop-
coating or spin-coating method have a rough surface and un-
even material distribution [41,42]. This will introduce extra
optical scattering losses into the laser cavity and reduce the per-
formance of the laser.

Here, to the best of our knowledge, a new Langmuir—
Blodgett (LB) method is used to fabricate a broadband absorber,
which is combined with an inorganic matrix fluorine mica (FM)
sheet and MoS,, to produce a high-performance SA device. The
LB technique disperses molecules of hydrophilic head groups
and hydrophobic tail groups on the water surface. A horizontal
pressure is applied on the surface of the water so that the mol-
ecules are closely arranged on the water surface to form a mono-
layer or few-layer insoluble films. By controlling the surface
pressure of the solution and the film-forming speed, the quality
of the films can be effectively improved [43—45]. Although the
magnetron sputtering deposition method and the chemical
vapor deposition method are excellent methods to improve
the uniformity of large-area coating [46,47], with these meth-
ods, it is not easy to adjust the thickness of the absorber as
freely as the LB method does. In comparison, the LB method
has low cost and can be prepared under normal temperature and
pressure conditions to avoid damage to nanomaterials and the
membrane structure. Therefore, the LB method is widely used
in material science, optics, electrochemistry, and bio-bionics
as one of the main methods to prepare nanometer thin films
[48,49]. FM is an ideal substrate material with 12 times the
hardness and 6-8 times the melting point of polyvinyl alcohol
(PVA). It is not easy to break owing to good elasticity. Because of
its resistance to high temperatures and good light transmission,
the damage threshold is much greater than in organic films [41].
Excellent flatness will not cause deviation when FM is inserted
into a fiber laser. In this study, MoS, is used as the SA material
and transferred onto single-layer FM via the LB technique.
The modulation depth (MD) and unsaturated loss (UL) of
MoS;/FM are 5.9% and 13.4%, respectively. Using the SA
in an erbium-doped fiber (EDF) laser, we obtain a mode-locked
pulse with the pulse duration of 581 fs and an average power of
9.6 mW. By adjusting the pump power, we obtain the bound-
state soliton mode locking. In the cavity, the time interval be-
tween the two solitons forming the bound-state pulse is 2.7 ps.
The bound-state pulse is evenly distributed, and the repetition
rate increases with the pump power. The maximum repetition
rate is 517 MHz, 33 times the fundamental repetition rate.

2. PREPARATION AND CHARACTERIZATION
OF MoS,/FM LB FILMS

The MoS, nanosheet solution is prepared by using the liquid-
phase stripping method. First, MoS, powders are dispersed in
deionized water and treated for 12 hours with an ultrasonic
cleaner to obtain a MoS, solution with a concentration of
1 mg/mL. Then, the MoS, solution is mixed with methanol
at a volume ratio of 1:4. Chloroform is added to the mixture
to increase the diffusion of nanometer solution on the water
subphase. Hydrophilic treatment is carried out for FM with
a size of 1 cm x 1 cm and a thickness of 20 pm.

The fabrication process of SA devices is shown in Fig. 1(a).
FM is vertically inserted into the double-barrier Langmuir
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Fig. 1. (a) Fabrication process of SA devices. (b) Macroscopic
images of FM and MoS,/FM. (c) SEM image of a MoS, SA by
the spin-coating and LB methods at the same resolutions. (d) 3D
and plane AFM image and the AFM height profile diagram of few-
layer MoS,. (e) Raman spectrum of the MoS, SA.
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Fig. 2. (a) Linear transmittance measured in the spectral range

from 1450 to 1600 nm. (b) Nonlinear saturable absorption of the
MoS,/FM LB film.

trough of half-filled water subphases. Then, the MoS,—
methanol—chloroform solution is slowly dropped into the aque-
ous subphase at a rate of 0.1 mL/min for 30 min. A pair of
moving barriers is used to compress the SA membrane until
the surface pressure reaches 22 mN/m. Then, FM keeps rising
at a rate of 0.8 mm/min, so that the floating layer is uniformly
adsorbed on the FM surface. Finally, the SA device is annealed
for 2 hours in a drying oven maintained at 60°C. Figure 1(b)
shows macroscopic images of FM and MoS, /FM. The upper
part of Fig. 1(b) shows pure FM without an SA. The lower part
clearly shows a thick layer of the SA on the FM. To verify the
surface quality of the MoS, LB film, the scanning electron
microscope (SEM) morphology of MoS,/FM is measured.
As presented in Fig. 1(c), the left and right parts show that
the MoS,/FM SA is obtained by spin-coating and the LB
method, respectively. In the left part, the agglomeration of fine
particles is observed on the surface of the film fabricated by the
spin-coating method. In the right part, the surface of the film
fabricated by the LB method is uniform and compact. An
atomic force microscope (AFM) is used to characterize the
thickness of the MoS,/FM LB film, as shown in Fig. 1(d).
The three-dimensional (3D) surface topography results show
that the MoS, nanosheets are densely distributed in a large area
of 6 pm x 6 pm. The average thickness of LB films is ~4 nm
in three different directions, indicating that the thickness of the
MoS, LB film is relatively uniform. To study the Raman shift
characteristics of the MoS, /FM LB film, the Raman spectrum
of the MoS, SA is measured by a 532 nm laser. As shown in
Fig. 1(e), two characteristic peaks are located at 382.4 cm™!
and 407 cm™!, respectively. Generally, the thickness of the
sample is estimated from the frequency difference between
the two main modes. Here, the frequency difference between
the two characteristic peaks is 24.6 cm™. Compared with the
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reported MoS; Raman spectrum, it is proved that the thickness
of our LB film is 4-5 layers [50].

As shown in Fig. 2(a), the linear transmission spectrum of
the MoS,/FM SA is measured in the range from 1450 to
1600 nm. At the wavelength of 1557 nm, the transmittance
of MoS,/FM is 80.59%. Finally, the nonlinear saturable ab-
sorption property of MoS,/FM is studied. A home-made
femtosecond laser with a central wavelength of 1562 nm,
repetition rate of 24.93 MHz, and pulse width of 500 fs is
used as the test source. The laser is divided into two beams
with a 50:50 coupler, one beam for the power-dependent
transmission measurement of the SA device and the other
for reference. The measured results are fitted by the function
T=Aexp[-AT/(1+1/I)]. Here, A is the normalization
constant, A7 is the MD, [ is the incident intensity, and
I, is the saturation intensity. The results are shown in
Fig. 2(b). The MD, [, and UL of MoS,/FM are 5.9%,
57.69 MW /cm?, and 13.4%, respectively.

Table 1 shows a comparison of typical TMD SA mode-
locked fiber lasers. The results show that MoS,/FM LB thin
films have a lower UL value and a higher average output power
compared with other preparation methods. This indicates that
the scattering loss and absorption loss of MoS,/FM LB films
are relatively low because the preparation of the SA device in-
troduced fewer impurities, and the surface is highly uniform.

3. EXPERIMENTAL SETUP
The MoS,/FM SA is applied in an erbium-doped all-fiber la-

ser. Figure 3 shows the schematic diagram of the experimental
device. A laser diode (LD) with a wavelength of 976 nm is used
as the pump source, and the maximum output power is
500 mW. A piece of 1.8 m EDF is used as the gain medium
of the laser. The pump light is transmitted to the EDF through
2 980/1550 nm wavelength division multiplexer (WDM) cou-
pler. A polarization insensitive isolator (PI-ISO) is connected to
the EDF to ensure unidirectional operation and eliminate re-
flection in the laser cavity. A polarization controller (PC) is used
to adjust the cavity polarization to optimize the laser mode-
locking performance. A fused fiber optical coupler (OC) is used
to extract 10% of the energy from the laser cavity.

With the exception of EDF, other fibers and pigtails of the
components are single mode fiber-28 (SMF-28) in the cavity.
The total cavity length of the laser is ~13.2 m. The group
velocity dispersions of the SMF-28 and the EDF are
-23.9 ps®/km and 42 ps®/km at 1560 nm, respectively; thus,

Table 1. Comparison of Nonlinear Parameters and Corresponding Mode-Locked EDF Lasers Based on a TMD SA
Materials SA type Layer MD (%) UL (%) A (nm) 7 (fs) P, (mW) Reference
WS, PVA — 29 30.9 1572 595 — [17]
WS, Taper 7-9 0.5 65.0 1563 563 2.8 [18]
WSe, Polymethylmethacrylate-side-polished 1-3 54.5 — 1556 477 — [19]
fiber (PMMA-SPF)
MoSe, PVA 2-3 0.6 3.5 1558 1450 0.4 [20]
MoS, PVA 5-6 2.7 44,2 1556 606 5.9 [21]
MoS, Fiber facet 4-5 35.4 34.1 1569 1280 5.1 [22]
MoS, PMMA-SPF <10 >2.5 <70.0 1568 637 — [23]
MoS, FM LB film 4-5 5.9 13.4 1557 581 9.6 This study
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Fig. 3. Configuration of a passively mode-locked EDF laser.

the net cavity dispersion was estimated as -0.197 ps®. The
MoS,/FM SA device is spliced inside the laser cavity to start
the mode-locking operation. The output laser characteristics
are monitored with an optical spectrum analyzer (Yokogawa
AQ6370D), a 1G digital oscilloscope (Rohde & Schwarz
RTO1014) equipped with a home-made 5G photodetector,
a radio frequency (RF) analyzer (Rohde & Schwarz FSV
13), and an optical autocorrelator (APE Pulsecheck).

4. RESULTS AND DISCUSSION

In the experiment, continuous wave (CW) emission occurs
when the pump power increases to 22 mW. The mode-locked
operation appeared at the pump power of 37 mW and was
maintained until 500 mW, during which multiple pulses were
not observed. The performance of the mode-locked fiber laser
is shown in Fig. 4 at the pump power of 450 mW. Figure 4(a)
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Fig. 4. Characterization of the soliton mode-locked fiber laser:
(a) optical spectrum, (b) autocorrelation trace, (c) oscilloscope trace,
(d) RF spectrum, and (e) the relationship between the output power
and pump power of soliton mode locking. (f) Long-term optical spec-
trum measured for five days.

shows a typical mode-locked spectrum. The central wavelength
and the 3 dB bandwidth are 1557.2 nm and 4.8 nm, respec-
tively. As shown in Fig. 4(b), the autocorrelation trace has a full
width at half maximum of 895 fs. By fitting the autocorrelation
trace with a sech? function, the pulse duration is estimated to
be 581 fs. The time-bandwidth product is 0.345, indicating
that the mode-locked pulse is slightly chirped. Furthermore,
an autocorrelation trace with a broad scanning range of
80 ps is illustrated in Fig. 4(b). It confirms the singe pulse op-
eration under the highest pump power. Figure 4(c) shows the
oscilloscope trace of a mode-locked pulse train. The pulse train
shows a relatively uniform intensity with a pulse interval of
63.83 ns, corresponding to the round-trip time within the
cavity. Figure 4(d) shows the radio frequency spectra of the
generated pulse train. A strong signal peak exhibits the cavity
fundamental repetition rate of 15.67 MHz, corresponding
to a laser cavity length of 13.2 m. The signal-to-noise ratio mea-
sured at 1 kHz resolution bandwidth is 65 dB, indicating that
the mode-locking operation is very stable. The 500-MHz-span
RF spectrum in the inset suggests that the fiber laser operates
well in the continuous mode-locking state.

Figure 4(e) shows that the average output power linearly in-
creases with the pump power. At the maximum pump power of
500 mW, the average output power is 9.6 mW, corresponding
to the pulse energy of 0.613 nJ. Further improvement of the
system efficiency is possible using an output coupler with a
large split ratio and further optimizing the cavity parameters
[51]. In addition, the use of high-gain and large-mode area
fibers is also a good way to improve the output efficiency.
To evaluate the long-term stability of a mode-locked fiber laser,
the experiments were performed for five days. The optical spec-
trum of the mode-locked fiber laser was recorded every day, as
shown in Fig. 4(f). No significant degradation was observed,
indicating that the SA was not damaged after days of continu-
ous high-power operation. This shows that the MoS, /FM LB
film SA has a high laser damage threshold.

By changing the pump power to 307 mW and adjusting the
polarization state, the laser turns into the bound-state soliton
mode locking. As shown in Fig. 5(a), the side-band of the out-
put spectrum verifies the soliton mode-locked state of the laser.
The spectrum shows a regular modulation with a period of
3 nm, which is an important feature of the bound-state soliton.
Figure 5(b) shows a typical result of the autocorrelation trajec-
tory, exhibiting three peaks with an intensity ratio of 1:2:1.
This indicates that the two solitons of the bound-state pulse
have the same intensity [52]. The soliton pulse interval is
2.7 ps, 3.4 times the pulse width of 805 fs. Such a short time
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Fig. 5. Experimental results of a bound-state soliton mode-locked
fiber laser. (a) Optical spectrum and (b) autocorrelation trace.
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interval of bound-state solitons indicates that the direct inter-
action between two solitons originates from the attractive
or repulsive force exerted on each soliton [53]. Here, the
spectral modulation interfringe is inversely proportional to
the temporal separation of pulses Av = 1/7 [54]. The period
of the spectral modulation is 3 nm (Av = 371.24 GHz). The
calculated bound soliton separation based on the Fourier analy-
sis (2.69 ps) corresponds well to the experimental observation
from the autocorrelation trace (2.7 ps).

Figure 6(a) shows the pulse sequence with the pump power
of 307 mW. Within the interval of 63.83 ns, 33 bound-state
pulses are observed, and the interval is 1.93 ns, the 33rd
harmonics of the fundamental repetition rate. Because each
bound-state pulse consists of two solitons, 66 solitons propa-
gate in the fiber laser. This formation process describes that the
solitons form a bound-state pulse, and then the bound-state
pulses are rearranged and regularly distributed in the laser cavity
[55,56]. Based on the above results, we believe that the fiber
laser operates at the bound-state harmonic mode locking.

In the experiment, we found that the repetition rate of
bound-state pulses decreases with the pump power decrease.
The repetition rate and harmonic number are shown in
Fig. 6(b). From 517.8 MHz at the pump power of 307 mW
to 78.8 MHz at the pump power of 92 mW, the corresponding
harmonic number decreases from 33 to 5.

Finally, the MoS,/FM SA device is removed from the laser
cavity to verify whether the mode-locking formation is caused
only by the SA. In this case, no mode-locking is observed, even
though the pump power is changed from zero to maximum, and
the PC is tuned over the entire range. By inserting MoS, /FM in
the fiber laser, the mode-locking operation can be achieved
again. Therefore, it can be concluded that the mode-locking op-
eration is completely caused by the SA instead of other compo-
nents. Based on the experimental observation, we believe that
the MoS, /FM LB film has nonlinear saturable absorption prop-
erties, and thus it can be used as a mode-locking device for ultra-
fast fiber lasers.

5. CONCLUSION

In summary, a few layers of MoS, LB films were prepared on an
FM substrate. The surface morphology and nonlinear proper-
ties of the film were tested. The MoS,/FM LB film SA exhib-
ited a uniform surface distribution, small UL, and a high
damage threshold. Using an SA in a fiber laser, stable funda-
mental mode locking with a pulse width of 581 fs and the maxi-
mum power of 9.6 mW was achieved. By adjusting the PC,

bound-state soliton mode locking was obtained. The time in-
terval between the two solitons was 2.7 ps. The repetition rate
of the bound-state pulse increased with the pump power, and
the maximum repetition rate was 517 MHz. The results show
that the MoS, /FM LB film has potential practical applications
in ultrafast photonics and optoelectronics.
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