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As the typical material of two-dimensional transition metal dichalcogenides (TMDs), few-layered MoS2 pos-
sesses broadband saturable absorption and a large nonlinear refractive index, which could be regarded as a prom-
ising candidate for dual-function photonic device fabrication. In this work, the coexistence of a bound soliton and
harmonic mode-locking soliton was demonstrated in an ultrafast fiber laser based on a MoS2-deposited micro-
fiber photonic device. Through a band-pass filter, each multi-soliton state was investigated separately. The
bound soliton has periodic spectral modulation of 1.55 nm with a corresponding pulse separation of 5.16 ps.
The harmonic mode-locking soliton has the repetition rate of 479 MHz, corresponding to the 65th harmonic
of the fundamental repetition rate. The results indicated that there exist more possibilities of different
multi-soliton composites, which would enhance our understanding of multi-soliton dynamics.
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Two-dimensional (2D) materials have attracted much
attention since the discovery of graphene in 2004. The
2D materials own many unique properties, such as
wideband absorption, ultrafast carrier dynamics, and
2D planar advantage, which make the 2D materials play
important roles in electronic and photonic applications[1–3].
Especially, graphene, the first of 2D materials, has been
demonstrated to be an excellent saturable absorber
(SA) in ultrafast fiber lasers because of its broadband
saturable absorption and ultrafast nonlinear optical
response[4–6]. However, the unique zero bandgap structure
of graphene also brings intrinsic disadvantages, namely a
degenerated light modulation ability[7], which would limit
its potential applications in the related photonics fields
requiring strong light–matter interaction. Inspired by
the success of graphene, more efforts have been made
to explore new types of 2D materials, such as topological
insulator[8,9], black phosphorus[10,11], MXene[12], and bismu-
thene[13]. Recently, 2D semiconducting transition metal
dichalcogenides (TMDs) have received significant atten-
tion because of their semiconducting properties with
tunable bandgaps and abundance in nature[14–16]. MoS2
is a typical TMD, which has layered-dependent electronic
and optical properties[17,18]. In 2013, Wang et al. found that
the few-layer MoS2 exhibits a stronger saturable absorp-
tion response than graphene at a specific waveband[19].
Then, Zhang et al. demonstrated the broadband saturable
absorption of few-layer MoS2 at 400, 800, and 1060 nm

wavebands by using both open-aperture Z scan and
balanced-detector measurement techniques[20]. It indicated
that the MoS2 could be an excellent candidate for broad-
band SA fabrication. So far, the passive mode-locking or
Q-switching has been achieved experimentally at different
wavebands based on the MoS2 SA[21–32]. Apart from the
broadband saturable absorption, Wang et al. experimen-
tally found that the MoS2 also possesses a large nonlinear
refractive index[33]. Then, it is expected that the MoS2
could act as a promising material for dual-functional
photonic devices with both saturable absorption and high
nonlinear effect.

On the other hand, in addition to optical pulse sources,
the passively mode-locked fiber lasers could also be re-
garded as great test beds for the investigation of soliton
dynamics. As we know, when the nonlinear effects in
the laser cavity are high enough, the single soliton will
break up into multiple solitons, and then evolve into
different types of multi-solitons through the interac-
tions among solitons, dispersive waves, and continuous
waves[34,35]. To date, various kinds of multi-soliton dynam-
ics have been obtained in fiber lasers, such as harmonic
mode-locking soliton[36–38], bound soliton[39,40], soliton
rain[41,42], and noise-like soliton[43,44]. The investigations of
multi-soliton phenomena would be meaningful to further
understand the physical features of multi-solitons.
Generally, the fiber laser would operate in one of the
multi-soliton states with certain cavity conditions.

COL 16(2), 020008(2018) CHINESE OPTICS LETTERS February 10, 2018

1671-7694/2018/020008(5) 020008-1 © 2018 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201816.020008
http://dx.doi.org/10.3788/COL201816.020008


However, by precisely adjusting the cavity parameters,
different types of multi-soliton states could also be gener-
ated simultaneously in the passively mode-locked fiber
laser. Recently, Huang et al. reported the simulta-
neous generation of harmonic soliton molecules and
rectangular noise-like pulses in a figure-eight fiber
laser[45]. Then Wang et al. demonstrated the coexistence
of a noise-like pulse and high repetition rate har-
monic mode-locking in a dual-wavelength mode-locked
Tm-doped fiber laser[46]. By filtering each multi-soliton
state, these coexistences of disparate multi-soliton states
could provide multiple pulse sources for different pur-
poses, ranging from fundamental research to industrial
applications. In addition, as mentioned above, the
multi-soliton patterns could be frequently observed in a
fiber laser with an SA and a highly nonlinear component,
which could be provided by the few-layered MoS2-based
photonic device at the same time. In order to further
enhance the nonlinear effect of MoS2 photonic devices,
we fabricated it by depositing the MoS2 onto a microfiber,
where the interaction length between light and MoS2 is
much longer than those obtained by other SA preparation
methods[47,48]. It has been demonstrated that the MoS2-
deposited microfiber photonic devices could introduce
strong nonlinear pulse shaping in the fiber laser for diverse
multi-soliton formation[48]. Therefore, it is interesting to
know whether some other multi-soliton coexistences could
be achieved in the ultrafast fiber lasers based on the
MoS2-deposited microfiber photonic device.
In this work, the coexistence of bound soliton and har-

monic mode-locking soliton was experimentally observed
in an ultrafast fiber laser based on MoS2-deposited micro-
fiber photonic devices. By using a tunable band-pass filter,
the two multi-soliton states were resolved. The spectrum
of bound soliton is centered at 1559.17 nm with a modu-
lation period of 1.55 nm. The harmonic mode-locking
soliton has the typical spectrum of anomalous dispersion
regime with a central wavelength of 1555.13 nm, and
the repetition rate is 479 MHz, corresponding to the
65th harmonic of the fundamental repetition frequency.
These experimental results further confirm that different
multi-soliton operations could be coexistent in an ultrafast
fiber laser and offer opportunities to investigate the bound
soliton and harmonic mode-locking soliton simultaneously.
The MoS2-deposited microfiber photonic device was

fabricated by depositing the MoS2 onto microfiber. The
detailed process of fabrication of a MoS2-deposited micro-
fiber photonic device has been described in our previous
work[48]. The diameter of microfiber used in this experi-
ment is ∼14 μm, and the deposition length of MoS2 is
∼1 mm. After accomplishing the process of deposition,
the saturable absorption effect of the MoS2-deposited
microfiber photonic device was measured by using the
power-dependent transmission technique. In this experi-
ment, the non-saturable loss is ∼46.4% and the modula-
tion depth is ∼1.77%. Its modulation depth is low and
its non-saturable loss is a little high. However, the quality
of the MoS2-deposited microfiber photonic device could be

further improved by optimizing the deposition length of
MoS2 and the diameter of microfiber. In addition, the
MoS2-deposited microfiber photonic device has good
long term stability. Then, the prepared MoS2-deposited
microfiber photonic device was incorporated into the laser
cavity. The schematic of the passively mode-locked
erbium-doped fiber (EDF) laser with MoS2-deposited
microfiber is shown in Fig. 1. The total cavity length is
∼27.7 m, including a segment of ∼7 m EDF and
∼20.7 m single-mode fiber (SMF). So the fundamental
repetition rate is calculated to be 7.37 MHz. Two
polarization controllers (PCs) are employed to adjust
the polarization state of the propagating light. A
polarization-independent isolator (PI-ISO) is incorporated
into the cavity in order to ensure the unidirectional oper-
ation of the fiber laser. The signal is coupled out from the
cavity by a 10% optical coupler (OC). An optical spectrum
analyzer (Anritsu MS9710C) and a real-time oscilloscope
(Tektronix DSA 70804, 8 GHz) with a 12.5 GHz photo-
diode detector (New Focus P818-BB-35F) are used to mon-
itor the laser performance. Moreover, the pulse profiles are
measured by a commercial autocorrelator (FR-103XL).

By virtue of the saturable absorption of the MoS2-
deposited microfiber photonic device, the mode-locking
operation could be easily realized in the proposed fiber
laser. It should be noted that in our experiments, no pas-
sively Q-switching operation could be observed, which
might be contributed to the low modulation depth of
the proposed MoS2-deposited microfiber. Due to the high
nonlinear effect introduced by the MoS2-deposited micro-
fiber photonic device, the fiber laser always inclined to op-
erate in the multi-soliton state, and, thus, the single-pulse
energy would be limited to a relatively low level in this
fiber laser. At the pump power of 65 mW, the harmonic
mode-locking operation was achieved by adjusting the
PC, as shown in Fig. 2. Figure 2(a) presents the spectrum
of harmonic mode-locking operation, whose central wave-
length and 3 dB bandwidth are 1556 and 1.49 nm, respec-
tively. Here, we can clearly observe the Kelly sidebands
on the mode-locked spectrum, which indicates that the fi-
ber laser operates in the soliton regime with anomalous
dispersion[49]. Figure 2(b) illustrates the mode-locked

Fig. 1. Schematic of the passively mode-locked EDF laser with a
MoS2-deposited microfiber photonic device.
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pulse-train with a repetition rate of 340 MHz, correspond-
ing to the 46th harmonic of fundamental repetition
frequency. By using the commercial autocorrelator, we
measured the pulse duration to be 1.9 ps if a sech2 shape
pulse is assumed, as shown in Fig. 2(c).
As we know, together with the cavity birefringence, the

polarization-dependent loss introduced by squeezing the
fiber in PCs could produce the spectral filter, which could
be used to generate the multi-wavelength operation in
the fiber laser[50]. Therefore, by increasing the pump power
to 78 mW and carefully adjusting the PC, the dual-
wavelength multi-soliton states could be achieved in the
fiber laser, as presented in Fig. 3. Figure 3(a) presents
the spectrum of the dual-wavelength mode-locking
operation. The spectrum at the shorter wavelength has
obvious Kelly sidebands on the left side, and its central
wavelength and 3 dB bandwidth are 1555.13 and
0.58 nm, respectively, while the spectrum at the longer
wavelength locates at 1559.17 nm with the 3 dB band-
width of 2.5 nm. Moreover, the spectral modulations with
a period of 1.55 nm appear on the spectrum at a longer
wavelength, which is one of the typical characteristics
of bound soliton[32,33]. As shown in Fig. 3(b), the
corresponding pulse-trains consist of two sequences of
pulse-trains, which have different intensities and pulse
separations. For better clarity, the pulse-train with a
smaller scan range is also shown in the inset of
Fig. 3(b). The sequence of the pulse-train with higher in-
tensity is a kind of soliton bunch including 13 irregularly
distributed pulses. The separation between soliton
bunches is 135.6 ns, corresponding to the fundamental

repetition rate of 7.37 MHz. The pulse-train with lower
intensity has the repetition rate of 479 MHz, correspond-
ing to the 65th harmonic of the fundamental repetition
rate. Note that due to the different central wavelengths
of the bound soliton and harmonic mode-locking soliton,
the collision among them would happen frequently,
and, then, they would recover their initial states after
the collision. Figure 3(c) depicts the autocorrelation trace
of the dual-wavelength mode-locked operation. There are
three peaks with ∼5.16 ps separation on the autocorrela-
tion trace, which is believed to be a composite of the two
multi-soliton states. In the experimental observation,
the proposed fiber laser could sustain the dual-wavelength
operation for a long time if there were no environment
perturbations applied to the fiber laser.

It is expected that each sequence of the pulse-train is
generated individually by the two wavelengths in different
multi-soliton operation regimes. However, we could not
identify the correspondence between the spectra and
pulse-trains from the results presented in Fig. 3. Then,
a band-pass filter was employed to resolve the lasing at
each wavelength. Figure 4 provides the wavelength-
resolved measurements. As shown in Figs. 4(a) and 4(b),
the filtered spectra is centered at 1555.13 and
1559.17 nm, respectively. Figures 4(c) and 4(d) are the
wavelength-resolved pulse-trains. The harmonic mode-
locking soliton with a repetition rate of 479 MHz is at
the shorter wavelength, while the soliton bunch corre-
sponds to the longer wavelength of the bound soliton. In
order to further confirm the two disparate multi-soliton
operation regimes, the autocorrelation traces at each

Fig. 2. Single-wavelength harmonic mode-locked operation at the repetition rate of 340 MHz. (a) Mode-locked spectrum;
(b) corresponding pulse-train; (c) corresponding autocorrelation trace.

Fig. 3. Composite regime of bound soliton and harmonic mode-locking soliton. (a) Spectrum; (b) pulse-train; (c) autocorrelation trace.
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wavelength were measured, and the results are presented in
Figs. 4(e) and 4(f). As expected, the autocorrelation trace of
the harmonic mode-locking soliton has a single peak with
pulse duration of 8.37 ps, while three peaks with a separa-
tion of 5.16 ps occur on the autocorrelation trace of the
bound soliton, which is another typical characteristic of
the bound soliton[39,40]. All of these results demonstrated
that the dual-wavelength is a composite of two multi-
soliton operations, namely the bound soliton and harmonic
mode-locking soliton.
It should be noted that the multi-soliton formation

is related to the accumulated cavity nonlinear effects
experienced by the solitons. Therefore, the composite of
different multi-soliton states in our experiments could
be attributed to the different cavity nonlinear effects ex-
perienced by the two wavelengths. As we know, apart
from the bound soliton and harmonic mode-locking soli-
ton, some other multi-soliton operations could also be
achieved in fiber lasers, such as soliton rain, soliton liquid,
and solitons occupying the whole cavity. However, in our
experiments, we only observed these two multi-
soliton states and their composite. The reason might be
contributed to the limited nonlinear effect provided by
the MoS2-deposited microfiber photonic device, since this
photonic device would experience irreversible optical dam-
age when the pump power was increased to higher than
300 mW. Therefore, it is believed that more coexistences
of some other multi-soliton operations could be acquired
by further improving the performance of the MoS2-
deposited microfiber. On the other hand, it has been dem-
onstrated that graphene and a topological insulator also
have saturable absorption and a large nonlinear refractive
index[51–53], which indicates that they have the potential
to fabricate the microfiber-based photonic device with

dual-functions for the investigation of the coexistence of
multi-soliton dynamics.

In summary, we experimentally demonstrated the coex-
istence of a bound soliton and a harmonic mode-locking
soliton in an ultrafast fiber laser based on MoS2-deposited
microfiber photonic devices. The bound soliton at
1559.17 nm has the typical spectral modulation with a
period of 1.55 nm and pulse separation of 5.16 ps. The har-
monic mode-locking soliton at 1555.13 nm has the repeti-
tion rate of 479 MHz, corresponding to the 65th harmonic
of the fundamental repetition rate. It is believed that the
coexistence of multi-soliton states could provide different
pulse sources simultaneously for various applications.
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