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ARTICLE INFO ABSTRACT

Keywords: Recently, few-layer tungsten disulfide (WS,), as a shining 2D material, has been discovered to possess both
Mode-locked fiberlaser the saturable absorption ability and large nonlinear refractive index. Here, we demonstrate versatile soliton
Soliton

pulses in a passively mode-locked fiber laser with a WS,-deposited microfiber. The few-layer WS, is prepared by
the liquid-phase exfoliation method and transferred onto a microfiber by the optical deposition method. Study
found, the WS,-deposited microfiber can operate simultaneously as a mode-locker and a high-nonlinear device.
In experiment, by further inserting the WS, device into the fiber laser, besides the dual-wavelength soliton,
noise-like soliton pulse, conventional soliton and its harmonic form are obtained by properly adjusting the pump
strength and the polarization states. For the dual-wavelength soliton pulses and noise-like pulse, the maximum
output power of 14.2 mW and pulse energy of 4.74 nJ is obtained, respectively. In addition, we also achieve the
maximum harmonic number (135) of conventional soliton, corresponding to a repetition rate of ~497.5 MHz.
Our study shows clearly that WS,-deposited microfiber can be as a high-nonlinear photonic device for studying
a plenty of nonlinear soliton phenomena.

Saturable absorber
Two-dimensional materials
WS,

© 2017 Elsevier B.V. All rights reserved.

1. Introduction [24-28], and black phosphorus (BPs) [29,30], have gained great atten-
tion in physics, chemistry and material fields due to their potential appli-
Since firstly demonstrated in 1986, mode-locked fiber lasers have cations. Among them, few-layer WS,, as one of TMDCs, has been widely
gained great attentions owing to their potential applications in the used for constructing mode-locked [31-39] or Q-switched [40-45] fiber
fields of micromachine, sensing, optical metrology and biomedicine [1]. lasers at the wavelength range of 0.6-2 pm due to their broadband
An important goal of the mode-locked fiber lasers is to achieve soli- saturable absorption and pulse-shaping ability. Interestingly, besides
ton operation. It provides an excellent framework for understanding saturable absorption, few-layer WS, exhibits a huge Kerr refractive
complex nonlinear phenomena and stimulates novel cavity designs. index with a value of 10~!! m? /W due to the comprehensive contribution
Reciprocally, the mode-locked fiber laser serves as an ideal platform for of both bound-electronic and free-carrier nonlinearities [38], which is
testing the concept' of solitons and re'zvealing their versat'ile dyr'lamics. one order of magnitude greater than that of graphene and favorable for
By.properly s.electu.lg the lase.r cav1ty. parar.ne.terS., various ,klflds, of versatile soliton pulse generation but not fully explored yet. Moreover,
soliton pulses including conventional soliton, similariton [2], dissipative few studv concerns the dual- v of the WS, devi !
. e . y property of the , device, namely,
soliton [3], and noise-like soliton pulse [4], have been demonstrated saturable absorption and high-nonlinearity, which relates to the real

in the lasers. Among them, the highly cavity nonlinearity plays an R . . : ..

. . . . . part and imaginary part of third-order nonlinear refractive index of few-

important role in the formation and evolution of soliton pulses [5-14]. i . R L X
layer WS,, respectively. Thus, a question arises naturally: is it possible

Generally, to obtain high nonlinearity in the cavity it can be achieved 4 X K ! X
. . . R . . to generate the versatile soliton pulses in a fiber laser with few-layer
by improving the pump power or inserting a length of highly nonlinear A ; . .
WS,? The exploration of this question will help us to understand the

fiber. For example, Vazquez-Zuniga et al. obtained the noise-like pulses . £ ;
in a passively mode-locked fiber laser with a 12-m highly nonlinear nonlinear optical property of few-layer WS, and design the novel lasers.

fiber [15]. However, it greatly increases the cost and difficulty. Thus, Here, we experimentally demonstrated the versatile soliton pulses
it is urgent to seek the highly nonlinear photonic device. in a passively mode-locked fiber laser with a WS,-based microfiber.

Recently, 2D nanomaterials, namely graphene [16-20], topological The _WSZ (.1evice can be as bOtf} .a.mode-locker and. a high-non.linear
insulators (TIs) [21-23], transition metal dichalcogenides (TMDCs) medium simultaneously. By utilizing the dual optical properties of
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the WS, photonic device, dual-wavelength soliton, noise-like pulse,
conventional soliton and its harmonic form are obtained by properly
adjusting the pump strength and the polarization state in the cavity.
This work provides an example of the WS,-deposited microfiber could
both be as both a mode-locker and an excellent high-nonlinear medium
for versatile soliton formation.

2. Preparation, characterization of microfiber-based WS, device

The high-quality WS, nanosheets as-used in this experiment were
prepared through the liquid-phase exfoliation method [31]. The concen-
tration of WS, nanosheets in the solvent is about 0.1 mg/ml, as shown
in the inset of Fig. 1(a). Firstly, we transfer the WS, solution onto a
sheet of quartz glass and dry at the room temperature so as to character
its property. Then, the crystalline structure of the WS, material was
characterized by using Raman system at 514 nm. Fig. 1(a) shows the
Raman spectrum of the WS, nanosheets in the range of 280-480 cm™!.
It can be clearly seen that there are two typical Raman peaks located at
~352.6 and ~418.1 cm~!, corresponding to in-plane vibrational mode
Eég and out-plane vibrational mode A, of S-W-S lattice vibration,
respectively. Next, we characterized its morphological properties with
a scanning electron microscopy (SEM) and atomic force microscope
(AFM), as shown in Fig. 1(b) and (c), respectively, which reveal that
the WS, material exhibits sheet-like structure with wide distribution.

To realize the all-fiber laser and further enhance the nonlinearity in
the laser cavity, we will transfer the few-layer WS, onto the waist of
microfiber with the optical deposition method, forming a microfiber-
based WS, device. The microfiber with the waist diameter of ~20 pm,
was prepared by fused taper method, as shown in the inset of Fig. 2.
The saturable absorption property of the WS, device plays an important
role for the generation of soliton pulse. Seen clearly from the Fig. 2,
its saturation intensity, modulation depth and nonsaturation loss is
about 42.6 MW/cm?, 1% and 6.2%, respectively, which measured by
power-dependent transmission scheme [38]. The as-used pump source
is a mode-locked fiber laser. Its central wavelength, pulse width and
repetition rate are 1550 nm, 300 fs and 15 MHz. Additionally, we
provided the total cavity loss of the WS, device is about 3 dB, which
was measured with an optical power meter.

3. Experimental setup

The experimental scheme of the mode-locked fiber laser is shown
in Fig. 3. The pump source is a fiber-pigtailed 980 nm laser diode
(980-420-B-FA, LD) and transferred the energy to a piece of ~5 m
Erbium-doped fiber (Core active L-900, EDF) with dispersion parameter
of ~—16.3 ps/(km nm) via a 980/1550 wavelength-division multiplexer
(WDM). The single mode fiber (SMF) varies 50 m and 90 m and its
dispersion parameter is ~18 ps/(km nm). A 10% optical coupler (OC)
is used to extract the laser output. A polarization-independent isolator
(ISO) is used for unidirectional operation of the fiber laser and a
polarization controller (PC) is used to adjust the polarization state in
the cavity, respectively. To enhance the nonlinear effect in the cavity,
the microfiber-based WS, device was spliced right after the PC. The
pulse information and laser power obtained is measured by an optical
spectrum analyzer (YOKOGAWA, AQ-6370C) with the resolution of
0.01 nm, a 1 GHz mixed oscilloscope (Tektronix MDO4054-6, 5 GHz/s)
combined with a high-speed photo-detector (Thorlabs PDA, 10 GHz) and
an optical power meter, respectively.

4. Results and discussions

Before carrying out this experiment, we firstly measured the opera-
tion characteristics of the laser without incorporating the WS, device.
By adjusting the pump power from 0 to 420 mW and polarization
states from 0° to 180°, there is no mode-locking generation, which
excludes the possibility of NPR and the Fabry—Perot effect in the cavity.
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Fig. 1. Typical characteristics of the WS, nanosheets: (a) the Raman spectrum, inset: the
photograph of WS, sample, (b) the SEM, and (c) the AFM.

Then, we inserted the WS,-deposited microfiber into the laser cavity
when the length of SMF is ~50 m, corresponding to the cavity disper-
sion parameter value of —1.09 ps2. Initially, continue wave operation
started at ~18 mW and the dual-wavelength mode-locking operation
occurred at ~72 mW. Thereafter, the dual-wavelength soliton state
can be achieved by properly adjusting the polarization states when
the pump power continuously increased from 72 to 210 mW. Notably,
the dual-wavelength soliton is developed from two CWs lasing, which
indicates the existence of the cavity birefringence filter [46]. Normally,
the filtering effect can be ignored in the weakly birefringent fiber lasers
where the cavity birefringence induced artificial birefringence filter
has a large bandwidth. However, the situation may be changed in our
experiment. As mentioned above, if no WS, device exists, it will be no
dual-wavelength lasing appears whatever adjust the pump power and
polarization states in a wide range. Thus, the microfiber-based WS,
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Fig. 2. The nonlinear saturable absorption curve of the microfiber-based WS, device.
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device should play a key role for enhancing the filtering effect in the
cavity.

Fig. 4 summarizes the typical dual-wavelength soliton operation
under the pump power of ~120 mW in our proposed fiber laser. Fig. 4(a)
is the spectrum on a logarithmic scale. It can be seen that, the whole
spectrum contains two separated parts with a central wavelength of
1568.55 nm (4;) and 1569 nm (4,), respectively, which indicates the ex-
istence of two different pulses. Clearly, there is a pair of symmetric Kelly
sideband appears on the each separated spectrum, which is a typical
characteristic of soliton pulse in the lasers [3]. For the dual-wavelength
soliton pulses, its wavelength separation and 3-dB spectral bandwidth
per-lasing wavelength is ~0.45 nm and ~0.27 nm, respectively. Fig. 4(b)
illustrates the pulse trains of the dual-wavelength soliton recorded by an
oscilloscope with a time span of 12 ps. There are two pulses equidistantly
distributed with a fixed separation of ~467.4 ns in one cavity period,
corresponding to a fundamental cavity frequency of ~2.14 MHz. To
further confirm that the soliton pulses appeared in our cavity are
the dual-wavelength pulses but not multiple pulses induced by energy
quantization effect [47], it needs to measure the pulse profile of the dual-
wavelength soliton. In experiment, one wavelength (4,) was filtered
out by using a bandpass filter. Its autocorrelation trace was measured
by using a commercial autocorrelator with large scanning range, as
illustrated in the inset of Fig. 4(b). Clearly, there was only one pulse
appeared. If a sech? profile is assumed for fitting, the pulse duration is
about 11 ps. Thus, the time-bandwidth product (TBP) is ~0.33, which is
close to the theoretical limit value (0.315) and indicates that the soliton
pulse was slightly chirped. In order to examine the long-term stability
of the mode-locked lasers, we continuously monitor the output spectra
of the mode-locked pulse for 16 h. Fig. 4(c) shows the evolution of
the optical spectra of the dual-wavelength soliton pulses, indicating the
stability of the mode-locked fiber laser. Furthermore, we also measured
the output power characteristics of the laser, as shown in Fig. 4(d). It
can be seen that, the laser exhibits a slope efficiency of ~3.65%. When

b 04 =
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F=y 2 04
S 02} 2
2 00
5 PR 40 20_ 0 20 40
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Fig. 4. Dual-wavelength soliton operation with a SMF length of ~50 m and a pump power of ~120 mW: (a) optical spectrum, (b) its corresponding oscilloscope trace (inset: the
autocorrelation trace), (c) long-term optical spectra measured at a 2-h interval over 16 h, and (d) the output power versus the pump power.
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Table 1
Summary of the dual-wavelength soliton lasers near 1550 nm.

Optics Communications 406 (2018) 66-71

Mode-locked
mechanism

Central
Wavelength/nm

Wavelength
spacing/nm

Repetition
frequency/MHz

Pulse duration/ps Output power/mW Pulse energy/nJ Reference

NALM
NPR
NPR
NPR
NPR
NPR
CNT
CNT
CNT
h-BN
Bi, Te;
WS,
ws,

4.5 -
41.2 -
23 -
43 -
25 -
13 -
25 -
10 -
1531, 1557 26 -
1531.5, 1557.5 26
1557.4, 1559.4 2
1558.5, 1566 7.5
1531.5, 1557.5 0.42

1563, 1567.5
1560.7, 1601.9
1532, 1555
1562, 1605
153, 1555
1533, 1546
1532, 1557
1549.5, 1559.5

8.83
2.14

[5]
[6]
[71
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[22]
[38]
In this work

1.14
6.64

the pump power reaches to 420 mW, the maximum output power of the
dual-wavelength soliton laser is about 14.2 mW, which is higher than the
previous reports [32-39]. This may be relates to the lower nonsaturated
loss and smaller insert loss of as-used WS, device. In addition, Table 1
summaries the dual-wavelength soliton lasers near 1550 nm. Clearly,
similar to the other nanomaterials (CNTs, Bi,Te;, and h-BN), few-layer
WS, also exhibits excellent nonlinear optical properties.

Slightly tuning the PC, the other soliton state also can be obtained
in the fiber laser. Fig. 5 shows the typical noise-like pulse operation at
a pump power of 300 mW. The output spectrum exhibits a triangular
profile with the bandwidth of 0.48 nm, as shown in Fig. 5(a). The
temporal profile is illustrated in Fig. 5(b), in which the interval between
adjacent pulses is equal to the cavity round trip (467.4 ns). As shown in
the inset of Fig. 5(b), the pulse pocket consists of multiple incoherent
pulses with randomly distributed intensities and phases, which may
be caused by the Raman effect in the laser cavity [48]. Meanwhile, it
follows the Gauss fitting well. When the pump power is 300 mW, the
output power of laser is about 10.2 mW, corresponding to the pulse
energy of 4.74 nJ. Clearly, the pulse energy is larger than that of the
conventional soliton (~0.1 nJ), which accords with the high-energy
characteristics of noise-like pulse [4,20].

In the above experiment, it is difficult to obtain conventional soliton
output whatever adjusting the cavity parameters, such as the pump
strength and polarization states. According to the soliton theory [47],
the formation of conventional soliton is caused by the balance between
the cavity dispersion and self-phase modulation in the cavity. To this
end, we will optimize the cavity dispersion by increasing or decreasing
the length of SMF in our proposed laser cavity. With this approach, we
indeed obtained the conventional soliton under different cavity disper-
sions. For example, the stable conventional soliton and its harmonic
form can be obtained with a length of SMF of ~90 m, which corresponds
to the cavity dispersion parameter value of —2 ps2. By properly rotating
the PC and adjusting the pump power, we obtained the conventional
soliton pulse at the pump power of 180 mW in our proposed fiber laser.
Its optical spectrum is shown in Fig. 6(a). The 3-dB spectral bandwidth
is about 0.32 nm. Correspondingly, a typical pulse train, depicted in
Fig. 6(b), has a period of 271.2 ns, which matches with the cavity
roundtrip time, verifying the mode-locking operation of the fiber laser.
In addition, we also provided its autocorrelation trace, as illustrated in
the inset of Fig. 6(b). If a sech? profile is assumed for fitting, the pulse
duration is about 7.8 ps. Thus, the TBP is ~0.32, which indicates that
the soliton pulse was nearly chirped-free. In order to examine the long-
term stability of the soliton pulses, we continuously monitor their output
spectra for 7 h, as shown in Fig. 6(c).

Harmonic mode-locking (HML) is one of the intrinsic characteristics
of soliton operation in passively mode-locked fiber lasers. Fig. 7(a)
shows the optical spectrum of HML pulse. It can be seen that, the Kelly
sidebands on the spectrum disappear, implying the HML state genera-
tion dissatisfies the phase-matching condition for the formation of the
Kelly sidebands [47]. The pulse train is shown in Fig. 7(b). The time

69

— P=300 mW

-40

Intensity (dBm)

-60

1565 1570 1575

Wavelength (nm)

1560

1555 1580

b 12

0.9 4

0.6 A

Tlme (ns)

AT

Tlme (us)

Intensity (a.u.)

0.3 4

0.0

O)C

-6

Fig. 5. (a) Optical spectrum and (b) pulse train of noise-like pulse, inset: zoom-in image
of single pulse and its Gauss fitting (blue solid line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

interval of the pulse train is about 2.01 ns, corresponding to a repetition
rate of ~497.5 MHz, which is the 135th harmonics of the fundamental
repetition rate (3.69 MHz). It is the highest harmonic number in the WS,
mode-locked fiber lasers, to the best of our knowledge. Furthermore,
we also provide the relation between harmonic numbers versus pump
power, as shown in Fig. 7(c). On the whole, the harmonic number
increases almost linearly with the pump power. Also, when the laser
reaches to its maximum pump power of 420 mW, we can obtain different
harmonic numbers, which may be caused by the polarization-dependent
loss under different polarization states. Notably, the pulse repetition rate
could be further increased with the higher pump power.
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Fig. 6. Conventional soliton operation with the SMF length of ~90 m: (a) optical spectrum,
(b) its corresponding oscilloscope trace (inset: the autocorrelation trace), (c) long-term
optical spectra measured at a 1-h interval over 7 h.

The formation of the versatile soliton pulses in our laser cavity can be
explained as follows. Besides saturable absorption ability, the few-layer
WS, itself shows a high nonlinear effect. Furthermore, we fabricated
a microfiber and optically deposited the few-layer WS, onto it, the
evanescent field interaction of few-layer WS, and microfiber will also
greatly enhance the cavity nonlinearity. Thus, taking into account these
two contributions, a single soliton circulating in the cavity can be split
into multiple soliton pulses under high pump power. In such regime,
these pulses are usually randomly located in the cavity. However,
they can automatically arrange themselves in the laser cavity forming
the dual-wavelength soliton and HML state by properly adjusting the
polarization state. Otherwise, the noise-like pulse can be generated
under proper cavity parameters.
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Fig. 7. HML performance of conventional soliton pulse: (a) Spectrum; (b) pulse train
(Inset: the pulse distribution in full range with 100 ns; (c) harmonic number versus pump
power. In the short-line circle, the harmonic number varies different polarization states.

Finally, it can be expected that other soliton pulse patterns, such as
dissipative soliton resonance [22], and multiple soliton molecules [26]
could be also observed by using a WS, photonic device in the laser cavity
in future work. In addition, other 2D materials, such as TIs [21-23]
and BPs [30], have also been demonstrated to possess huge nonlinear
refractive indexes. Thus, other 2D materials-based devices can also be
used to explore the versatile soliton pulses in the fiber lasers in future
work.

5. Conclusion

We have experimentally achieved the versatile soliton pulses from
a passively mode-locked fiber laser incorporating with a microfiber-
based WS, device. The WS,-deposited microfiber could both operate
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as a mode-locker for soliton generation and a high-nonlinear device for
versatile soliton generation. By utilizing the saturable absorption and
high-nonlinear effect of the WS, device, conventional soliton and its
harmonic form, dual-wavelength soliton, and noise-like soliton pulse
have been achieved by properly adjusting the pump strength and the
polarization state in the laser cavity. For the dual-wavelength soliton
pulses and noise-like pulse, the output power of 14.2 mW and pulse
energy of 4.74 nJ is obtained, respectively. In addition, we also achieve
the harmonic number (135) of conventional soliton, corresponding to a
repetition rate of ~497.5 MHz. Our study indicates that the microfiber-
based WS, device could be as an excellent dual-function device for
studying a great deal of nonlinear phenomena.
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