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H I G H L I G H T S

• The non-linear absorption (NLA) property of the NiS2 was investigated using an open-aperture Z-scan method.

• Picosecond pulse was generated in the Yb-doped fibre laser.

• Femtosecond pulse was generated in an Er-doped fibre laser.

A R T I C L E I N F O

Keywords:
NiS2
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A B S T R A C T

Nickel disulfide (NiS2) has recently been found to possess strong nonlinear saturable absorption properties. This
feature is highly attractive for nonlinear photonics applications. Ultrafast pulse generation is successfully de-
monstrated in this article for both Ytterbium- and Erbium-doped fibre lasers using micro-fibre deposited nickel
disulfide (NiS2) as a saturable absorber (SA). The fabricated SA device has a modulation depth of 23% at 1.06 μm
and 30.8% at 1.55 μm. Stable dissipative soliton operation was achieved at 1064.5 nm with a pulse duration of
11.7 ps and another stable conventional soliton pulse train was also obtained at 1560.2 nm with a pulse duration
of 524 fs. These results demonstrate that the microfibre-based NiS2 has a broadband nonlinear response and can
function as an efficient SA, therefore it has significant potential for use in ultrafast laser pulse generation.

1. Introduction

Recently, ultrafast fiber lasers have attracted significant attention
given their suitability for use in a wide range of important applications
including communications [1], machining [2] and sensing [3].They are
also used in fundamental scientific research to investigate nonlinear
characteristics of materials [4], soliton evolution [5,6], etc. Ultrafast
fiber lasers have recently experienced rapid development based on sa-
turable absorber (SA) materials, which play a crucial role in achieving
passive mode-locking operation due to their simple fabrication and
excellent saturable absorption characteristics [7–15]. To date, many
materials including graphene [4,16–21], black phosphorus [9,22–29],

Xenes [30,31], MXene [32–35], metal–organic framework [36], topo-
logical insulators [37–41], Epsilon-near-zero medium [42] and transi-
tion metal dichalcogenides (TMDs) [10–15,43–57] have been demon-
strated as SAs. These materials play a crucial role in achieving passive
mode-locking operation due to their simple fabrication and excellent
saturable absorption characteristics.

Among these materials, transition metal dichalcogenides (TMDs)
have been preferred in photonic applications due to their superior
properties such as non-zero band-gap and layer-dependent optical
nonlinearities. WS2 and MoS2 are typical TMDs and are the two most
investigated TMD materials encompassing a wide range of applications
including optical modulation [58], photodetectors [59], and especially

https://doi.org/10.1016/j.optlastec.2020.106492
Received 5 February 2020; Received in revised form 12 July 2020; Accepted 14 July 2020

⁎ Corresponding author.
E-mail address: m18204313488@163.com (S. Li).

Optics and Laser Technology 132 (2020) 106492

Available online 27 July 2020
0030-3992/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00303992
https://www.elsevier.com/locate/optlastec
https://doi.org/10.1016/j.optlastec.2020.106492
https://doi.org/10.1016/j.optlastec.2020.106492
mailto:m18204313488@163.com
https://doi.org/10.1016/j.optlastec.2020.106492
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2020.106492&domain=pdf


passively Q-switched and mode-locked lasers [11,13]. Recently, more
TMDs have also been investigated in the fields of ultrafast optics. For
instance, Wang et al. obtained 1.25 ps pulse operation with 2.13 nJ
pulse energy by employing microfibre-based WTe2 in a thulium-doped
fibre laser [14]. Using SnS2-PVA film as an SA, a femtosecond soliton
pulse at 1.55 μm was reported by Niu et al. [15]. Research on the ap-
plications of TMDs to achieve mode-locked pulse operation continues to
progress and thus it is of great interest to explore new TMDs for ul-
trafast fibre laser applications.

Nickel disulfide (NiS2), another new type of TMD, has also attracted
significant attention in recent years owing to its superior electrical
[60,61] and optoelectronic properties [62]. NiS2 is a semiconductor,
similar to WS2 and MoS2 [7]. Many TMDs normally have a typically
large bandgap (above 1 eV), e.g. the direct bandgap of monolayer MoS2
is about 1.8 eV and the indirect gap of the bulk material is in the range
of 0.86–1.29 eV [63]. However, the bandgap of few layer NiS2 is about
0.3 eV [64], which forms the basis for its potential application at long
wavelengths (beyond 3 μm). Li et al. achieved Q-switched pulse op-
eration at 1.55 and 1.9 μm using an NiS2-PVA film in 2019 [65], which
provided strong evidence for the nonlinearity and saturable absorption
of NiS2. However, there remains a lack of research on applying NiS2 as a
material in mode-locked fiber lasers to generate ultrafast pulses.

In this paper, a micro-fiber-based NiS2 was successfully fabricated
and used as a SA to generate passive mode-locked pulses in both an
Ytterbium-doped fibre laser (YDFL) cavity and an Erbium-doped fiber
laser (EDFL) cavity. The NiS2-based SA has excellent saturable ab-
sorption characteristics with a modulation depth of 23% at 1064 nm
and 30.8% at 1550 nm. The dissipative soliton pulse generated at
1064 nm has a pulse duration of 11.7 ps with a pulse energy of 0.84 nJ.
A conventional soliton pulse was also generated centred at the wave-
length of 1560.2 nm, with a pulse duration of 524 fs and pulse energy of
1.86 nJ. The experimental results described in this article clearly in-
dicate that NiS2 has excellent potential for use in ultrafast mode-locked
fiber laser applications.

2. Characteristics of NiS2 and experimental setup

The NiS2 nanosheets (provided by XFNANO, XF-137Ni, 3–6 layer)
were prepared using a liquid-phase exfoliation method and then dis-
persed in an ethanol solution with a concentration of 0.1 mg/ml for
further usage. The process of preparation is explained as follows:
Firstly, the NiS2 powders were dispersed in deionized water and treated
for 12-h using an ultrasonic cleaner. Then, the NiS2 suspension was
centrifuged at a rate of 5000 rpm for 15 min to remove unwanted large
agglomeration. The upper supernatant was extracted as an NiS2 solu-
tion for use in the experiment. An NiS2 dispersion solution was pre-
pared by adding 10 g of NiS2 nanosheets into 100 mL alcohol (30%).
After that, the mixture was placed in the ultrasonic cleaner for 12 h and
centrifuged at a rate of 2000 rpm for 30 min for further use.

It was necessary to characterize structure of NiS2 before using in the
mode-locked fiber laser. A scanning electron microscopy (SEM) image
of the NiS2 nanosheets is shown in Fig. 1(a). Fig. 1(b) shows the
transmission electron microscopy (TEM) image of the same NiS2 na-
nosheets. Both SEM and TEM results show that NiS2 has a typical
layered structure. In order to further confirm the elementary compo-
sition of the NiS2 nanosheets, the Raman spectrum was measured and is
shown in Fig. 1(c). Two weak peaks were observed at 274.0 cm−1 and
284.8 cm−1 which correspond to the S-S pair vibrational modes (Tg and
Eg). The two strong peaks at 479.7 cm−1 and 489.8 cm−1 correspond to
stretching modes of the S-S pair (Ag and Tg). The Raman spectrum result
confirmed the existence of NiS2 and the result agrees well with earlier
findings [66]. Furthermore, the linear transmission curve of the NiS2
nanosheets sample (NiS2 nanosheets dispersed in ethanol solution) was
measured and recorded in Fig. 1(d) within the range of 1000 nm to
confirm the material’s suitability for use as a SA. For reference the
transmission was measured as 78.8% at 1064 nm and 80.5% at

1560.2 nm, the operating wavelengths of the YDFL and EDFL respec-
tively as measured using a UV/Vis/NIR spectrophotometer (Perkin-
Elmer Lambda 750).

To enhance the reliability of the NiS2 SA, the NiS2 nanosheets were
deposited directly on the waist region of the microfibre [8,67]. A mi-
crofibre-based SA structure is attractive as a way to increase the power
tolerance of the device by making use of the microfibre’s strong eva-
nescent field effect. This is beneficial in the goal of obtaining higher
output power [43]. In this work, the microfibre waist region was coated
with the NiS2 nanosheets. The fabricated microfibre-based material is
more effective in avoiding thermal effects [22]. The use of a longer
waist region also allows greater light matter interaction to occur via the
evanescent field and the NiS2 material as well as providing the required
strong nonlinear optical response to facilitate pulse generation [22].

The preparation process of the microfibre-based NiS2 involves a
series of steps as follows. The microfibre was fabricated by heating and
stretching a standard single-mode fibre (SMF-28) using the fused taper
method [8]. The fabricated microfibre has a waist diameter of ~4.5 μm
and effective tapered region of ~1.5 cm length. Source light (50 mW)
provided from a 980 nm laser (MCPL-SM-980) was launched into the
microfibre, which was immersed in the NiS2 solution for more than 3 h
to deposit the NiS2 nanosheets onto the surface of the microfibre waist.
Fig. 1(e) and (f) show the optical microscope images of the waist region
of a microfibre sample without and with the deposited NiS2 nanosheets
respectively. Compared with the smooth surface of the microfiber in
Fig. 1(e), it is clear that there are sediments on the surface of the mi-
crofiber in Fig. 1(f), which indicated that the NiS2 nanosheets were
successfully deposited onto the surface of the microfiber.

The non-linear absorption (NLA) property of the NiS2 (NiS2 na-
nosheets dispersion in ethanol solution) was investigated using an
open-aperture Z-scan method [39]. The experimental setup is shown in
Fig. 2(a). Three excitation sources with wavelengths centred at 800 nm
(from a Ti: sapphire laser system, pulse duration: 200 fs, repetition rate:
2 kHz), 1064 nm (in-house developed source, pulse duration: 50 ps,
repetition rate: 1 kHz) and 1550 nm (in-house developed source, pulse
duration: 50 ps, repetition rate: 1 kHz) were applied to perform the
characterizations. The laser source imposed a limitation that meant it
had to be used with different parameters at a different wavelength.
Thus, the pump power was optimized to ensure that the pulse energy
remained constant, which is necessary to observe whether the NiS2
exhibits similar nonlinearity at different wavelengths. Typical NLA
behavior was observed at 800 nm, 1064 nm and 1550 nm, as depicted
in Fig. 2(b)–(d), which exhibited typical SA characteristics. According
to the results shown in Fig. 2(b)–(d), as the input power increases, all
the normalized transmittances gradually increase with a decrease in the
distance between the sample and the focus point (Z = 0) at 800 nm,
1064 nm and 1550 nm, which are caused by the well-established op-
tical saturable absorption effect [65]. In addition, the normalized z-scan
transmissions show typical nonlinear transmission characteristics under
different excitation pulse energies at different wavelengths. The open-
aperture Z-scan curves in Fig. 2 were fitted by using the following
equations [15]:
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where z is the sample position relative to the focus position, z0 is the
diffraction length of the beam, α0L is the modulation depth, T(z) is the
normalized transmittance at z, I0 is peak on-axis intensity at focus, and
Is is the saturable intensity. The values of nonlinear absorption coeffi-
cient β were obtained at 800 nm, 1064 nm and 1550 nm are−98.1 cm/
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GW, −65.4 cm/GW and −38.8 cm/GW. All the results indicate that
NiS2 exhibits a broadband optical nonlinear response. The absence of
any clear response for a blank quartz slide under the same and even
higher excitation intensity is noteworthy, which suggests the significant
SA response arises from the nonlinear modulation effect of NiS2. This

indicates that low intensity light is effectively suppressed but higher
intensity light can be output with little or no attenuation. That is to say,
the NiS2 can serve as an ultrafast nonlinear saturable absorber, as well
as a passive mode-locking modulator for ultrashort pulsed lasers gen-
eration in the near-infrared region.

Fig. 1. (a) SEM Image of the NiS2 sample. (b) TEM image of the NiS2 sample. (c) Raman spectrum of the NiS2 sample. (d) Linear transmission of the NiS2 sample.
Optical microscope images of the waist region of the microfibre (e) without and (f) with the deposited NiS2.

Fig. 2. (a) Experimental setup of the Z-scan testing platform. The typical Z-scan peak curve of NiS2 at 800 nm (b), 1064 nm (c), 1550 nm (d).
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In addition, the nonlinear transmission characteristic of the NiS2
was also investigated at the wavelengths of 1.06 μm and 1.55 μm as
shown in Fig. 3(a) and (b) using a twin-balanced measurement. The
blue circles represent the experimental data, which confirms a trend
consistent with nonlinear absorption. The red solid curve represents the
fitted line of the experimental data based on a simplified two-level
saturable absorption model [68], which clearly indicates the presence
of a typical saturable absorption effect. The saturable absorption
modulation depth, the non-saturable absorption and the saturable in-
tensity were determined as 23%, 17.9% and 3.6 MW/cm2 respectively
at the wavelength of 1.06 μm, which are shown in Fig. 3(a). For the case
of 1.55 μm, the three corresponding values are 30.8%, 17.5% and
6.8 MW/cm2, as shown in Fig. 3(b). The anisotropic features normally
influence the polarization-induced absorption such as ReS2 [69]. In
fact, for any polarization direction the ReS2-D shaped fiber SA exhibits
saturable absorption with a similar modulation depth. NiS2 should
therefore exhibit similar behavior as it is a semiconductor and similar to
ReS2. The polarization induced absorption in the microfiber is smaller
than in the case of the D-shape fiber.

Fig. 4 shows the configuration of the fibre laser used in this in-
vestigation, which includes the fabricated microfibre-based NiS2 as the
SA device. The pump source provides 976 nm photons to pump the gain
medium. It was optically coupled into a section of gain medium via a
wavelength division multiplexer (WDM). The power generated in the
gain medium propagates into the polarization independent isolator (PI-
ISO), which was connected to an 80:20 optical coupler (OC) to provide
a monitor output. The SA device was spliced between the 80%-output
port of the OC and the WDM to complete the ring cavity. The 20%
output port of the OC was connected to an optical spectrum analyzer

(OSA, YOKOGAWA, AQ-6370B) to measure the output spectrum of the
laser. The time resolved output signal of the pulsed laser was also
measured using a digital storage Oscilloscope (Tektronix MDO4054-6,
6 GHz) and a photodetector (Kemai, PDA, 10 GHz). A radio frequency
(RF) spectrum analyzer (Anritsu, MS2683A) was employed to record
the RF spectrum of the mode-locking operation. In addition, the pulse
duration was measured using a commercial auto-correlator instrument
(APE Pulsecheck). An optical power meter (Newport 1918-R) was used
to measure the light output power.

3. Results and discussion

3.1. Picosecond pulse generation in the YDFL

For the YDFL case, a 28 cm section of Yb-doped fibre (YDF, Liekki,
4/125) with a dispersion parameter of −43 ps/(nm⋅km) at 1060 nm
was used as the gain medium. The total cavity length of the YDFL was
about 4.98 m providing a net dispersion of 0.114 ps2. A continuous
wave (CW) laser was used as the pump source which was able to
achieve a pump power of 65 mW. Mode-locked operation occurred
when the pump power was increased to 89 mW. Stable mode-locking
could be obtained when the pump power was varied from 89 mW to the
maximum of 700 mW. The maximum output power was measured to be
35.6 mW when the pump power was set to the maximum available
value of 700 mW, corresponding to a pulse energy of 0.84 nJ. The re-
lationship between the pump power and the output power is shown in
Fig. 5(a). Fig. 5(a) also shows that the output power exhibited an ex-
cellent linear relationship with the pump power, having a slope effi-
ciency of 5.1% up to the maximum pump value of 700 mW. A linear
regression analysis of the data of output power versus pump power
yielded a linear coefficient (R2) value of 0.997. The characteristics of
the soliton pulse at the pump power of 700 mW are also summarized in
Fig. 5. Fig. 5(b) shows the typical soliton spectrum of the pulse centred
at 1064.5 nm. The observed 3-dB spectral bandwidth is 7.8 nm. The
spectrum with step edges exhibit characteristics which are typical of
dissipative soliton operation in the all-normal dispersion region [70].
Fig. 5(c) shows the corresponding oscilloscope trace with a pulse train
of period 23.6 ns. The autocorrelation trace of the mode-locked pulses
has an 18-ps full width at half maximum (FWHM) and this is shown in
Fig. 5(d). The real pulse duration is 11.7 ps when a Gaussian fitting is
assumed. The time-bandwidth product (TBP) was calculated to be
24.16, which indicated that the pulse operation was strongly chirped.
The pulse duration is much larger than that of common dissipative
soliton lasers for such a short cavity length. This was due to the rela-
tively narrow spectrum of 7.8 nm and due to the existence of the filter
effect, corresponding to a Gaussian Fourier-transform-limited pulse
width of 213.6 fs. Furthermore, the all-normal dispersion cavity had a
large net positive dispersion, which also contributed to the large pulse
width. With suitable extra-cavity compression by dispersion-compen-
sation elements, the pulse width could be compressed to less than 1 ps

Fig. 3. (a) The nonlinear absorption of microfibre-based NiS2 at 1.06 μm. (b) The nonlinear absorption of microfibre-based NiS2 at 1.55 μm.

Fig. 4. Schematic diagram of the passively mode-locked fibre laser operated at
1.06 and 1.55 μm.
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[70]. The inset of Fig. 5(d) shows the autocorrelation trace with a 300-
ps span, which confirms that the pulse operation at 1064.5 nm is a
single soliton, and not multi-pulse operation even at the maximum
pump power of 700 mW.

The stability of the pulse operation and the long-term laser output
power stability performance are two important factors in fibre laser
systems. The radio frequency (RF) spectrum and long-term stability
(peak power fluctuation of the output spectrum during a 10 h ob-
servation period) were measured and are shown in Fig. 5(e) and (f),
respectively. Fig. 5(e) presents the RF spectrum with a 10 Hz spectral
resolution. The fundamental repetition rate of 42.3 MHz is consistent
with the cavity roundtrip time of 23.6 ns. The signal-to-noise ratio
(SNR) of the fundamental frequency obtained from Fig. 5(e) was 66 dB.
The inset of Fig. 5(e) shows a substantially flat RF spectrum for a
1000 MHz span, which confirms the stability of the mode-locking op-
eration. As shown in Fig. 5(f), the fluctuation of the highest peak power
(71.7 W) of the NiS2-based YDFL is extremely small and exhibits a high
degree of invariance with time, corresponding to a normalized RMS

value of 0.46%, which confirms the fibre laser has excellent long-term
stability.

Normally, the YDFL has a strongly chirped pulse laser output due to
the presence of a large normal dispersion, which results in a narrow
3 dB spectral width and hence a large pulse width [71,72]. However, by
optimizing the SA device and the laser cavity design, the 3 dB spectral
width could be increased and the pulse width therefore decreased. In-
creasing the small signal absorption, and reducing the saturation power
of the SA enhances the output pulse parameters. More specifically, it
increases the pulse energy and spectral bandwidth and decreases the
temporal pulse width [73]. In the experiment of this investigation, The
NiS2-SA has a relatively large modulation depth and low saturable in-
tensity. Due to the high optical nonlinearity of NiS2-SA, it can be con-
sidered equivalent to a bandpass filter, which offers benefits of im-
proved pulse shape and widened spectra. The laser cavity also has a
small normal dispersion value of 0.114 ps2 which has been achieved by
optimizing the laser cavity length (laser cavity length is only 4.98 m),
which also effectively decreases pulse chirp.

Fig. 5. Characteristics of the picosecond pulse in YDFL. (a) Relationship between the pump power and laser output power. (b) The Measured 0ptical spectrum with a
bandwidth of 7.8 nm. (c) Typical oscilloscope pulse waveform. (d) Autocorrelation trace for an output pulse with a pulse duration of 11.7 ps. The inset is the
autocorrelation trace of a 300-ps span. (e) RF spectrum at a fundamental frequency of 42.3 MHz with a 10 Hz resolution. The inset is the RF spectrum of a 1000 MHz
span. (f) The fluctuation of peak power during a 10 h period.
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3.2. Femtosecond pulse generation in an EDFL

In the case of the EDFL, a 3.5 m length of Er-doped fibre (EDF,
nLight, Er80-8/125) with a dispersion parameter value of −16 ps/
(nm⋅km) at 1550 nm was used as the gain medium. The total cavity
length of the EDFL was about 9.8 m with a net dispersion of
−0.049 ps2. CW laser output was achieved with a pump power of 24
mW. Mode-locked operation was observed when the pump power was
increased above 37 mW. The maximum output power was measured to
be 39.2 mW when the pump power was set to the maximum available
value of 700 mW, corresponding to a pulse energy of 1.86 nJ. The re-
lationship between the pump power and the output power is shown in
Fig. 6(a). Fig. 6(a) which also shows that the output power exhibited an
excellent linear relationship with the pump power having a slope value
of 5.6% up to the maximum pump value of 700 mW. A linear regression
analysis of the data of output power versus pump power yielded a linear
coefficient (R2) value of 0.995. The characteristics of the soliton pulse
at the pump power of 700 mW are also summarized in Fig. 6. Fig. 6(b)

shows the typical soliton spectrum of the pulses, which are centred at
1560.2 nm with a 3-dB spectral bandwidth of 5.1 nm. The spectrum has
a typical soliton-like shape with the characteristic Kelly sideband.
Fig. 6(c) shows the time resolved (oscilloscope) waveform of the output
pulse train, indicating the low peak-to-peak fluctuations and the high
stability of the mode-locked pulse operation. The autocorrelation trace
of the mode-locked pulses has an 810-fs full width at half maximum
(FWHM) and this is shown in Fig. 6(d). The pulse duration was de-
termined as 524 fs with a sech2 fitting assumed. The time-bandwidth
product (TBP) was calculated to be 0.329, which is very close to the
transform-limited value (0.315). The inset of Fig. 6(d) shows the au-
tocorrelation trace with a 24-ps span, which confirms that the femto-
second pulse is a single soliton, and not multi-pulse operation, even at
the maximum pump power of 700 mW.

The pulse stability and long-term output power stability of the laser
were measured using the radio frequency (RF) spectrum and a temporal
long-term stability (peak power fluctuation of the output spectrum
during a 10 h observation period) and are shown in Fig. 6(e) and (f),

Fig. 6. Characteristics of the femtosecond pulse in the EDFL. (a) The relationship between the pump power and laser output power. (b) The measured optical
spectrum with a bandwidth of 5.1 nm. (c) A typical oscilloscope pulse waveform. (d) The autocorrelation trace for an output pulse with a pulse duration of 524 fs. The
inset is the autocorrelation trace of a 24 ps span. (e) RF spectrum at fundamental frequency of 21.1 MHz with a 10 Hz resolution. The inset is the RF spectrum of a
500 MHz span. (f) The fluctuation of peak power during a 10 h period.
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respectively. Fig. 6(e) presents the RF spectrum with a 10 Hz spectral
resolution. The fundamental repetition rate was observed as 21.1 MHz,
which is consistent with the cavity roundtrip time of 47.3 ns. The
signal-to-noise ratio (SNR) of the fundamental frequency obtained from
Fig. 6(e) is 67 dB. The inset of Fig. 6(e) shows the RF spectrum of
500 MHz span with a resolution of 500 Hz. As shown in Fig. 6(f), the
fluctuation of the highest peak power (3.55 kW) of the NiS2-based EDFL
is extremely small and exhibits a high degree of invariance with time,
showing a normalized RMS of 0.33%, which confirms the fibre laser has
excellent long-term stability.

3.3. Analysis

Generally, the threshold for mode-locking operation is primarily
determined by the cavity loss. Typical setups involve the use of a po-
larization controller (PC), but this increases the cavity loss as a result of
fibre bending within the PC. For the laser cavity used in this in-
vestigation, no PC was used, which avoids the large losses that would
otherwise result. Losses can also be attributed to the other optical
components in the laser ring including the WDM, OC and PI-ISO, in
particular where the operating wavelength lies outside the low loss
transmission window of such components. The wavelength deviations
between the customized wavelength of the optical devices (such as the
WDM and PI-ISO) and the centre wavelength of the laser can also cause
significant losses. However, in this investigation the mode-locked pulse
operating wavelength lies sufficiently close to the low loss transmission
window of the optical devices being circa 1060 nm (YDFL case) and
1550 nm (EDFL case), again resulting in low losses within the laser
cavity. The low cavity loss means that mode-locking operation in the
YDFL and EDFL described in this article has a low threshold for the
onset of mode-locked operation. The absence of the PC in the cavity
also ensured that no nonlinear polarization evolution (NPE) effect oc-
curred, which can potentially limit the output pulse energy [74].

According to standard soliton theorem, the pulse energy should be
no more than 0.1 nJ and the pulse energy of dispersion-manage soliton
is generally less than 1 nJ. However, previous reports have confirmed
that more than 1 nJ pulse energy could be obtained in soliton-like pulse
with typical values being 5.05 nJ [48], 2.13 nJ [14]. These results
confirm that the high pulse energy reported in this article is not a un-
ique phenomenon. In order to explain this phenomenon, some discus-
sion is provided as follow: the transmission of pulses in fiber lasers is
described by the generalized non-linear Schrodinger (NLS) equation
[75]:
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Eq. (4) is the generalized NLS equation of complex the coefficient,
also known as the Ginzburg-Landau equation, which provides the the-
oretical model for the fiber laser. Soliton pulses also obey the Ginzburg-
Landau equation. When the optical solitons travel thorough a fiber in a
stable transmission state, the optical intensity can be described as [75]:
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Solitons can normally be characterized using a hyperbolic secant
shaped pulse, a = sech(s). Due to the high average output power and
high peak power in the fiber laser of this investigation, the pulse has an
uncertain amplitude and shape, and this would normally result in the
soliton pulse splitting. However, due to the nonlinearity and the pulse
shaping ability of the 2D materials, pulse splitting and collapse are
suppressed. This phenomenon is explained by the fact that an input
pulse with an incorrect amplitude and shape can evolve to change ex-
actly to the required form after passing through a short length of fiber,
and thus the pulse eventually into a strict soliton [75]. Actually, the
formation of high energy pulses is complicated by the presence of

saturable absorbers. However, several benefits accrue from the highly
nonlinear properties of NiS2 and this, coupled with good fiber laser
cavity design of the significant influence in the successful formation of
high energy pules: (1) In this article, passive mode-locked operation
was only possible because of the presence of the microfibre-based NiS2
SA device. The microfibre device promotes access to the evanescent
wave field and thus avoids direct transmittance of light through the SA
material. This increases the high power tolerance of the device and
effectively prevents dispersion caused by the SA material [43]. (2) The
prepared SA when completely coated with NiS2 nano-sheets has a
modulation depth as high as 23% at a wavelength of 1060 nm and
30.8% at a wavelength of 1550 nm, and both values are well suited for
generation of high energy pulses. The 0.84 nJ (YDFL case in Fig. 5 (a))
and 1.86 nJ (EDFL case in Fig. 6 (a)) for maximum output pulse energy
are consistent with the presence of excellent non-linearity and an ab-
sence of NPE. (3) In the case of EDFL, it is worth noting that the
spectrum of an output pulse was measured in the range 800 to 1700 nm
and no signal was observed at 976 nm, indicating that there was no
residual pump power, which is a direct consequence the efficient design
of the resonator structure. (4) The NiS2-SA device could still work at the
high pump power of 700 mW, which indicates a high damage threshold.
The high damage threshold of the NiS2-SA device allows the laser to
absorb high levels of pump power, which is one of the main reasons for
the higher average output power capability of the devices produced in
this investigation. The authors of this article believe that even higher
output power values could be obtained by further improving the laser
structure design (e.g. by reducing the cavity length) and optimizing the
NiS2-SA properties (e.g. reducing the thickness of NiS2 by decreasing
the deposition time).

Although WS2 and MoS2 have been reported to possess nonlinear
absorption, NiS2 exhibits some unique characteristics. As the few layer
NiS2 has a relatively small bandgap, it is believed that NiS2 could be
used for longer wavelength operation including mid-infrared. In con-
trast, WS2 and MoS2 have relatively large bandgap values (normally
above 1 eV) when formed as a monolayer to a bulk substrate [63]. As a
result, the operation wavelength and absorption intensity are clearly
influenced by the bandgap: small bandgap normally means the longer
wavelength absorption. The nonlinear saturable absorption of NiS2
exhibits similar merits as discussed above. For example, the saturable
intensity of few layer MoS2 is in the range ofseveral tens of MW/cm2,
while it increases at least ten times for multilayer MoS2. However, the
bandgap of multilayer MoS2 (smaller than the corresponding monolayer
value) is better suited for longer wavelength operation including mid-
infrared [63]. In the case of few layer NiS2, the characteristics of sa-
turable absorption are better suited for wide wavelength operation
covering the range from visible to mid-infrared due to its low nonlinear
absorption intensity of several MW/cm2. In addition, the high mod-
ulation depth with a high damage threshold for ultrafast pulses have
rarely been observed in the microfiber-based schemes. It is significant
for the development of saturable absorber based on microfiber to show
that NiS2-SA achieves an extremely attractive modulation depth whilst
exhibiting high tolerance for high pulse energy for use in ultrafast
pulsed fiber lasers.

In order to better understand the high modulation depth effect of
NiS2-SA for the mode-locked fiber laser performance, the modulation
depth of NiS2-SA has been discussed in detail as follows. Modulation
depth refers to the change in reflectance when the pulsed light flux is
much greater than the saturation absorption flux. It characterizes the
ability of the material bleached in the presence of strong pulse energy.
Generally, the greater the modulation depth, the material is better
suited for commencing automatic mode locking, and thus easily
achieving mode locking. This has benefits for obtaining a narrow output
pulse width. However, too high a modulation depth also leads to high
absorption and a high non-saturation loss, which decrease the damage
threshold of the SA device. On the contrary, a lower modulation depth
is better for small non-saturation loss and low damage threshold.
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However, too low a modulation depth is not conducive to the realiza-
tion of mode locking. In this experiment, the modulation depths of
NiS2-SA are 23% at1060 nm and 30.8% at 1550 nm, which are ideal for
the existence of a low mode-locking threshold (37 mW for the EDFL)
and narrow pulse width (524 fs for the EDFL). Additionally, the damage
threshold values of YDFL and EDFL are both higher than 700 mW,
which indicate that the ultra-fast pulses were realized due to the high
modulation depth of NiS2-SA and the damage threshold were not
reached in each case.

The microfiber-based SA normally has a small modulation depth
[76,77]. The modulation depths of the NiS2-SA are 23% at 1064 nm and
30.8% at 1560 nm, which are consistent with results obtained in pre-
vious investigations [14]. Wang et al. prepared a WTe2-microfiber SA
using a magnetron-sputtering deposit method, which allowed accurate
control of the thickness of the deposited materials [14]. The fabricated
WTe2-microfiber SA had a modulation depth of 31%. The NiS2-SA re-
ported in this article was prepared using a purely optical deposition
method which also allowed excellent control of the layer thickness.
High modulation depth values have also been reported in previous ar-
ticles: 19% for graphene-microfiber [78], 16% for BP-microfiber SA
[79], 14% for In2Se3-microfiber SA [80], 11% for graphdiyne-micro-
fiber SA [81]. In order to obtain a higher modulation depth and lower
saturable intensity for better performance of the ultrafast fiber laser,
repeated experiments were conducted and the results indicate that the
modulation depth and saturable intensity of NiS2-SA can be optimized
by adjusting the pump power and the deposition time. The low pump
power of the source light combined with the long deposition time of the
process is beneficial for creating a high modulation depth and low sa-
turable intensity. Thus, a pump power of 50 mW and deposition time of
3 h were used during the fabrication of the NiS2-SA reported in this
article. High modulation depth (23% and 30.8% at wavelengths1064
nm and 1562 nm) and low saturable intensity (3.6 MW/cm2 and
6.8 MW/cm2) respectively were achieved.

It should be noted that different types of soliton have been obtained
in different fibre lasers: a dissipative soliton in YDFL with positive net
dispersion and a conventional soliton in EDFL with anomalous net
dispersion. Under different dispersion maps, fibre lasers emit pulses
with distinct characteristics, such as spectral profile, bandwidth, pulse
width and repetition rate, which imply that the intracavity pulse evo-
lution is different even though the same NiS2 SA was used. In the case of
the YDFL, the spectral profile exhibited the typical dissipative soliton
characteristics of step edges [70]. The fundamental repetition rate of
42.3 MHz is consistent with the cavity roundtrip time of 23.6 ns, which
confirmed the pulse operation is mode-locked. In the case of the EDFL,
the conventional soliton spectrum has a typical soliton-like shape with
the characteristic Kelly sideband [15]. The fundamental repetition rate
is 21.1 MHz which is consistent with a cavity roundtrip time of 47.3 ns,
which also confirmed the pulse operation is mode-locked. These results
therefore confirm the capability of the NiS2-based mode locker of in-
itiating pulse operation.

In order to compare the performance of the fiber lasers based on 2D
materials investigated in recent years, important parameters of these
reported 2D materials-based fiber lasers (including In2Se3, PtSe2, SnSe
and SnS2) and this NiS2-based fiber laser are included in Table 1. It can
be seen that NiS2 is a promising alternative for low threshold, narrow
pulse width and high damage power femtosecond mode-locked fiber

lasers. The NiS2-SA material benefits from a large modulation depth,
small nonsaturable absorption and low saturation intensity.

In the case of both YDFL and EDFL, there still exists some un-
certainty that pulse operation may be derived from the microfibre ra-
ther than NiS2. In order to eliminate this possibility, the NiS2 SA was
replaced by the same sized microfibre, but not coated with the NiS2
nano-sheet or any other material i.e. simply a bare fibre. When this was
inserted in the laser cavity of the YDFL and EDFL, even if the pump
power was adjusted gradually and carefully over a large range (to a
maximum value of 700 mW), pulses were not observed. The results
fully confirm that the soliton pulsed operation in the fibre lasers of this
investigation is due only to the presence of the saturable absorption of
the NiS2-SA.

4. Conclusion

In conclusion, a mode-locked fibre laser (YDFL and EDFL) was
successfully demonstrated by employing the microfibre-based NiS2 SA
in the laser cavity. In the YDFL case, dissipative soliton pulsed output
was successfully achieved at a centre wavelength of 1064.5 nm with a
3-dB spectral bandwidth of 7.8 nm. The observed duration of the soliton
pulse was 11.7 ps with signal-to-noise ratio, maximum average output
power and pulse energy values of 66 dB, 35.6 mW and 0.84 nJ re-
spectively. In the EDFL case, conventional soliton pulsed output was
successfully achieved at a 1560.2 nm centre wavelength with a 3-dB
spectral bandwidth of 5.1 nm. The observed duration of the soliton
pulse was 524 fs with signal-to-noise ratio, maximum average output
power and pulse energy values of 67 dB, 39.2 mW and 1.86 nJ, re-
spectively. The results suggest that the microfibre-based NiS2 SA pos-
sesses a useful broadband nonlinearity and saturable absorption. It
could also be used as an excellent photonic device for ultrafast pulse
generation in fibre laser applications.
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