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In this study, a high-energy noise-like mode-locked Yb-doped fiber laser in a linear cavity was achieved with SnS2-
polyvinyl alcohol film as the saturable absorber. In addition, the nonlinear saturable absorption characteristics
of the SnS2 were investigated experimentally. The saturation intensity and modulation depth were about
6.01 MW∕cm2 and 8.68%, respectively. Under pump power of 422 mW, stable noise-like mode-locked operation
with a maximum output power and largest single pulse energy of 9.50 mW and 18.1 nJ, respectively, was ob-
tained. To the best of our knowledge, this study is the first to observe and experimentally investigate noise-like
operation in a linear laser cavity. Our study may provide some valuable design guidelines for noise-like operation
and create new directions for advanced photonic devices based on SnS2. © 2019 Optical Society of America
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1. INTRODUCTION
Mode-locked fiber lasers have aroused considerable attention for
wide applications in the fields of practical industries, scientific
research, etc. In addition, numerous nonlinear phenomena have
been produced by mode-locked fiber lasers, e.g., conventional
soliton mode-locked [1], all-normal dispersion [2], multiple-
wavelength mode-locked [3], dissipative solitons [4], and noise-
like mode-locked operation [5]. Noise-like mode-locked operation
has the advantages of high energy, wide optical bandwidth, and
short coherence. Liu et al. experimentally verified the formation
of a noise-like square-wave pulse in a passively mode-locked
erbium-doped fiber laser with large anomalous dispersion [6].
Moreover, a passively mode-locked soliton fiber ring laser with
a dispersion managed cavity was reported [7]. However, these were
all achieved in ring cavities. We first achieved a high-energy noise-
like mode-locked Yb-doped fiber laser in a linear cavity using the
tin disulfide (SnS2)-polyvinyl alcohol (PVA) film as the saturable
absorber (SA).

It is widely known that a nonlinear SA is an indispensable
device of a mode-locked laser [8]. The most commonly used
mode-locked fiber lasers are based on commercial semiconductor
saturable absorber mirrors (SESAMs) [9,10]. However, SESAMs
have a large cost and exhibit a narrow operation bandwidth (typ-
ically a few tens of nanometers [11]). Recently, two-dimensional

(2D) materials have widely served as SAs for demonstrating pas-
sively Q-switched or mode-locked fiber lasers. For instance, car-
bon nanotubes (CNTs) are easy to prepare and cost less [12],
whereas their absorption efficiency and bandwidth are related
to diameter, which limits their application. Accordingly, it is ur-
gent to find a SA that has a wide absorption range and ultra-fast
recovery time. The appearance of graphene has overcome the
weakness of CNTs. A graphene-based erbium-doped mode-
locked fiber laser was initially reported in 2010 [13], with the
advantages of wide absorption range, easy preparation, low cost,
fast recovery time, high damage threshold, and low saturation
threshold. However, the zero-bandgap structure limits its appli-
cations for optoelectronic devices. A topological insulator (TI)
has been confirmed to exhibit unique photonics properties ow-
ing to its broadband spectral response ranging from terahertz to
infrared, which was due to its intrinsic gapless surface band [14].
In particular, transition metal dichalcogenides (TMDs), specifi-
cally molybdenum disulfide (MoS2), molybdenum diselenide
(MoS2), tungsten disulfide (WS2), tungsten diselenide (WSe2),
and tin selenide (SnSe2) [15–24], have shown their significant
feasibility in the sphere of nonlinear optics and photo-electronics
because of their properties of high three-order optical nonlinear
susceptibility, ultra-fast carrier dynamics, and semi-conductive
capabilities with a tunable bandgap [25]. Moreover, ReS2 served
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as a SA, and self-started mode-locking operation in an Er-doped
fiber laser was reported by Cui et al. in 2017 [26]. Furthermore,
film-type ReS2-PVA-based harmonic mode-locking operation in
an erbium-doped fiber laser was also reported [27].

Compared to the mentioned TMDs, SnS2 has aroused more
attention because it is low cost, is easily prepared, has a suitable
bandgap, is environmentally friendly, and is earth abundant. In
addition, SnS2 is an n-type direct bandgap semiconductor with
a value of 2.24 eV; it has a CdI2 crystal structure with a sand-
wich structure, composed of two layers of close-packed sulfur
anions and one layer of tin cations [28–31]. SnS2 nanosheets
have shown excellent performance as SAs for passively
Q-switched and mode-locked Er-doped fiber lasers with ring
cavities [25,32]. However, for conventional soliton mode-
locked fiber lasers in a ring cavity, the output power and single
pulse power of a mode-locked fiber laser usually have low values.
Zhang et al. generated large energy pulse with single pulse energy of
7.3 nJ [33] in an erbium-doped fiber laser passively mode locked
with atomic layer graphene. Li et al. achieved high-energy mode-
locking operation in an all-normal-dispersion Yb-doped mode-
locked fiber laser based on aBi2Te3 topological insulator, obtaining
a maximum single pulse energy of 2 nJ [34]. Thus far, SnS2 nano-
sheets as SAs have not achieved high-energy mode-locking oper-
ation in linear or ring cavities. Thus, we conducted a new
attempt in a linear cavity and found some different phenomena.

In this paper, SnS2 nanosheets were prepared and first used
as SA in a linear cavity to demonstrate a noise-like mode-locked
Yb-doped fiber laser with high-energy mode-locking operation.
The maximum output power and highest single pulse energy
were 9.50 mW and 18.1 nJ, respectively. When the pump
power increased from 60 to 422 mW, the pulse width increased
from 0.18 to 0.36 μs with a pulse repetition rate of 526 kHz. In
addition, we have demonstrated a noise-like mode-locked Yb-
doped fiber laser in a linear cavity operated at a central wave-
length of 1065.24 nm with a 3 dB bandwidth of 0.022 nm.
Our experimental results show that SnS2 has significant poten-
tial in obtaining a high-energy noise-like mode-locking opera-
tion in a linear cavity.

2. PREPARATION AND CHARACTERIZATION OF
MATERIALS

In this experiment, the preparation process of the SA is de-
scribed as follows. First, an SnS2 dispersion solution was pro-
duced by adding 1 g SnS2 nanosheets into 100 ml alcohol
(30%). Subsequently, the mixture was placed in the ultrasonic
cleaner for 12 h. Second, the SnS2 dispersion and 5 wt.% PVA
solution were mixed at a volume ratio of 2:3. The resulting
dispersion was placed in an ultrasonic cleaner for 4 h to produce
the SnS2-PVA dispersion solution. Third, 150 μl SnS2-PVA
dispersion solution was spin-coated on a glass substrate and
then incubated in an oven for 48 h at 30°C. Next, a thin
SnS2-PVA film was prepared. Finally, a 1 mm × 1 mm thin
film was cut off and put on the end face of the photonic crystal
(PC) fiber head as SAs.

To analyze the structure of the SnS2 nanosheets, the follow-
ing characterization was achieved. In Fig. 1(a), a scanning elec-
tron microscope (SEM) image under a resolution of 1 μm
shows that SnS2 nanosheets exhibit a layered structure.

Energy dispersion x-ray (EDX) was used to analyze the element
component of the SnS2 nanosheets. Figure 1(b) suggests that
the corresponding peaks are clearly associated with sulfur and
tin. To observe the sample more clearly, the SnS2 nanosheets
received the “gold plating” process. Accordingly, the peaks of
Au are shown in Fig. 1(b) as well. As shown in the inset of
Fig. 1(b), the atomic ratio of sulfur and tin is about 2:1.

To characterize the layered structure properties of the SnS2,
a JEM-2100 microscope with an optical resolution of 100 nm
was employed to take a transmission electron microscope
(TEM) image of the SnS2 nanosheet dispersion solution.
Figure 2(a) suggests the SnS2 is obviously layered. The TEM
image of the SnS2 implies that the SnS2 prepared here is layered
with a high crystallinity. The SnS2 dispersion solution is shown
in the inset of Fig. 2(a). Next the high-quality structure was
evidenced by the HRTEM image in Fig. 2(b), where regular
diffraction fringes with a resolution of 5 nm can be clearly
observed.

Subsequently, the crystal structure of the SnS2 nanosheets
was further analyzed using x-ray diffraction (XRD) technology.
Figure 3(a) shows the obviously high diffraction peaks at the
(001) plane in the XRD pattern, suggesting that the SnS2 nano-
sheets prepared here are well-layered. Figure 3(b) gives the
Raman spectrum of the layered SnS2. Two Raman shift peaks
corresponding to the A1g and Eg symmetry intralayer modes at
313.04 and 203.79 cm−1, respectively, can be observed.

An atomic force microscope (Bruker Multimode 8) was used
to measure the thickness of the SnS2 nanosheets. As shown in
Fig. 4(a), three areas were used to analyze the altitude intercept
between the substrate and the surfaces of the SnS2 nanosheets.
According to Fig. 4(b), the heights of these three areas are 9,
8.5, and 11 nm, respectively. Based on a predicted monolayer
thickness of ≈0.6 nm [35], the layer number of the SnS2 nano-
sheets is about 14–18 in our experiment.

Fig. 1. (a) SEM image of the SnS2 nanosheets. (b) EDX spectros-
copy of the SnS2 nanosheets. Inset: the atomic ratio of sulfur and tin.

Fig. 2. (a) TEM image of the SnS2 nanosheets. (b) The HTEM im-
age of the SnS2 nanosheets. Inset of (a): The SnS2 dispersion solution.
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Subsequently, a power-dependent transmission technique was
adopted to investigate the nonlinear absorption properties of
the SnS2-PVA film-type SA [36]. The experimental results are
shown in Fig. 5 and based on the following equation [15]:

T �I� � 1 − T ns − ΔT × exp�−I∕I sat�, (1)

where T denotes transmission, T ns is non-saturable absorbance,
ΔT is modulation depth, I is input intensity of laser, and I sat is
saturation intensity. The intensity and modulation depth have
been obtained by fitting the experimental results, and are
6.01 MW∕cm2 and 8.68%, respectively.

3. EXPERIMENTAL DETAILS

Figure 6 illustrates the experimental setup of the SnS2-PVA-
based noise-like mode-locked Yb-doped fiber laser. It exhibits
a linear cavity configuration made of pure normal dispersion

fibers. A 980 nm laser diode (LD) with a maximum output
power of 680 mW served as a pump source. The pump energy
was transmitted into the cavity via a 980/1064 wave division
multiplexer (WDM). A piece of 0.25 m long Yb-doped fiber
(LIEKKI Yb1200-4/125) with group velocity dispersion
(GVD) of 24.22 ps2∕km served as the laser gain medium. A
fiber Bragg grating (FBG) with a reflectivity of 99.9% was used
to prevent the light from scattering to outside the cavity. The
total cavity length was 195.32 m. The GVD of the piece of
195.07 m long SMF-28 was 17.7 ps2∕km. The net dispersion
of the laser cavity was estimated about ∼3.46 ps2. A polariza-
tion controller (PC) was used to adjust the polarization state in
the cavity. Another FBG with a reflectivity of 60% was used to
reflect light and the output laser. The output performance of
the fiber laser was recorded by a fast photodetector (3G), a dig-
ital oscilloscope (DPO4054), a powermeter (PM100DS122C),
an optical spectrum analyzer (AQ6317), and a spectrum ana-
lyzer (R&S FPC1000).

4. EXPERIMENTAL RESULTS

In this experiment, the stable pulse trains were first recorded
when the pump power attained 57 mW. In addition, the emis-
sion spectrum was recorded by an optical spectrum analyzer
(AQ-6317) with a resolution of 0.01 nm, as shown in Fig. 7(a).
The central wavelength and the 3 dB spectrum bandwidth were
1065.24 and 0.022 nm, respectively. Because reflection band-
width of the FBG was only 0.3 nm, the corresponding 3 dB
spectrum bandwidth was 0.022 nm. Figure 7(b) clearly shows
the linear relationship between the pump power and the output
power. The maximum output power was 9.50 mW at pump
power of 422 mW, corresponding to an optical conversion effi-
ciency of 2.25%. The calculated highest single pulse energy was
18.1 nJ. Compared with other research, high-energy noise-like
mode-locking operation was first achieved using the SnS2 nano-
sheets as SAs in a linear cavity. In addition, the operating photon
energy of our work is 1.2 eV, which is lower than the bandgap
of SnS2 (2.24 eV), suggesting that sub-bandgap absorption is
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Fig. 3. (a) XRD of the SnS2 nanosheets. (b) Raman spectrum of the
SnS2 nanosheets.

Fig. 4. (a) AFM image of the SnS2 nanosheets. (b) The height mea-
surement of the selected area in (a).
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responsible for the noise-like mode-locked operation. In fact,
sub-bandgap absorption phenomena have been widely reported
[36–38]. It is known that there is no sub-bandgap absorption in
a perfect crystal. However, in a finite system, sub-bandgap ab-
sorption at low photon energies can also be achieved, attributed
to energy levels within the bandgap arising from the edge state.
Thus, sub-bandgap absorption observed here was also attributed
to the edge-state absorption of the SnS2.

Figure 8 shows the typical noise-like mode-locked pulse
trains and their corresponding single pulse profiles under differ-
ent pump powers of 60, 190, and 422 mW. Figures 8(a)–8(c)
show the typical noise-like mode-locked pulse train, and the
pulse repetition rate was 526 kHz. Figures 8(d)–8(f ) show
the single pulse profile; the pulse width increased from 0.18 to
0.36 μs when the pump power rose from 60 to 422 mW. In
this experiment, since the value of the reflection bandwidth in
the linear cavity was only 0.3 nm, we obtained a noise-like
mode-locked pulse train rather than a passively mode-locked
pulse train. In addition, the wide single pulse width was attrib-
uted to the large value of dispersion (∼3.46 ps2) and the long
length of the cavity (∼195.32 m).

To characterize the stability of the noise-like mode-locked
fiber laser, a spectrum analyzer (R&S FPC1000) was employed
to record the radio frequency (RF) spectrum. Figure 9(a) shows
the RF spectrum located at a fundamental repetition rate of
526 kHz with a resolution of 300 Hz. The signal-to-noise ratio
was nearly 44 dB. Figure 9(b) shows the RF spectrum within a

wide bandwidth of 8 MHz. All the results verify that noise-like
mode-locked pulses with a high stability were obtained.

As shown in Fig. 10, when the pump power rose from 60 to
422 mW, the single pulse energy increased from 0.104 to
18.1 nJ. The peak power was up-regulated 0.58–50.28 mW.

However, some aspects in our experiment need further im-
provement, e.g., the method of preparation of the SA can be
replaced using a chemical vapor deposition (CVD) method; the
length of cavity may become shorter than before; the reflection
bandwidth of the FBG can be larger.

5. CONCLUSION

We have first achieved high-energy noise-like mode-locking op-
eration using SnS2 nanosheets as SAs in a linear cavity. The
maximum output power and the highest single pulse energy
under a pump power of 422 mW were 9.50 mW and
18.1 nJ, respectively. The saturation intensity and modulation
depth were about 6.01 MW∕cm2 and 8.68%, respectively.
When the pump power rose from 60 to 422 mW, the pulse
width increased from 0.18 to 0.36 μs with a pulse repetition
rate of 526 kHz. Our experimental results verify that SnS2-
PVA film exhibits excellent performance in obtaining high-
energy noise-like mode-locking operation.
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