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In this paper, tin disulfide (SnS,), a two-dimensional (2D) n-type direct bandgap layered metal dichalcogenide
with a gap value of 2.24 eV, was employed as a saturable absorber. Its appearance and nonlinear saturable ab-
sorption characteristics were also investigated experimentally. SnS,-PVA (polyvinyl alcohol) film was successfully
prepared and employed as a mode-locker for achieving a mode-locked Er-doped fiber laser with a pulse width of
623 fs at a pulse repetition rate of 29.33 MHz. The results prove that SnS, nanosheets will have wide potential
ultrafast photonic applications due to their suitable bandgap value and excellent nonlinear saturable absorption

characteristics.  © 2018 Chinese Laser Press
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1. INTRODUCTION

Recently, two-dimensional (2D) materials, including graphene
[1-5], carbon nanotubes [6-9], topological insulators [10-14],
transition metal dichalcogenides [15-20], and black phosphorus
[21-23], have been widely employed as saturable absorbers (SAs)
for demonstrating passively Q-switched or mode-locked fiber
lasers. Especially, various TMDs (MoS, [15,16], WS, [17,18],
MoSe, [19,20], WSe, [19,20]) have been extensively used as a
mode-locker for achieving mode-locked Yb, Er, and Tm-doped
fiber lasers due to their advantages of unusual electronic and struc-
tural properties, wide absorption range, and ultrafast recovery time.
Recently, [IV-VI group TMDs, including SnSe, and ReS,, have
held certain attention in the fields of ultrafast optics due to their
suitable layer-independent bandgap value and anisotropic crystal
structure. Thereinto, by employing the SnSe,-coated mirror as a
saturable absorber, passively Q-switched lasing within a crystalline
waveguide platform at ~1 pm was reported by Cheng et al. [24].
In 2017, Mao et al. reported an ReS,-polyvinyl alcohol (PVA) film
based passively Q-switched and mode-locked erbium-doped fiber
laser [25]. Obviously, studies on the application of IV-VI group
TMD:s in achieving ultrafast pulse lasers are still in their infancy.
Therefore, it is of great significance and urgency to expand the
ultrafast nonlinear optical applications of IV-VI group TMDs.
Tin disulfide (SnS;) was an n-type direct bandgap semicon-
ductor with a value of 2.24 €V; it has a CdI, crystal structure,
and the sandwich structure consists of two layers of close-
packed sulfur anions and one-layer tin cations [26-29].
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Previously, its low-cost, environmentally friendly, Earth-
abundant characteristics made it better to fulfill industrial
and scientific requirements in the fields of solar cells, photoca-
talysts, lithium-ion batteries, and so on. However, to our
knowledge, the nonlinear optical absorption properties of SnS,
have been rarely reported. Due to its suitable bandgap value
of 2.24 eV, which corresponds to the visible optical region,
SnS; is expected to have the same saturable absorption charac-
teristics as the reported TMDs (MoS,, WS,, MoSe,;, WSe;,).

In this paper, SnS,-PVA film was successfully prepared and
employed as a mode-locker in obtaining an Er-doped mode-
locked laser. Its appearance and nonlinear saturable absorption
characteristics were investigated; the saturation intensity and
modulation depth were about 125 MW /cm? and 4.6%, re-
spectively. Based on the SnS,-PVA film as SA, a mode-locked
Er-doped fiber laser operating at the central wavelength of
1562.01 nm with a 3 dB bandwidth of 6.09 nm was demon-
strated; the pulse width was 623 fs with a pulse repetition rate
of 29.33 MHz. The experimental results prove that, in com-
parison with the reported TMDs, SnS, has analogous saturable
absorption characteristics and equal excellent performance in
the field of ultrafast optics.

2. PREPARATION AND CHARACTERIZATION
OF MATERIALS

Figure 1 shows the preparation process of the film-type
SnS,-PVA SA. First, an SnS, dispersion solution was prepared


mailto:huanian_zhang@163.com
mailto:huanian_zhang@163.com
https://doi.org/10.1364/PRJ.6.000072

Research Article

e BE =

30% SnS, PVA
alcohol  dispersion

SnS,-PVA SnS,-PVA
dispersion film

Fig. 1. DPreparation process of the SnS,-PVA film-type SAs.

by adding 1 g SnS, nanosheets into 100 mL alcohol (30%).
After that, the mixture was placed in the ultrasonic cleaner
for 12 h and then centrifuged at a rate of 2000 rpm for 30 min
to remove the deposit. Then, the SnS, dispersion and 4 wt. %
PVA solution were mixed at the volume ratio of 1:2; the mix-
ture was placed in the ultrasonic cleaner for 4 h to obtain the
SnS,-PVA dispersion solution. Afterward, 200 pL SnS,-PVA
dispersion solution was spin-coated on a sapphire substrate.
The coated substrate was placed into an oven for 48 h at
30 °C. Then, a thin SnS,-PVA film was obtained. Finally, a
I mm x 1 mm thin film was stripped off and put on the end
face of the photonic crystal (PC) fiber head for making SAs.

The surface topography of the SnS, nanosheet was analyzed
by a scanning electron microscope (SEM). Figure 2(a) shows
the SEM image under a resolution of 60 pm; as is shown, the
SnS, nanosheet has an obvious layered structure. Figure 2(b)
shows the energy dispersion X-ray (EDX) spectroscopy of the
SnS, nanosheet. The peaks associated with sulfur and tin are
clearly observed. Additionally, the surface distribution of ele-
ments is shown in the Fig. 2(b) inset.

For testing the layered structure properties of the SnS,
dispersion, the transmission electron microscope (TEM) image
of the SnS, nanosheets dispersion solution has also been re-
corded by a JEM-2100 microscope with an optical resolution
of 500 nm; as is shown in Fig. 3(a), the SnS, nanosheets ex-
hibits an obvious layered structure. Additionally, Fig. 3(b)
shows the selected-area electron diffraction of the SnS,. The
results, shown in Fig. 3, indicate that the SnS, nanosheets
prepared in our work have a layered structure with high
crystallinity.

The crystal structure of the SnS, nanosheet was character-
ized by X-ray diffraction (XRD). As shown in Fig. 4(a), the
XRD pattern exhibits high diffraction peaks, especially for
the (001) plane and does not show any diffraction peaks except
for SnS,, which indicates that SnS, nanosheets with a well-
layered structure and high crystallinity were successfully pre-
pared. The Raman spectrum of the layered SnS, is shown

el

Fig.2. (a) SEM image of the SnS, nanosheet. (b) EDX spectroscopy

of the SnS, nanosheet. Inset of (b): surface distribution of elements.
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Fig. 3. (a) TEM image of the SnS, nanosheets. (b) Selected-area

electron diffraction.
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Fig. 4. (a) X-ray diffraction of the SnS, nanosheets. (b) Raman

spectrum of the SnS, nanosheets.

in Fig. 4(b); apparently, two Raman shift peaks, correspond-
ing to the A and E symmetry intralayer mode, at 313 and
205 cm™!, were characterized, which is in agreement with
the previously reported results [29].

The nonlinear optical properties of the prepared SnS,-PVA
film were investigated by an open-aperture Z-scan technique.
The experimental setup of the Z-scan testing platform is shown
in Fig. 5(a). The SnS, sample is irradiated by a femtosecond
pulse (central wavelength: 800 nm; repetition rate: 1 Hz; pulse
duration: 8 fs). An optical attenuator was used for the power
controlling. A beam splitter was used to separate the incident
laser power at the ratio of 50:50. The SnS,-PVA film was
perpendicular to the beam axis and shifted along the z axis
via a linear electric platform. A lens with a focal length of
150 cm was used for generating a waist radius of 70 pm. A
double-channel power meter was used for detecting the output
power of different path.

Experimental and fitting results of the open-aperture Z-scan
measurements are shown in Fig. 5(b). It is obvious that the
open-aperture curves of normalized transmittance exhibit sym-
metric peak patterns around the focal point (z = 0), indicating
the nonlinear saturable absorption of the SnS,-PVA film.
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Fig. 5. (a) Experimental setup of the Z-scan testing platform.
(b) Open-aperture Z-scan curves of the SnS,-PVA film.
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Additionally, the open-aperture Z-scan curves in Fig. 5(b) were
fitted by using the following equation [30]:
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where z is the sample position relative to the focus position, z,
is the diffraction length of the beam, ayL is the modulation
depth, 7(2) is the normalized transmittance at z, [ is peak
on-axis intensity at focus, and 7, is the saturable intensity.
The modulation depth of the SnS,-PVA can be obtained
according to the linear optical transmittance, which is shown
in Fig. 6(a). The values of linear absorption coefficient a
and nonlinear absorption coefficient f were 54 cm™' and
9.9 x 1071% m/W, respectively.

The transmittance of the SnS,-PVA film and the substrate
versus optical wavelength was investigated with a UV/Vis/NIR
spectrophotometer (Hitachi U-4100) and are shown in
Fig. 6(a). It is obvious that the transmission increases with the
wavelength. Finally, the transmission of the SnS,-PVA film at
the wavelength of 1562 nm was about 86.4%. Additionally,
based on a power-dependent transmission technique and a
homemade nonlinear polarization rotation mode-locked Er-
doped fiber laser with 560 fs pulses at 1560.3 nm and a rep-
etition rate of 33.6 MHz, the nonlinear optical properties of the
SnS,-PVA film was investigated. As is shown in Fig. 6(b), the
transmittance increases by 4.6% when the SnS,-PVA film sa-
turated at /e, of 125 MW/ cm?, indicating that the saturation
intensity and modulation depth were about 125 MW /cm?
and 4.6%, respectively.

3. EXPERIMENTAL DETAILS

The experimental setup of the SnS,-PVA based Er-doped fiber
laser is shown in Fig. 7. A 980 nm laser diode (LD) with a maxi-
mum output power of 680 mW was used as the pump source.
The pump energy was delivered into the cavity via a 980/1550
wave division multiplexer (WDM). A piece of 65 cm long
Er-doped fiber (nlight, Er-110) with a dispersion parameter
of ~-46 ps/(km-nm) was employed as the laser gain
medium. A 10:90 optical coupler (OC) was used to output
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Fig. 6. (a) Linear transmission of the SnS,-PVA film versus wave-
length. (b) Nonlinear absorption property of the SnS,-PVA film.
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Fig. 7. Experimental setup of the mode-locked fiber laser.

the laser. A polarization-independent isolator (PI-ISO) and a
polarization controller (PC) were used for unidirectional opera-
tion and adjusting the polarization state in the cavity, respec-
tively. A 3 m long single-mode fiber (SMF) with dispersion
parameter of ~17 ps/(km-nm) was added into the cavity
for dispersion management. The total length of the cavity
was about 7.0 m; thus, the net dispersion of the Er-doped fiber
laser was calculated to be -0.1 ps?.

4. EXPERIMENTAL RESULTS

In the experiment, when the pump power was higher than
125 mW, by carefully adjusting the PCs in the cavity, stable
pulse trains can be recorded. The emission spectrum of the
SnS,-based Er-doped fiber laser, which was recorded by an
optical spectrum analyzer (AQ-6317) with a resolution of
0.02 nm, is shown in Fig. 8(a). As is shown, typical soliton-like
pulse shapes with characteristic Kelly sideband peaks were ob-
tained. The central wavelength and 3 dB spectrum bandwidch
were 1562.01 and 6.09 nm, respectively. The autocorrelation
trace of the mode-locked operation is shown in Fig. 8(b); the
measured pulse trace was well-fitted with a sech? profile, and
their full width at half-maximum (FWHM) was 623 fs; thus,
the time-bandwidth product (TBP) is about 0.466, which is a
lictle higher than the theoretical limit value (0.315), indicating
that the optical pulse is slightly chirped. Additionally, it is ob-
vious that the operating photon energy value of our work was
0.79 eV, which was much lower than the bandgap of SnS,
(2.24 eV). That is to say, the absorption was not due to the
direct bandgap. Therefore, sub-bandgap absorption was
responsible for the passively mode-locked operation. Actually,
sub-bandgap absorption phenomena have been widely reported
before [31-33]. As is known, in a perfect crystal, there is no
sub-bandgap absorption. However, in a finite system, the
sub-bandgap absorption at low photon energies also could
be realized, which are attributed to energy levels within the
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Fig. 8. (a) Emission spectrum. (b) Autocorrelation trace.
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Fig. 9. (a) Relationships between the average output power and
pump power. (b) Pulse train of the mode-locked operation.
(c) Radio frequency (RF) spectrum of the mode-locked laser located
at 29.33 MHz. (d) RF spectrum with a bandwidth of 300 MHz.

bandgap arising from the edge-state. In our opinion, sub-
bandgap absorption observed in our work was also attributed
to the edge-state absorption of the SnS,.

The relationships between the average output powers and
pump powers are shown in Fig. 9(a); it is obvious that the out-
put power and the pump power have a linear correlation. The
maximum average output power was 1.2 mW under a pump
power of 205 mW, corresponding to an optical conversion
efficiency of 0.59%. Figure 9(b) depicts a typical pulse train
of the mode-locked laser, the pulse repetition rate was
29.33 MHz, which matches well with the cavity length of
7.0 m. Additionally, stability is one of the most important
parameters that restricts the practical application of the
mode-locked laser. For testing the stability of the SnS,-PVA
based mode-locked laser, the radio frequency spectrum was re-
corded by a spectrum analyzer (R&S FPC1000); Fig. 9(c) de-
picts the radio frequency spectrum located at the fundamental
repetition rate of 29.33 MHz with a bandwidth of 3 MHz and
a resolution of 20 kHz, the signal-to-noise ratio is >45 dB. In
addition, the radio frequency spectrum within a wide band-
width of 300 MHz is shown in Fig. 9(d). All the results exhibit
that mode-locked pulses with high stability were obtained in
our work.

For testing the long-time stability of the fiber laser, the out-
put spectra were recorded continuously at a 2 h interval over
10 h, as shown in Fig. 10(a). Figure 10(b) shows the central
wavelength and the 3 dB spectrum bandwidth of the recorded
spectra depicted in Fig. 10(a); the central wavelength was fixed
within a range of less than 0.2 nm. Meanwhile, variety of the
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Fig. 10. (a) Emission spectra at different times. (b) Central wave-
lengths and spectrum widths at different times.
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3 dB spectrum bandwidth was less than 0.2 nm. Clearly, this
laser shows relatively good long-term stability.

5. CONCLUSION

In conclusion, SnS,-PVA film was successfully prepared and
employed as a saturable absorber within an Er-doped fiber laser
for generating passively mode-locked operation. Passive mode-
locking operation with an average output power of 1.2 mW and
a pulse width of 623 fs under a repetition rate of 29.33 MHz
was obtained. Our result exhibited that SnS, with a suitable
bandgap value and excellent nonlinear saturable absorption
characteristics will have extensively wide ultrafast photonics
and optoelectronic applications.
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