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Abstract: In this letter, tin diselenide (SnSe2) was successfully prepared with the liquid-
phase exfoliation method and embedded into polyvinyl alcohol as a saturable absorber
(SA) in a dual-wavelength passively mode-locked Yb-doped fiber laser. Stable mode-locked
pulses with a maximum average output power of 2.55 mW and a slope efficiency of 1.3% at
the fundamental repetition rate of 333 kHz were achieved. By properly adjusting polarization
state, four kinds of dual-wavelength fundamental frequency mode-locked pulses with peak
wavelength intervals of 0.4, 1.0, 1.5, and 1.9 nm were obtained, and the corresponding
waveforms with different single-pulse shapes were investigated in our work. A maximum
signal-to-noise ratio of 71.04 dB indicates that SnSe2 is promising to serve as a SA in
passively mode-locked fiber lasers.

Index Terms: Diode-pumped lasers, mode-locked lasers, fiber lasers.

1. Introduction
The two-dimensional (2D) materials have attracted considerable attention recently for their extensive
applications in electronic, optoelectronic, and thermoelectric devices, such as transistors [1], digital
circuits [2], photodetectors [3], waveplate [4], lithium batteries [5], solar cell [6], p-n junctions [7], and
light-emitting diode [8], due to their extraordinary mechanical, chemical, thermal, electronic, and
optical properties [9]-[11]. As representative 2D materials, layered metal dichalcogenides (LMDCs)
are normally expressed as general chemical formula MX2, where M is a transition metal element
(Mo, W, etc) and X is a chalcogen (S, Se, Te, etc). There are strong intra-layer covalent bonds
between M and X atoms toward in-plane and weak inter-layer van der Waals interactions with
surrounding layers toward out-of-plane. So they can be chemically and mechanically exfoliated into
single or few layers. The thickness of monolayer is usually 0.6-0.7 nm [11]. Variable band gaps can
be acquired with different number of layers due to quasi-continuous step-like density of states. So
when the bulk layered material is cleaved into single layer, the indirect band gaps are transformed
into direct ones, and there are novel properties in monolayer materials different from the bulk
ones [12], [13]. The stability of single layer has been intensively and theoretically investigated [12].
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Fig. 1. Preparation flow diagram of SnSe2-PVA SA.

The layered structure, nanosized thickness and alterable band gaps facilitate particular properties
including size-dependent and shape-dependent features, high surface to volume ratio and high
carrier mobility [14], so that LMDCs are widely applied in the fields of semiconductor, sensor,
electronic devices [15], [16]. Recently, LMDCs have been extensively served as saturable absorbers
(SAs) in Q-switched and mode-locked fiber lasers. In 2017, Lu reported a passively harmonic mode-
locked fiber laser with a microfiber-based ReS2 SA [17]. Soon after, based on a ReS2 saturable
absorber, a passively Q-switched and mode-locked Er-doped fiber laser was reported by Zhao et
al. [18]. Meanwhile, Zhang et al., achieved passively mode-locked operations based on SnS2 SAs
in both Yb-doped and Er-doped fiber lasers [19], [20].

Tin diselenide (SnSe2) is a narrow band-gap semiconductor with a hexagonal close-packed CdI2-
type layered structure. In Se-Sn-Se sandwiched lamellar structure, each Sn atom is octahedrally
surrounded by six Se atoms around [21]. Sn and Se atoms are bonded by strong covalent bonds
while the adjacent Se layers are connected by weak van der Waals interactions, so that the value
of band gaps is closely related to the number of layers due to quantum confinement. In detail,
when bulk was transformed into few layers, the indirect band gaps range from 1.69 to 1.07 eV
[22], and it becomes direct one in the limit of monolayer. The layered structure, alterable inter-layer
spacing and variable band gaps lead to tunable electronic and thermal properties, means that
SnSe2 is a promising candidate as photoelectric, photovoltaic and thermoelectric materials [23],
[24]. Prior works regarding SnSe2 have been focused on the field of energy storage, due to their
outstanding thermoelectric properties, including low thermal conductivity, high Seebeck coefficients
and high thermoelectricity [25]. In addition, better thermoelectric properties can be optimized by
doping metallic or nonmetallic atoms [21], [26]. However, there are seldom researches on optical
properties of SnSe2 in the field of laser. In 2017, with SnSe2 thin film coated on a coupler mirror
as a SA, a passively Q-switched waveguide solid-state laser was reported [27]. In 2018, Zhang
et al. reported a high-power passively Q-switched Yb-doped fiber laser based on Tin selenide as
a saturable absorber [28]. However, there is no research in mode-locked fiber laser based on a
SnSe2 SA reported yet.

In this paper, a SnSe2-PVA SA was successfully prepared and employed as nonlinear SA for
demonstrating a dual-wavelength passively mode-locked Yb-doped fiber laser. Based on a film-type
SA, which was prepared by incorporating SnSe2 nanosheets with the polyvinyl alcohol (PVA), stable
mode-locked operation with a maximum average output power of 2.55 mW and a slope efficiency
of 1.3% under a pulse repetition rate of 333 kHz was obtained. By adjusting polarization controllers
(PCs) meticulously, four kinds of dual-wavelength optical spectra and corresponding waveforms
were observed, with a maximum signal to noise ratio (SNR) of 71.04 dB, revealing that SnSe2

has potential as SAs in both passively mode-locked fiber lasers and tunable dual-wavelength fiber
lasers.

2. Preparation and Characterization of SnSe2-PVA SA
SnSe2-PVA SAs were successfully prepared with liquid phase exfoliation method by using ultrasonic
cleavage. The whole preparation process was described in the following diagram Fig. 1. Firstly, the
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Fig. 2. (a) SEM image of SnSe2 nanosheets. (b) TEM image of SnSe2 nanosheets.

Fig. 3. (a) XRD pattern of SnSe2 nanosheets. (b) Raman spectrum of SnSe2 nanosheets.

silvery SnSe2 solid particles were grinded by a mortar into black powder. Then, 20 mg of SnSe2

powder was added into 20 ml of 30% alcohol, followed by ultrasonication for 24 h to mix the
compounds evenly. By centrifugation, 90% supernatant was collected as the final SnSe2 solution.
Next, 10 ml of SnSe2 solution and 5 wt% PVA solution were blended at the volume ratio of 1:1,
followed by sonicating continuously for 24 h. After centrifuging, the uniform black SnSe2-PVA
dispersion solution was obtained. The SnSe2-PVA films were formed on flat substrates by spin
coating and then were parched in an oven at 30 °C for 4 h. The SnSe2-PVA film gotten with spin-
coating method was in micron dimension, while the thickness of monolayer SnSe2 was usually
0.6-0.7 nm. So it was difficult to orient the sheets into a single plane. Spin-coating method was
an effective means to make the thickness of the film as uniform as possible. Finally, the fiber-
compatible SA was assembled by sandwiching a 1 ∗ 1 mm2 SnSe2-PVA film between end faces
of fiber jumpers with a flange. The polarization-dependent loss of the SA was measured by power
transmission method. However, the power of two output ports changed slightly with the adjustment
of the polarization state of the pump source, indicating that the polarization-dependent loss of
the SA was negligible. Therefore, whether the nanosheets were completely perpendicular to the
incident light had little influence on the experimental results.

The microstructures of SnSe2 were recorded by a scanning electron microscope (SEM) with an
optical resolution of 1 μm and a transmission electron microscope (TEM) with an optical resolution
of 100 nm, corresponding SEM and TEM images were showed in Fig. 2(a) and Fig. 2(b). The
SEM image exhibited the layered structures of nanosheets, while the TEM image demonstrated
fine stratification of a particle through further amplification, indicating that high crystallinity and
well-layered structure of the SnSe2 nanosheets were prepared in our work.

The crystal structure of the SnSe2 nanosheets was characterized by X-ray diffraction (XRD).
In Fig. 3(a), the XRD pattern with the high diffraction peak of (001) plane indicated that SnSe2

nanosheets possessed well-layered structure and high crystallinity, consistent with the previous
results [21]. Raman spectrum of the layered SnSe2 was showed in Fig. 3(b). The Raman shift
peaks corresponding to Eg (in-plane vibration) and A1g (out-of-plane vibration) modes were located
at 108.5 cm−1 and 181.2 cm−1, agreed well with the calculated results of Eg mode of 108.3 cm−1
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Fig. 4. (a) Linear absorption setup. (b) Absorption curves of PVA, SnSe2, and SnSe2-PVA.

Fig. 5. (a) Z-scan curve of SnSe2. (b) Relationships between transmittance and energy intensity.

and A1g modes of 184.1 cm−1, demonstrated that SnSe2 nanosheets were monolayer in our work,
which was in agreement with the previously reported results [22].

The linear absorption of SnSe2 was measured by U-4100 spectrophotometer (Hitachi, 185-
3300 nm). To ensure the accuracy of the results, PVA, SnSe2 and SnSe2-PVA solutions were
prepared by control variable method and were made into corresponding films on blank quartz
glass substrates (10 mm ∗ 30 mm ∗ 1 mm) by spin-coating method. Subsquently, the absorption
of samples was measured by the setup in Fig. 4(a). Owing to the error of the film thickness, the
absorption curves in Fig. 4(b) can’t completely match the ideal condition in which PVA curve plus
SnSe2 curve was equal to SnSe2-PVA curve. In addition, the absorptions of SnSe2 and SnSe2-
PVA were 16.4% and 22.9% at wavelength of 1064 nm, respectively. While the absorption of PVA
was always about 1%, so it had little influence on the experimental results. Therefore, SnSe2 has
potential as SAs in 1064 nm passively mode-locked fiber lasers.

The nonlinear transmittance of SnSe2 was measured by using the open-aperture Z-scan method.
The light source was a 1064 nm fiber laser with a pulse width of 15 ps and a repetition of 4 MHz. In
our experiment, the measurement light was converted into linearly polarized light by a quarter-wave
plate, subsequently, its polarization direction was adjusted using a half-wave plate. There were
no obvious differences in the results with varying polarization states, revealing the influence of
polarization on modulation depth and saturation intensity was negligible. The open-aperture Z-scan
curve of SnSe2 at single pulse energy of 25 nJ was displayed in Fig. 5(a). The experimental data
was fitted with the formula:

T (I) = 1 − Tns − �T × exp (−I /I sat) (1)

where T(I) is transmittance, Tns is non-saturable loss, �T is modulation depth, I is energy intensity,
and I sat is saturation fluence. Corresponding nonlinear transmittance curve was demonstrated in
Fig. 5(b). According to the graph, the modulation depth, saturation fluence and non-saturable
loss were 14.7%, 52.4 μJ/cm2 and 53%, respectively, revealing that SnSe2 possessed excellent
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Fig. 6. Experimental setup of the fiber laser based on a SnSe2-PVA SA.

Fig. 7. (a) Optical spectrum of LD. (b) Peak wavelengths and 3 dB spectrum widths as a function of
pump powers.

saturable absorption effect and had potential as SAs in 1μm Q-switched and mode-locked fiber
lasers.

3. Experiment Setup
The experimental setup of the fiber laser based on a SnSe2-PVA SA was displayed in Fig. 6. A
974 nm laser diode (LD), whose 3 dB spectrum widths ranged from 0.11 to 0.27 nm with powers
increasing from 50.2 to 450.4 mW, was used as the pump source. The optical spectra as well as
peak wavelengths and 3 dB spectrum widths of LD were plotted in Fig. 7. The pump light was
delivered into the ring cavity via a 980/1060 nm wavelength division multiplexer (WDM). A segment
of 28 cm ytterbium-doped fiber (YDF) was employed as the laser gain medium. Two polarization
controllers (PCs) were used to adjust the polarization states in the ring cavity while a polarization
independent isolator (PI-ISO) was applied to guarantee the unidirectional propagation. The SA was
assembled by clamping the SnSe2-PVA film between two fiber jumpers with a flange, so that it could
be integrated into the all-fiber laser. A 1064 nm band-pass filter with bandwidth of 2 nm was inserted
to narrow the wavelength range due to the wide emission spectrum of YDF. The 10% output pulses
via a 10:90 optical coupler (OC) were divided by a 50:50 beam splitter. One half was connected
to a high-speed positive-intrinsic-negative (PIN) photodetector (PD 12D, 12 GHz bandwidth) in
order to convert optical signals into electrical signals. Then they could be displayed as waveforms
by a digital phosphor oscilloscope (Tektronix DPO4104B, 1 GHz bandwidth, 5 G samples/s) or
recorded as radio frequency (RF) spectra by a Real-time spectrum analyzer (Tektronix RSA306, 9
kHz-6.2 GHz). The other half could be showed as optical spectra by an optical spectrum analyzer
(Yokogawa AQ6370C, 600-1700 nm) or recorded as average output power by an optical power
meter (OPHIR, NOVAII) with a probe (OPHIR, PD300R-3W, 350-1100 nm).
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The initial length of cavity was about 8.5 m including 0.28 m YDF (LIEKKI Yb1200-4/125, ab-
sorption coefficient: 2.8 dB/cm). A segment of 600 m SMF (G652d) was inserted to optimize the
parameters in the cavity, thus the total length of cavity is about 608.5 m. For the absorption efficiency,
can be obtained by:

αl = −10lg
PT

P0
(2)

η = 1 − PT

P0
(3)

where α is absorption coefficient, l is length of gain fiber, PT is transmission power, P0 is incident
power and η is absorption efficiency. α = 2.80 dB/cm, l = 28 cm are introduced into the formulas
above, we get η = 99.999999%. So the incident pump emission can be completely absorbed by
YDF. For the length of cavity, is given by:

L D = T 2
0

|β2| (4)

L N L = 1
γP0

(5)

�λ = −λ2

c
�υ (6)

�υ�t ≥ 0.315 (7)

where L D is dispersion length, T0 is initial pulse width, β2 is GVD (group velocity dispersion)
parameter, γ is nonlinear parameter and P0 is incident power. We made an assumption that the
spectrum width of emission excited by YDF was equal to the width of 974 nm pump light. For
hyperbolic-secant pulses, theoretical limit value of the time-bandwidth product (TBP) is about 0.315.
λ = 1063 nm, �λ = 0.19 nm, T0 = �t ≈ 6.25 ps, β2 = 22 ps2/km, γ = 3 W−1km−1 and P0 = 0.25 W
are substituted into the formulas (4)-(7), we obtained L D ≈ 1.78 km, L N L ≈ 1.33 km. L D ≈ L N L , so
both dispersion and nonlinearity had significant influence on the output pulses of the fiber laser. The
β2 values of YDF and SMF were 20 and 22 ps2/km at 1060 nm, so the dispersion of the fiber cavity
was about 14 ps2. The relatively large dispersion and nonlinearity are conducive to the generation
of multi-wavelength pulses.

4. Experimental Results and Discussion
According to the formula:

f = c
nl

(8)

where n = 1.46 is introduced, the fundamental frequency is about 337.7 kHz. Firstly, without inserting
the SA into the laser cavity, only continuous-wave operation was detected whatever we adjusted
the pump power and PCs. Subsequently, with the SA inserting into the laser cavity, mode-locked
pulses with fundamental frequency appeared when pump powers reached 54.5 mW. As pump
powers increased from 54.5 to 241.7 mW, the mode-locked pulses could be always observable.
But when pump powers exceeded 241.7 mW, the fundamental frequency mode-locked pulses
disappeared while harmonic mode-locked operations continued to start. When the powers were
reduced under 241.7 mW, we can resume the stable mode-locked operations again. We repeated
these procedures for several times, similar phenomena can always be observed, demonstrating the
SA suffered no damage. In our opinions, the mode-locked pulses were split into harmonics with
the increasing of pump power, due to peak power-limiting effect based on the soliton area theorem
[29]. The waveforms of harmonics from second order to fifth order at 250.2 mW were displayed in
Fig. 8(a)-(d). There were significant periodic changes in the temporal trains with two, three, four
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Fig. 8. (a)-(d) Waveforms of harmonics from second order to fifth order. (e)-(h) RF spectra of harmonics
from second order to fifth order.

and five pulses in a period, respectively. The RF spectra of these four harmonics were showed in
Fig. 8(e)-(h). Their central frequencies were consistent with the results on oscilloscope. All of the
signal to noise ratios (SNRs) were over 65 dB, indicating that operations of harmonics were stable.

The RF spectra of fundamental frequency pulses at different pump powers were showed in
Fig. 9(a). The heights of the peaks gradually increased as pump powers grew from 54.5 to 241.7 mW,
while there were no obvious changes on widths and central frequencies. To analyze RF spectra
meticulously, the relationships between pump powers with peak frequencies and SNRs were de-
picted in Fig. 9(b). The peak frequencies were always 333 kHz, while the SNRs rose from 49.89 to
71.04 dB as pump powers increased from 54.5 to 241.7 mW. In addition, although the maximum
SNR can reach 71.04 dB, its saturation value was about 70 dB for high pump powers. In our opin-
ions, maybe the saturation phenomenon of SNR with the increasing of pump power derived from
the saturation absorption effect of the SnSe2-PVA SA. The saturation value, 70 dB, was determined
by the combined effect of the properties of SA, the preparation method of SA and the parameters in
the fiber cavity. The RF results exhibited that mode-locked pulses with high stability were obtained
in our work.
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Fig. 9. (a) RF spectra of fundamental frequency pulses at different pump powers. (b) Peak frequencies
and SNRs as a function of pump powers for fundamental frequency pulses.

By adjusting polarization PCs properly, four kinds of dual-wavelength optical spectra with peak
wavelength intervals of 0.4, 1.0, 1.5 and 1.9 nm were obtained for fundamental frequency mode-
locked pulses. The intervals were so narrow that couldn’t be separated by the ordinary filter, such
as the filter with bandwidth of 2 nm at central wavelength of 1064 nm. Thus, both wavelength
modes were measured together. The optical spectra of these fundamental frequency pulses at
different pump powers were demonstrated in Fig. 10 on the left. The detailed relationships between
pump powers with peak wavelength intervals and dual peak wavelengths were displayed in Fig. 10
on the right. The dual-wavelength operations derived from the combination of the high nonlinear
effect of the SnSe2-PVS SA and the spectral filtering effect caused by the combination of intra-
cavity birefringence and the polarization-dependent loss [30], [31]. Although the optical spectra
changed with pump powers, there were always dual-wavelength operations, while single-wavelength
operation has not been detected in our experiment. In our opinion, the reason why only the dual-
wavelength mode-locking operation was achieved while single-wavelength one was not obtained is
because of the large channel spacings of the intra-cavity birefringence-induced comb filter in the
ring cavity. In addition, peak wavelength intervals gradually decreased with the increase of pump
powers in each category due to decreasing channel spacings of the comb filter.

The waveforms with corresponding single pulse profiles of these four kinds of fundamental
frequency pulses were showed in Fig. 11. The single pulse profiles showed fine shapes of these 4
classes of pulse trains. When the wavelength intervals were 0.4 nm, there were steep right edges
in the pulses. As for the interval of 1.0 nm, the pulses were quasi-trapezoidal in shape. While the
interval was 1.5 nm, the pulse shape was slightly distorted. However, for the interval of 1.9 nm, the
pulses were axisymmetric. So different peak wavelength intervals can be distinguished according
to pulse shapes, suggesting that this light source has potential applications in the fields of optical
fiber sensing and optical fiber communication.

Fig. 12 demonstrated the relationships between pulse widths and pump powers for these four
kinds of fundamental frequency pulses. For fundamental frequency pulses with wavelength intervals
of 0.4, 1.0, 1.5 and 1.9 nm, when pump powers rose from 54.5 to 241.7 mW, the pulse widths
increased from 22.86 to 185.8 ns, from 84.43 to 229.8 ns, from 109.5 to 196.7 ns, and from 176.5 to
278.8 ns, respectively. The increasing pulse widths caused by the growing dispersion that increased
with pump powers.

The evolution of the output powers with the pump powers for fundamental frequency was displayed
in Fig. 13. The maximum average output power of 2.55 mW was obtained at pump power of
241.7 mW with a slope efficiency of 1.316% and an optical-to-optical conversion efficiency of
1.055%. In addition, based on a transmittance method, the insert loss of the SnSe2-PVA SA
was measured to be about 2.6 dB, indicating that the low output power and optical-to-optical
conversion efficiency mainly derived from the large insert loss produced by the SA. Furthermore,
the polarization-dependent loss was also measured by transmittance measurement method based
on a CW 1064 nm fiber laser. However, the output power changed slightly as the polarization state of
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Fig. 10. Optical spectra of four kinds of fundamental frequency pulses at different pump powers on the
left, relationships between pump powers with dual peak wavelengths and peak wavelength intervals on
the right. Wavelength intervals: (a) 0.4 nm, (b) 1.0 nm, (c) 1.5 nm, (d) 1.9 nm.

the pump source was adjusted by the PC, thus, the polarization-dependent loss of the SnSe2-PVA
SA was negligible.

In addition, the stability of the mode-locked Yb-doped all-normal-dispersion fiber laser was tested.
For example, for the fundamental frequency mode-locked pulses with wavelength interval of 0.4
nm at pump power of 241.7 mW, the stable mode-locked operation can sustain for a long time over
2 h, demonstrating the durability of the prepared SnSe2-PVA SA. The stability of other three kinds
of fundamental frequency pulses were similarly tested, and similar phenomena were observed.
The mode-locked pulses could not exist if the SA was removed from the laser cavity and only
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Fig. 11. Waveforms with corresponding single pulse profiles of four kinds of fundamental frequency
pulses at pump power of 77.9 mW. Wavelength intervals: (a) 0.4 nm, (b) 1.0 nm, (c) 1.5 nm, (d) 1.9 nm.

Fig. 12. Relationships between pulse widths and pump powers for four kinds of fundamental frequency
pulses with wavelength intervals of 0.4, 1.0, 1.5, and 1.9 nm.

Fig. 13. Relations between average output powers and pump powers for fundamental frequency pulses.
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TABLE 1

The Parameters of Dual-Wavelength (or Multi-Wavelength) Passively Q-Switched and Mode-Locked
Fiber Laser Based on Various 2D Materials SAs

continuous-wave operation was observed. So the mode-locked operations derived from saturable
absorption effect of the SnSe2-PVA SA.

The Table 1 demonstrated the parameters of dual-wavelength (or multi-wavelength) passively
Q-switched and mode-locked fiber lasers based on various 2D materials SAs, such as graphene
[32], [45], SWNTs (single-walled carbon nanotubes) [33], [44], TMO (transition metal oxide) [34]-
[36], BP (black phosphorus) [37], LMDCs [28], [38], [40] and TI (topological insulator) [39], [41]-[43],
etc. Obviously, compared with other 2D materials SAs, there were narrow pulse width, high slope
efficiency and low threshold in our experimental results. In particular, the maximum SNR of 71
dB implied wonderfully stable mode-locked operation in our work. Additionally, the four kinds of
alternative wavelength intervals suggested potential applications in the fields of optical communi-
cation and optical sensing. Therefore, SnSe2 can serve as promising SAs candidate to obtain both
mode-locked pulses and tunable dual-wavelength pulses in ultrafast fiber lasers.

5. Conclusion
In conclusion, SnSe2 was successfully prepared with liquid phase exfoliation method and embedded
into PVA as a SA in the dual-wavelength passively mode-locked Yb-doped fiber laser. Morphological
and nonlinear saturable absorption properties of SnSe2 were intensively investigated, the modu-
lation depth of 14.7% and saturation fluence of 52.4 μJ/cm2 were measured by open-aperture
Z-scan method. Stable mode-locked pulses with frequency of 333 kHz can be obtained as pump
powers increased from 54.5 to 241.7 mW, with a maximum average output power of 2.55 mW
and a slope efficiency of about 1.3%. The maximum SNR of 71.04 dB exhibited that mode-locked
pulses with high stability were obtained in our work. Although the mode-locking operations were
always dual-wavelength, the dual peak wavelengths and peak wavelength intervals can be tuned
with different polarization states in the fiber cavity. By properly adjusting polarization states, four
kinds of dual-wavelength mode-locked pulses were recorded with wavelength intervals of about
0.4, 1.0, 1.5 and 1.9 nm, respectively. In summary, our experimental results suggest that SnSe2 is

Vol. 11, No. 4, August 2019 1503413



IEEE Photonics Journal Dual-Wavelength Passively Mode-Locked Yb-Doped Fiber

a promising SA candidate to obtain both mode-locked pulses and tunable dual-wavelength pulses
in ultrafast fiber lasers.
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