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Two-dimensional (2D) tin diselenide (SnSe2), a novel layered material with excellent optical and electronic prop-
erties, has been extensively investigated in various promising applications, including photodetectors, optical
switching, and ultrafast photonics. In this work, SnSe2 nanosheets have been obtained after pretreatment in
an alkaloid, exhibiting high optical absorption and electron-enriched properties. Besides, the performances of
the prepared SnSe2 in near-infrared (NIR) and mid-infrared (MIR) ultrafast photonics are presented.
Notably, by employing the SnSe2-deposited microfiber device as a saturable absorber (SA) exhibiting typical
nonlinear optical absorption properties, stable ultrashort pulses and rogue waves are realized in an erbium-doped
fiber laser. Furthermore, the SnSe2-deposited SA device is also applied to a thulium-doped fiber laser to achieve
stable ultrashort pulses. This study indicates that SnSe2 is expected to be a suitable candidate for ultrafast fiber
lasers in the NIR and MIR regions. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.398203

1. INTRODUCTION

2D materials have extensively served as promising materials
for optoelectronic fields such as photodetectors [1], optical
switches [2], optical modulators [3,4], and saturable absorbers
(SAs) [5–7]. The family of 2D materials that have been widely
demonstrated recently due to their promising potential in ultra-
fast photonics, include graphene, graphdiyne, black phospho-
rus (BP), MXene, topological insulators (TIs), and transition
metal dichalcogenides (TMDs). Recently, as a kind of typical
TMD, SnSe2 has attracted considerable research interest
because of its excellent electrical and optical properties.
Besides, SnSe2 possesses a direct band gap from 1.84 to
2.04 eV and an indirect band gap from 1.07 to 1.69 eV based
on its layered-sensitive features [8]. In addition, SnSe2 exhibits
excellent nonlinear optical properties (NOPs), which can be
used as promising SAs in the broadband regions [9–14].
However, only Q-switched operation has been successfully
demonstrated using the SnSe2 SA in the 2 μm mid-infrared
(MIR) region. Therefore, it is imperative and significant to fur-
ther investigate the nonlinear optical properties of the new 2D

material SnSe2 and its application in ultrafast photonics in the
near-infrared (NIR) and MIR wavelength regions.

Ultrafast fiber lasers have been widely used in industries and
scientific research fields [15,16] and have generated enormous
economic and social benefits. The passive mode-locking tech-
nique using 2D materials as SAs is generally considered one of
the most efficient approaches to obtain ultrashort pulses in ul-
trafast fiber lasers. At present, the majority of mode-locked fiber
lasers based on 2D material SAs are concentrated on ultrashort
pulse generation in the NIR range (1–1.5 μm). It is interesting
to note that the ultrafast pulse fiber lasers operating in the MIR
region (2–3.5 μm) have exhibited potential applications such as
optical communication [17], supercontinuum generation [18],
and laser radar [19]. Therefore, it is essential to explore and
investigate the available 2D materials with unique nonlinear
absorption features in the MIR region. In addition, ultrafast
fiber lasers are the ideal platform for studying soliton dynamics
[20–22]. At present, there are multiple types of soliton phe-
nomena reported in ultrafast fiber lasers, including soliton ex-
plosion [23], soliton pulsation [24], soliton molecules [25], and
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rogue waves (RWs) [26]. RWs are unpredicted rare wave pack-
ets with extreme amplitudes, which have gained substantial in-
terest in many fields of science [26] like oceanography, optics,
and economics. Furthermore, the exploration of RWs is favor-
able to the achievement of high-energy pulses [27]. Now, op-
tical RWs have been demonstrated in various nonlinear optical
systems, such as optical fibers [28], Raman amplifiers [29],
solid-state lasers [30], and ultrafast fiber lasers [31]. Generally,
the collisions and interactions of multiple solitons play a major
role in generating optical RWs [32,33]. Moreover, the com-
bined effects of multiple pulses and strong nonlinear inter-
actions are an effective impetus in optical RW formation
[34,35]. Recently, it has been found that these 2D materials
possess high NOPs, exhibiting enormous potential in optical
RWs. Besides, the 2D material SA device on microfiber shows
a unique structure, greatly enhancing the highly nonlinear ef-
fects for the fiber laser by the effective interaction length be-
tween the propagating light and 2D materials [36]. Thus,
ultrafast fiber lasers with 2D material SA microfiber devices
can provide an excellent playground for studying optical RWs.
However, to our knowledge, there have been rare reports on
RWs based on 2D material SAs.

In this study, SnSe2 nanosheets pretreated with urea (eco-
nomic, environmentally friendly, mild alkalinity and reducing
ability) were fabricated, the corresponding SnSe2-deposited mi-
crofiber devices were made, and their nonlinear optical absorp-
tion characteristics in the broadband region were investigated.
Furthermore, based on the SnSe2-deposited microfiber SA de-
vice, the passive mode-locking operation is realized for the 1.55
and 2 μm fiber lasers. More importantly, RW generation is ob-
served in the 1.55 μm fiber laser. To our knowledge, this is the
first report of RWs in 1.55 μm fiber lasers with a SnSe2-based
SA. These experimental results show that SnSe2 can be utilized
as potential SAs in NIR and MIR ultrafast photonics, opening
a promising way for nonlinear photonic devices with SnSe2.

2. PREPARATION, CHARACTERIZATION, AND
NONLINEAR OPTICAL PROPERTIES OF SnSe2
NANOSHEETS

Few-layered SnSe2 materials were obtained via the liquid exfo-
liation method after pretreatment in different aqueous media to

obtain nanosheets with good stability and narrow size distribu-
tion. The ultrathin SnSe2 nanosheets were prepared by the
liquid exfoliation of bulk SnSe2 crystal. Briefly, 50 mg of bulk
SnSe2 was first ground by hand and then dispersed in deionized
water with different additives (blank, 1 mg AgNO3, 2 mg urea,
and 2 mg NaOH). Sonication was then performed for 20 min
with an ice/water bath. After that, the brown suspension was
kept under 3000 r/min centrifugation for 5 min to remove the
unexfoliated SnSe2. The suspension was further centrifuged
with deionized water for 5 min at 12,000 r/min, and the pre-
cipitate was redispersed in desired solvent prior to use. It has
been reported that alkali and metal cations would enhance the
resistance against water and oxygen [37,38], and thus water, an
aqueous solution of sodium hydroxide (NaOH), urea, and sil-
ver nitrate (AgNO3) were used for screening a most promising
solvent. Urea was selected because of its controllable hydrolysis
process to smartly produce OH− and its mild reducing ability,
which might strengthen the resistance against oxygen [39,40].
As depicted in Fig. 1(a), all the SnSe2 products exhibited broad
absorption behavior, covering the NIR and MIR regions. It is
noteworthy that at the same concentration, SnSe2 pretreated
with urea, demonstrated much higher absorption, indicating
higher stability against water and O2 under the sonication
process, which is more promising for optical applications.
Furthermore, the dynamic light scattering result [Fig. 1(b)]
suggests that the SnSe2 nanosheets have the narrowest size dis-
tribution and highest intensity, confirming that the urea treat-
ment facilitates the formation of uniformly structured SnSe2
nanosheets. It is proposed that the reducibility of urea might
inhibit the oxidative decomposition of SnSe2 and promotes the
charge transfer between urea and SnSe2, the results of which
enhance the stability dramatically.

Then the geometric and electronic structures of the nano-
sheets treated with urea were carefully characterized with trans-
mission electron microscope (TEM), energy-dispersive X-ray
spectroscopy (EDXS), Raman and X-ray photoelectron spec-
troscopy (XPS), and the results are shown in Figs. 2 and 3,
respectively. As shown in Fig. 2(a), the distances be-
tween neighboring atoms are 0.270 nm and 0.382 nm, which
matched well with the crystal files in Fig. 2(c). In addition, the
fast Fourier transform (FFT) pattern in Fig. 2(b) exhibits six-
fold-symmetric spots, confirming that the obtained SnSe2 has

Fig. 1. Screening of pretreatment procedures. (a) Absorption spectra and (b) dynamic light scattering (DLS) spectra of a 0.01 mg/mL SnSe2
aqueous solution with different pretreatments.
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a hexagonal structure. Figures 2(d)–2(f ) suggest that Sn and Se
elements were well distributed across the whole structure, and
the quantitative analysis indicates that the atomic ratio of Se to
Sn is 1.97, which is quite close to the exact value of 2. The
intact structure of SnSe2 and the crystalline configuration were
maintained, with each Sn atom coordinated with six Se atoms,
despite the urea treatment.

Figures 3(a)–3(c) depict the XPS result of the obtained
SnSe2 nanosheets. It is noteworthy that for Se 3d electrons,
there are two sets of binding energy values, 53.6 eV and
51.8 eV, respectively. It has been reported that 53.6 eV is usu-
ally observed for SnSe2, so the unexceptionally low binding en-
ergy of 51.8 eV should be ascribed to the electron donation
from urea, making the nanosheets electron enriched, which lays
a good foundation for the electron–photon interactions. The
Raman spectrum [Fig. 3(d)] further illustrates the vibration
configurations, clearly suggesting that the Eg and A1g vibration
modes were kept regardless of the thickness. The redshift of the
Eg mode was attributed to the decrease of layer numbers, and
the position of the A1g vibration did not change obviously,
which is consistent with the previously reported results and
confirmed that the treatment of urea did not damage the in-
tegrity of the structure [41,42]. With intact geometric structure
and admirable electron properties, the SnSe2 nanosheets are
promising for various electronic and photonic applications.

The prepared SnSe2 nanosheets were dissolved into the
ethanol solution with a concentration of 0.1 mg/mL. The

microfiber was drawn by using the flame brushing technique,
and its diameter was ∼12 μm. Then the SnSe2 solution was
dripped onto the microfiber and the light was injected into
the microfiber to deposit the SnSe2 samples onto the micro-
fiber. By using this method, the SnSe2-deposited microfiber
device was fabricated. The corresponding nonlinear optical
absorption property was studied by utilizing the two-detector
equipment. The pulse fiber lasers (1557 nm, 500 fs, 98 MHz;
1890 nm, 1 ps, 5.9 MHz) were used as optical sources. The
measured results are illustrated in Fig. 4. As can be seen from
the figure, the SnSe2 SA devices exhibit typical saturable ab-
sorption characteristics. The modulation depth (ΔT ) and non-
saturable loss (αns) of the SnSe2 SA device at 1.55 μm are
14.5% and 82.5%, respectively. The corresponding ΔT and
αns at 2 μm are 17.9% and 78.8%, respectively. These results
indicate that the fabricated SnSe2-deposited SA devices can be
applied to mode locking in the 1.55 μm and 2 μm regions.

3. EXPERIMENTAL SETUP

The fiber lasers [erbium-doped fiber laser (EDFL) and thu-
lium-doped fiber laser (TDFL)] built in this experiment have
similar cavity diagrams as shown in Fig. 5. The typical fiber
laser consists of a pump laser, a wavelength-division multiplexer
(WDM), gain fibers (3 m EDF or 2.7 m TDF), an
optical coupler (OC), a SnSe2-based SA, a polarization control-
ler (PC), and a polarization-independent isolator (PI-ISO).

Fig. 2. (a), (b) HAADF-STEM images, (c) crystal model, (d)–(f ) EDXS results of SnSe2 nanosheets pretreated with urea.
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For EDFL and TDFL, the pump lasers operate at 980 nm and
1570 nm, respectively. In the EDFL, the 30% port of the
30/70 OC is used for output detection. In the TDFL,
the 20% port of the 20/80 OC is used for output detection.
The cavity lengths of the EDFL and TDFL are 18.5 m and
33.4 m, respectively. For the EDFL and TDFL, the total
net cavity dispersions are ∼ − 0.173 ps2 at 1.55 μm and
∼ − 2.31 ps2 at 1.9 μm, respectively. The optical spectrum
analyzers (Yokogawa AQ6370D for the EDFL and
Yokogawa AQ6375B for the TDFL) are used to observe the
optical spectrum of the output pulses. The pulse characteristics
are measured by using an oscilloscope with a 1 GHz bandwidth
and a photodetector. Furthermore, the temporal trains

of the chaotic pulses at 1.55 μm are evaluated by use of an
18.5 ps photodetector and a real-time oscilloscope with a
20 GHz bandwidth. The radio-frequency (RF) spectrum ana-
lyzer is used for recording the RF spectrum of the output
pulses. The corresponding pulse duration is measured by using
a commercial autocorrelator (APE PulseCheck).

4. ULTRAFAST PHOTONICS APPLICATIONS

A. Stable Ultrashort Pulses in the EDFL
The fabricated SnSe2-deposited SA is added into the EDFL
cavity. By gradually increasing the pump power and properly
changing the cavity polarization state, the stable ultrashort

Fig. 4. NOPs of SnSe2 SA devices at (a) 1.55 μm and (b) 2 μm.

Fig. 3. (a)–(c) XPS profiles and (d) Raman spectrum of SnSe2 nanosheets.
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pulses in the fundamental repetition rate (RPR) state can be
obtained as illustrated in Fig. 6. The output spectrum is dis-
played in Fig. 6(a). The central wavelength and full width at
half-maximum (FWHM) are 1560.14 nm and 5.03 nm, re-
spectively. In addition, some Kelly sidebands are clearly ob-
served, suggesting that the EDFL operates in the soliton
mode-locking state. Figure 6(b) displays the recorded pulse
trains, and the pulse-to-pulse separation is about 92.3 ns, which
corresponds to an RPR of 10.83 MHz. The pulse width mea-
sured by using autocorrelation equipment is presented in
Fig. 6(c). The FWHM of the output pulses is approximately
922.7 fs, corresponding to a pulse duration of ∼598 fs if sech2

fitting is assumed. Therefore, the estimated time bandwidth
product (TBP) is ∼0.371, suggesting that the ultrashort pulse
is near transform limited. Figure 6(d) illustrates the measured
RF spectrum. Obviously, there is a peak located at 10.83 MHz

with the signal-noise-ratio (SNR) of ∼73.3 dB, suggesting that
the mode-locking operation is under a relatively high stability.

B. Chaotic Multiple Pulses in the EDFL
After achievement of stable ultrashort pulses, the pump power
is further increased. The chaotic multiple-pulse state starts to
appear at the pump power of 320 mW by slightly changing
the PC. Figure 7 displays the output characteristics of chaotic
pulses at the pump power of 400 mW. Obviously, there are
some Kelly sidebands distributed on both sides of the spectrum
as illustrated in Fig. 7(a). A high-speed oscilloscope (20 GHz) is
used to measure the pulse trains of these chaotic pulses as de-
picted in Fig. 7(b). Close-ups of the single pulse packet are
illustrated in Fig. 7(c). There are many small pulses with cha-
otic and random intensities observed in this packet. The pulse
interval is ∼92.3 ns, corresponding to the round-trip time de-
termined by the cavity length. Besides, a relatively low-speed
oscilloscope (1 GHz) is used to measure the temporal trains
as presented in the inset of Fig. 7(b). These pulse trains can
only reflect the total intensity of chaotic pulses, and the corre-
sponding fine structure cannot be resolved. In addition, their
intensity amplitudes are evaluated by utilizing a high-speed
oscilloscope (20 GHz). Figure 7(d) depicts the measured inten-
sity histogram, showing a non-Gaussian statistical distribution.
Then we also calculated the significant wave height (SWH),
which is defined as the mean amplitude of the highest third
of the packets. Generally, the criteria for RW generation in
the laser systems are based on the fact that its amplitude is more
than twice the SWH [26,31]. The calculated SWH is about
44.1 mV as illustrated in Fig. 7(d). The measured highest am-
plitude (MHA) is ∼160 mV, which is ∼3.6 times the SWH,
indicating that the RWs can be generated from the chaotic

Fig. 5. Schematic diagram of the typical mode-locked fiber laser
(for EDFL or TDFL).

Fig. 6. Stable ultrashort pulse operation: (a) optical spectrum, (b) oscilloscope trace, (c) autocorrelation trace, and (d) frequency spectrum.
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pulses. In order to show the evolution of RW generation, the
evolution process of chaotic pulses at successive cavity round-
trips is displayed in Fig. 8. As can be seen from this figure, the
chaotic pulse packets have different amplitudes, which can fluc-
tuate randomly from time to time. For example, the situations
of these peaks (Peak 1, Peak 2, Peak 3, Peak 4, Peak 5, and
Peak 6) are obviously different. In addition, the corresponding
intensities are also different. Actually, these situations and
intensities vary at random.

Furthermore, the intensity histograms of chaotic pulses at
the pump powers of 500 mW and 600 mW are studied as
shown in Fig. 9. As can be seen from these intensity histograms,
the statistical distributions are non-Gaussian. Besides, the cal-
culated SWH at 500 mW is about 61.5 mV. The correspond-
ing MHA is ∼198 mV, which is more than twice the SWH.
The MHA at the pump power of 600 mW is ∼273 mV, which
is also more than twice the SWH (76.6 mV). Moreover, in or-
der to confirm the role of the SnSe2 material, the SnSe2-based
microfiber photonic device is replaced by microfiber without
deposition. However, no matter how the pump power and
PC are adjusted in the fiber laser, neither the stable ultrashort
pulses nor the chaotic pulses are obtained. Therefore, it can be
concluded that the SnSe2 material can play a key role
in the generation of ultrashort pulses and chaotic pulses.
Moreover, the SnSe2-based microfiber photonic device is re-
placed by the SnSe2 SA with a sandwiched structure on the
fiber connector. But, no matter how the PC and pump power
are changed in the fiber laser, the chaotic pulses cannot be ob-
tained. Actually, in addition to presenting the excellent satu-
rable absorption, the SnSe2-based microfiber photonic device
also brings a highly nonlinear effect for the EDFL cavity with

the evanescent field interaction between the propagation light
and the SnSe2 material [34–36], greatly facilitating the gener-
ation of chaotic multiple pulses.

Besides, in order to investigate the effect of the polarization
directions on chaotic pulses under low pump power, the pump
power is set to 200 mW. By continuously adjusting the polari-
zation directions, the chaotic pulses can also be obtained as
illustrated in Fig. 10. However, the optical spectrum in
Fig. 10(a) is different from the one in Fig. 7(a). Obviously,
the situation of the central peaks is different. The temporal
trains based on the high-speed oscilloscope are illustrated in
Fig. 10(b). The pulse spacing between adjacent pulses is
∼92.3 ns, and the intensity in single chaotic pulse packet varies
randomly. In addition, compared with the chaotic pulses in
Fig. 7(c), there are fewer pulses in the chaotic pulse packet in
Fig. 10(c). Furthermore, the temporal separation among these
adjacent pulses is relatively larger. As illustrated in Fig. 10(d),
the calculated SWH is about 63 mV. The measured highest
amplitude is ∼221 mV, which is ∼3.5 times the SWH, indi-
cating that the RWs can be generated. These experiment results
indicate that the RWs can be generated under low pump power
and different polarization directions, which is consistent with
the previous observation in the report [31].

C. Stable Ultrashort Pulses in the TDFL
In the TDFL, we can also achieve stable mode-locked pulses at
2 μm by using the SnSe2-based SA device. At a pump power of
300 mW, continuous-wave (CW) emission begins to appear.
By further increasing the pump power and properly setting
the PC, stable mode locking can be observed as presented
in Fig. 11. The optical spectrum of the output pulses is

Fig. 7. Chaotic multiple pulse operation: (a) optical spectrum, (b) high-speed oscilloscope trace (inset: low-speed oscilloscope trace), (c) enlarged
view of the selected dashed part in (b), and (d) statistical histogram.
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presented in Fig. 11(a). The corresponding central wavelength
and FWHM are 1881.27 nm and 2.09 nm, respectively.
Besides, typical Kelly sidebands, characteristic dips, and sub-
sidebands are observed on the spectrum. These dips come from

the water absorption line in air at 2 μm. The sub-sidebands are
associated with the sidebands of the vector solitons [43,44], and
similar observations are also demonstrated in previous reports
[45–47]. Figure 11(b) displays the pulse trains with a pulse

Fig. 8. Evolution of chaotic multiple pulses.

Fig. 9. Intensity histograms of chaotic pulses at (a) 500 mW and (b) 600 mW.
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interval of 166.7 ns. The recorded autocorrelation curve is
shown in Fig. 11(c). The pulse duration is about 2.06 ps after
a sech2 fitting. The corresponding TBP of the output pulses is
estimated to be ∼0.364, indicating that they are chirped pulses.
Figure 11(d) depicts the measured RF spectrum. The high peak
is located at 6 MHz and the SNR is more than 68 dB, indicat-
ing that the laser operation is relatively stable. In addition, the
output power of the output pulses exhibits a linear increment

with the increase of pump power as displayed in Fig. 11(e). The
corresponding maximum power is approximately 42.75 mW.
Besides, the optical spectra of output pulses at different hours
are also recorded as illustrated in Fig. 11(f ). It is obvious that
the overall wavelength shape and spectral intensity remain rel-
atively stable at several hours, which indicates that the mode
locking based on the SnSe2-deposited SA has a relatively good
stability. Finally, the output performances of the TDFLs based

Fig. 10. Chaotic multiple pulse operation at 200 mW: (a) optical spectrum, (b) high-speed oscilloscope trace, (c) enlarged view of the selected
dashed part in (b), and (d) statistical histogram.

Fig. 11. Output performance of the TDFL with a SnSe2-deposited SA: (a) optical spectrum, (b) oscilloscope trace, (c) autocorrelation trace,
(d) frequency spectrum, (e) relationship between pump power and output power, and (f ) optical spectra with different hours.
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on different 2D material SAs are summarized in Table 1 and
Fig. 12. It can be seen that the TDFL with SnSe2-deposited SA
exhibits similar output pulse characteristics, indicating that
SnSe2 exhibits promising potential in ultrafast photonics
at 2.0 μm.

5. CONCLUSION

In summary, the ultrafast laser applications of SnSe2 pretreated
with urea as an SA in the NIR and MIR regions have been
demonstrated. Owing to its excellent saturable absorption
properties, SnSe2 is deposited on a microfiber to fabricate the
SA. By incorporating the SnSe2-based SA into the EDFL cavity,
RWs are obtained. Furthermore, a mode-locked TDFL with
the SnSe2-based SA is also reported for the first time. The stable
ultrashort pulses are obtained with a central wavelength of
1881.27 nm and a pulse width of 2.06 ps. The maximum aver-
age output power is 42.75 mW. These experimental results
reveal that SnSe2 has promising potential in applications of ul-
trafast photonics in the NIR and MIR wavelength regions,
greatly promoting further investigation for new 2D materials
in ultrafast optics fields.
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