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We report on the generation of a femtosecond pulse in a fiber ring laser by using a polyvinyl alcohol (PVA)-based
molybdenum disulfide (MoS,) saturable absorber (SA). With a saturable optical intensity of 34 MW/cm? and a modu-
lation depth of ~4.3%, the PVA-based MoS, SA had been employed with an erbium-doped fiber ring laser as a mode
locker. The mode-locking operation could be achieved at a low pump threshold of 22 mW. A ~710 fs pulse centered
at 1569.5 nm wavelength with a repetition rate of 12.09 MHz had been achieved with proper cavity dispersion. With
the variation of net cavity dispersion, output pulses with durations from 0.71 to 1.46 ps were obtained. The achieve-
ment of a femtosecond pulse at 1.55 pm waveband demonstrates the broadband saturable absorption of MoS,, and
also indicates that the filmy PVA-based MoS, SA is indeed a good candidate for an ultrafast saturable absorption
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Ultrashort pulses, as an effective optical source to meet
the growing needs of precision and speed in the fields of
optical communication, spectroscopy, biomedicine, and
material processing, have aroused much attention both in
industry and scientific research. In the past decades, it
has been demonstrated that the passively mode-locked
fiber laser is a simple and economical way to achieve
the ultrashort pulse [1,2]. To date, both the artificial satu-
rable absorber (SA) [3-6] and real SA [7-24] were pro-
posed to achieve ultrashort pulses in fiber lasers.
Among them, due to their intrinsic environmental stabil-
ity and the abundant saturable absorption materials, real
SAs were in widespread use in ultrashort pulse fiber
lasers. Meanwhile, SAs have experienced rapid develop-
ment in recent years, being fabricated from materials
from semiconductors to nanomaterials. Particularly,
the newly emerging two-dimensional (2D) nanomateri-
als, such as graphene [11-14] and topological insulator
(TI) [15-24], attracted strong attention in the ultrafast la-
ser community due to their distinguished advantages
such as ultrafast recovery time, controllable modulation
depth, and easy fabrication.

Recently, it was found that the molybdenum disulfide
(MoS,), similarly to graphene, could be exfoliated into
thin sheets to reveal extraordinary properties [25-27].
Since the ultrafast saturable absorption of 2D MoS,; nano-
sheet was demonstrated by the open-aperture Z-scan
technique at the 800 nm waveband [25], this material
was proposed as an SA device to obtain ultrashort pulses
in fiber lasers. In fact, MoS, could appear in two distinct
morphologies: 2H phase (semiconducting) and 1T phase
(metallic), which could support the broadband saturable
absorption [26,27]. Zhang et al. reported the broadband
saturable absorption at 400, 800, and 1060 nm wavebands
and achieved ~800 ps pulse in a MoS,-based ytterbium-
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doped fiber laser [27]. Enlightened by the broadband
saturable absorption property in few-layer MoS,,
it would be naturally interesting to find out whether it
can be developed as new type of SA at any laser wave-
length. However, saturable absorption of MoS, at the
telecommunication waveband has not been experimen-
tally demonstrated. Moreover, the aforementioned MoS,-
based mode-locked fiber laser delivered pulse trains with
durations of hundreds of picoseconds, while the femto-
second pulse has not yet been achieved. In fact, both
the net cavity dispersion and quality of SA could affect
the pulse characteristics, such as duration and stability.
Therefore, fabricating a high-performance MoS; SA
would contribute to achieving femtosecond pulses in fi-
ber lasers with dispersion management. Compared to
optical deposition [19,27] and spraying on a quartz plate
[15,16], the filmy polymer composites method [11,12,22]
would be more favorable to fabricating SAs because of
their superiority in flexibility, cost-effectiveness, and
controllability. Hence, it is interesting to know whether
a femtosecond pulse at the communication waveband
could be achieved by inserting a filmy MoS, SA into a
fiber laser.

In this Letter, we obtained the femtosecond pulse from
an anomalous-dispersion erbium-doped fiber (EDF) ring
laser by using a filmy MoS; SA composited by polyvinyl
alcohol (PVA). The crystalline structure of the as-pre-
pared MoS, layer was confirmed by scanning electron
microscope (SEM) and Raman spectrum. In the experi-
ment, the PVA-based MoS,; SA could provide a nonsatur-
able loss of 24% and a modulation depth of 4.3%. By
inserting the MoS, SA into an EDF laser, the laser directly
generated ~710 fs pulses centered at 1569.5 nm with a
repetition rate of 12.09 MHz. In consideration of the in-
fluence of cavity dispersion, output pulse widths from
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Flg. 1. (a) SEM image of M082 nanosheets; (b) image of the
fabricated fiber-compatible PVA-based MoS, SA.

0.71 to 1.46 ps were obtained with the variation of net
cavity dispersion. The mode locking at the 1.55 pm wave-
band contributed to further demonstration of the broad-
band saturable absorption of the MoS, SA. Meanwhile,
the achievement of femtosecond pulses confirmed that
the MoS, could be indeed a good candidate for an ultra-
fast saturable absorption device.

With a layered structure like graphene and TI, the
MoS, nanosheets could be synthesized by hydrothermal
intercalation/exfoliation [26,27]. The detailed procedures
for fabricating the MoS, nanosheets are the same as
those reported in [27]. Figure 1(a) shows the SEM image
of the as-prepared MoS; nanosheets, which exhibits
the layered structure. After ultrasonicating for 1 h, the
dispersion enriched MoS, isopropyl alcohol solution,
with a concentration of ~0.018 mg/ml, is then mixed
with an aqueous solution of PVA and ultrasonicated
for 30 min. Evaporated at room temperature on a slide
glass, the mixture is then formed into a filmy PVA-MoS,
composite. Finally the prepared PVA-MoS, composite is
transferred to the fiber facet between two fiber connec-
tors for improving the compatibility with the fiber laser,
as shown in Fig. 1(b).

To confirm that the MoS; nanosheets have been suc-
cessfully embedded into the PVA with intact structure,
we performed a Raman spectrum analysis on the sam-
ples. A Renishaw inVia micro-Raman system (Renishaw
Inc., New Mills, UK) with an excitation wavelength of
514 nm was employed to manifest the atomic structural
arrangement of MoS, and estimate the number of mono-
layers. The red curve in Fig. 2(a) represents the Raman
spectrum of the filmy PVA-MoS, composite. Both the in-
plane vibrational mode E} at 383.2 cm’1 and the out-
of-plane vibrational mode at 407.4 cm! were clearly
exhibited, in agreement Wlth previous studies of MoS,
[28 29]. It should be noted that the existence of the
E2 mode reveals the existence of 2H-MoS, [28]. In addi-
tlon it has been shown that the separation between the
two modes decreases with decreasing thickness of the
material, which is an effective way to estimate the num-
ber of layers in MoS, [28,29]. A frequency difference of
~24.2 cm™! was obtained in this work. Comparing to the
previous works [28,29], it implies MoS, with thicknesses
in the range of four to five monolayers. In order to rule
out the influence of PVA, the Raman spectrum of the
filmy pure PVA was also measured (blue curve). No evi-
dent Raman peaks exhibit in the range of 290-475 cm™!
Therefore, one can conclude that the MoS, nanosheets
embedded into the PVA matrix with their intact struc-
tures, indicating that the PVA could be an excellent host
material for fabricating a convenient and reliable
MoS, SA.
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Fig. 2. (a) Raman spectra of MoS;-PVA (red curve) and pure

PVA (blue curve) and (b) measured nonlinear saturable absorp-
tion curve and corresponding fitting curve.

In order to better qualify the nonlinear optical charac-
teristics of the fabricated filmy MoS, SA, the power-
dependent transmission technique is employed to
measure the nonlinear absorption. The experimental
setup is the same as that in [17]. The pumping fiber
laser used for saturable absorption measurement is an
in-house-made femtosecond pulse source (center wave-
length, 1554.4 nm; repetition rate, 26 MHz; pulse dura-
tion, ~500 fs). As presented in Fig. 2(b), the saturable
absorption curve reveals a modulation depth of ~4.3%,
and the nonsaturable loss is ~24%. Note that the weak
nonsaturable loss may benefit from the good fiber com-
patibility and the few-layer MoS, flakes. In addition, it
should be also noted that the saturable intensity of the
fabricated PVA-based MoS, SA is 34 MW/cm?, which
is comparable to that of TI [19,22,23]. With such a low
nonsaturable loss and saturable intensity, it would be
predicted that the threshold of mode locking using the
as-prepared MoS; SA can be significantly reduced. It
means that the filmy PVA-MoS,; composite could be a
good candidate for an ultrafast SA with low insertion loss
and low mode-locked threshold.

For further investigating the quality of the prepared
MoS, SA, a fiber ring laser cavity based on the MoS,
SA was proposed to achieve an ultrashort pulse. Figure 3
provides the schematic of the proposed fiber laser. A
4.8 m EDF with a group velocity dispersion parameter
of ~-11.5ps/nm/km served as the gain medium. A
wavelength division multiplexer (WDM) was utilized to
inject the 976 nm pump light into the gain fiber. The



Pump

PVA based MOS,-SA

Fig. 3. Schematic of mode-locked fiber laser with a PVA-based
MoS, SA.

adjustment of polarization state in the laser cavity was
undertaken by a pair of polarization controllers (PCs).
A polarization insensitive isolator was used to force the
unidirectional operation of the laser cavity, and a 10/90
coupler was used to output the laser emission. The char-
acteristics of the output light in both the frequency do-
main and time domain are monitored simultaneously
by an optical spectrum analyzer (Anritsu MS9710C)
and an oscilloscope (Agilent DSO-X 3052A) with a photo-
detector (New Focus P818-BB-35F, 12.5 GHz), respec-
tively. A radio frequency spectrum analyzer (Advantest
R3131A) was employed to record the RF spectrum of
the mode-locking operation. In addition, the pulse dura-
tion was measured with a commercial autocorrelator
(Femtochrome FR-103XL).

Benefiting from the low insertion loss of the filmy
MoS, SA, continuous wave emission started at a pump
power of about 10 mW and the self-started mode-locking
occurred at about 22 mW. The stable femtosecond pulse
operation at 46 mW was recorded in Fig. 4. Figure 4(a)
shows the typical spectrum of mode-locking centered at
1569.5 nm with a 3 dB spectral bandwidth of 4.0 nm. The
evident Kelly sidebands on the spectrum indicate that the
mode-locked laser is operating in the soliton regime.
Figure 4(b) presents the corresponding pulse train with

0 ~ = :
0.9-§°-5‘H | i |
=) ~ |293
3 20.0
5-20 = g 4 2 0 2 4
E 061 Time (us,
Y 2
£ =
g0 €03
L E
. : : ' 0.0 |
1560 1570 1580 1000 500 0 S50 1600
Wavelength (nm) _ Time (ns
2 =E
S 5 e _
So.elF =
5 |2 a :‘
'YeE T =~ -goo“o’s 0 15 20 Rt dh
'?04 T1me(ps)_> 710fs Q =" Frequency (GHz) /= 12.09 MHz
g 2
= z
0.0 2
RS

86 420 2 4 6 8
Time (ps)

115 120 125 13.0
Frequency (MHz)

Fig. 4. Mode-locked operation. (a) Mode locked spectrum.
(b) Corresponding pulse train; inset: pulse train with 10 ps span.
(c) Corresponding autocorrelation trace; inset: autocorrelation
trace with full range scan. (d) RF spectrum,; inset: RF spectrum
in 2 GHz span.
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a repetition rate of 12.09 MHz, which was determined by
the 17 m cavity length. In this case, the average output
power is 1.78 mW, corresponding to an intracavity pulse
power of 17.8 mW. Therefore, the pulse energy is
0.147 nJ. The uniform intensity distribution of the pulse
train indicates the mode-locking operation was stable, as
shown in the inset of Fig. 4(b). It should be noted that
multipulse formation could be observed in the fiber laser
when the pump power was high enough, for example
~150 mW. The autocorrelation trace in Fig. 4(c) shows
that the fiber laser delivers a pulse train with a duration
of 710 fs if the Sech? intensity profile was assumed. Thus,
the time-bandwidth product is 0.346, indicating that the
mode-locked pulse is slightly chirped. The full range scan
of the autocorrelation trace is also shown in the inset. No
pedestal shown on the autocorrelation trace reveals the
excellent quality of mode locking. Moreover, the corre-
sponding RF spectrum was measured with 300 Hz
resolution bandwidth to further verify the stability of
mode locking. As shown in Fig. 4(d), the fundamental
peak is located at the fundamental repetition rate of
12.09 MHz with a signal-to-noise ratio of ~60 dB, mani-
festing the low-amplitude fluctuations and the high stabil-
ity of pulse operation. The 2 GHz span RF spectrum in the
inset is free of spectral modulation, suggesting that the
fiber laser operates well in the cw mode-locking state.
Note that the degradation stability of the SA was not ob-
served for a long time (i.e., 24 h) when the pump power
was kept at 46 mW. In the experiment, we have also
checked the role of the MoS; SA in mode-locked
operation by removing the MoS, SA from the fiber laser.
In this case, even if the PCs were rotated and the pump
power was adjusted in a large range, the passively mode-
locked pulse could not be observed. The comparative re-
sults demonstrated that the saturable absorption of MoS,
was responsible for the mode-locked operation of the
proposed fiber laser. The damage threshold of the PVA-
based MoS, SA was also tested by increasing the pump
power. Typically, it was found that the damage threshold
of the MoS; SA composited by PVA was about 240 mW
pump power. Note that the peak intensity of the femto-
second pulse inside the SA is 1340 W when the stable
femtosecond pulse was obtained with a pump power
of 46 mW. Thus, it is far from the damage threshold of
the PVA-based MoS, SA.

As we know, the pulse characteristics, such as dura-
tion and stability, could be affected by the intrinsic recov-
ery time of the material, the fabrication method of the
mode locker, and the cavity dispersion. In the experi-
ment, the relationship between the pulse width and
net cavity dispersion has also been investigated. We

Table 1. Optical Parameters of MoS, Mode-Locked
Fiber Laser

Cavity Net Dispersion Frequency Pulse Width
Length (m) (ps?) (MHz) (ps)
35.55 -0.611 5.78 1.46
27.80 -0.438 7.39 1.27
22.65 -0.324 9.07 1.13
18.75 -0.238 10.96 0.96
17.00 -0.199 12.09 0.71
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managed the net cavity dispersion by gradually varying
the length of single-mode fiber while maintaining the
4.8 m EDF and SA. Table 1 includes five groups of exper-
imental data, which show the relationship between cavity
dispersion and laser performance. The pulse width and
the net cavity dispersion vary from 0.71 to 1.46 ps and
-0.199 to -0.611 ps?, respectively, via controlling the
length of single-mode fiber corresponding to the repeti-
tion rate of 12.09 to 5.78 MHz. Compared to graphene [11]
and TI [22,23], MoS, could support comparable ultra-
short pulses in the fiber laser with approximate net cavity
dispersion. Note that the 710 fs pulse duration was
achieved by using the fabricated MoS, SA. However, it
is expected that a shorter pulse duration could be
achieved by further engineering the cavity dispersion.
The experimental results reveal that the MoS, could
be a good candidate of ultrafast saturable absorption
device.

In conclusion, we have fabricated a PVA-based MoS,
SA, which shows a modulation depth of ~4.3% and a satu-
rable optical intensity of 34 MW/cm?. Inserting the as-
prepared MoS, SA into an EDF ring laser, the stable
~T10 fs pulse centered at 1569.5 nm with a fundamental
repetition rate of 12.09 MHz was achieved. Moreover, the
dependence of pulse width on the net cavity dispersion
has been also investigated. The results provide the first
demonstration of the saturable absorption of MoS, at the
1.55 pm waveband and also indicate that the filmy PVA-
based MoS; SA indeed could be a simple, low-cost,
low-insertion-loss, ultrafast saturable absorption device
for applications such as mode-locked fiber lasers.
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