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We report on the passive-mode-locking operation of a fiber laser with a fundamental repetition rate of 463MHz based
on molybdenum disulfide (MoS2) saturable absorber (SA). By embedding MoS2 into polyvinyl alcohol (PVA) thin
film, MoS2-PVA SA was prepared with a modulation depth of 2.7% and a saturation intensity of 137 MW∕cm2.
Themode-locked fiber laser-employedMoS2-PVA SAwas achieved with center wavelength of 1556.3 nm, 3-dB band-
width of 6.1 nm, output power of 5.9 mW, and an extinction ratio of up to 97 dB in the RF spectrum. The demon-
stration of mode-locking operation with high fundamental repetition rate and high spectral purity indicates that
MoS2-PVA SA can be a good candidate for high-precision ultrafast applications. © 2015 Optical Society of America
OCIS codes: (160.4330) Nonlinear optical materials; (140.4050) Mode-locked lasers; (140.3510) Lasers, fiber.
http://dx.doi.org/10.1364/OL.40.001374

Research on novel two-dimension (2D) like materials
has emerged in recent years and opens up a door to 2D
nano-systems [1,2]. Among various applications, satu-
rable absorbers (SAs) for mode-locked lasers is a key
area for the photonic applications of these 2D materials
[3]. Saturation properties of the materials can be engi-
neered by controlling the synthesis process. Graphene
as the first-discovered 2D material has been deeply inves-
tigated to function as an SA for the mode-locked lasers
with a wide cover of operation wavelengths [4–8], pulse
energy [9,10], different material incorporation methods
[11,12], and nonlinear properties [13,14]. Following the
veins on graphene study, similar findings in graphene ox-
ide (GO) [15–18] and topological insulators [19–24] have
been reported for their mode-locking and Q-switching
operations. Although semiconductor saturable-absorber
mirror (SESAM) [25] and other artificial SAs such as non-
linear polarization evolution [26] have been a great suc-
cess for mode-locked lasers in the past decades of years,
novel material-based SAs still attract intense interest due
to their flexibility in the preparation, property engineer-
ing, and incorporation methods. Very recently, transition
metal dichalcogenides molybdenum disulfide (MoS2), as
a graphene analogous, has been reported on its saturable
absorption [27]. Z-scan studies have revealed the high
optical nonlinearity of MoS2 near 800 nm, which is even
higher than that of graphene [28]. Saturable absorption
covering a wide band from 400 nm to 1 μm has been re-
ported, and mode locking near 1 μm has been achieved
[27]. In the wave band for optical telecommunication of
1.55 μm, the saturable absorption of MoS2 has also been
investigated, and mode-locking operation has been dem-
onstrated [29–32]. Ultrafast pulses were obtained with a
pulse width down to 710 fs [30], and harmonic mode lock-
ing with a repetition rate up to 2.5 GHz [29] has also been
reported.
Meanwhile, for the high-precision ultrafast photonic

applications such as frequency metrology a high-quality
mode-locked laser with fundamental repetition rate far
greater than 100 MHz is desired because the resolution

of optical wavemeter is near 100 MHz, and two frequency
comb lines with spacing far greater than 100 MHz can
be readily separated [33]. Moreover, fundamental mode
locking is preferred than harmonic mode locking be-
cause the former always provides a better spectral purity,
which is important for the high-precision frequency
metrology [34].

In this Letter, we presented a mode-locked fiber laser
based on MoS2-PVA SA with a fundamental repetition
rate of 463 MHz. The MoS2-PVA SA was prepared by em-
bedding MoS2 nanosheets into polyvinyl alcohol (PVA),
which provided significant flexibility in the practical ap-
plications. The prepared MoS2-PVA SA exhibited a modu-
lation depth of 2.7%, saturation intensity of 137 MW∕cm2,
and a non-saturable loss of 44.2%. By incorporating it
into a fiber laser with linear cavity, fundamental mode-
locking operation was achieved with a center wavelength
of 1556.3 nm, 3-dB bandwidth of 6.1 nm, and output
power of 5.9 mW. The extinction ratio between the signal
and noise background in the RF spectrum was up to
97 dB, and no unwanted spurious sidebands existed. The
integrated timing jitter from 1 kHz to 1 MHz was 33 fs.
The demonstration of mode locking with high fundamen-
tal repetition rate and high spectral purity indicates that
MoS2-PVA SA can be a good candidate for high-precision
ultrafast applications.

A high-quality MoS2-PVA thin film is key to the pho-
tonic applications such as the mode-locked lasers. Using
the high-yield liquid-phase exfoliation (LPE) method,
dispersions with large populations of monolayer and
few-layer MoS2 nanosheets were prepared in deionized
water with sodium cholate (SC) as surfactant, same as
Ref. [28]. The existence of MoS2 nanosheets was con-
firmed using a TEM shown in Fig. 1(a). 2D nanosheets
with the size of a few hundreds of nanometers can be
observed. The MoS2 dispersions had a concentration of
∼0.015 mg∕ml. It was then mixed with PVA aqueous
solution, sonicated, dropped on a glass plate, and dried
in the room temperature to form thin film, shown in
Fig. 1(b). The MoS2-PVA thin film was finally cut into
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small pieces and transferred onto the fiber end. Raman
spectroscopy (Renishaw invia) with an excitation at
488 nm was employed to confirm the incorporation of
MoS2 into the PVA thin film, shown in Fig. 1(c). Both the
in-plane vibrational mode E1

2 g at 381.9 cm−1 and the out-
of-plane vibrational mode A1 g at 407.8 cm−1 existed. The
frequency difference between the E1

2 g mode and A1 g
mode reveals the number of monolayers of MoS2 nano-
sheets due to the anomalous lattice vibrations of the
layered 2H-MoS2. A frequency difference of ∼25.9 cm−1

was obtained in this work, which implied the number
of monolayers to be about 5–6. In addition, the Raman
spectrum of the MoS2 dispersions without PVA was also
measured for comparison, shown in Fig. 1(c). Two nearly
identical Raman spectra indicated that the MoS2 nano-
sheets were embedded in the PVA thin film with nearly
intact atomic structures. Thus PVA is an ideal host for
MoS2 nanosheets, and a SA with thin-film form provides
significant flexibility in the practical applications com-
pared with aqueous dispersions.
The nonlinear transmission property was investigated

for the prepared MoS2-PVA SA to confirm its saturable
absorption. A typical 2-arm transmission measurement
was employed for the measurement. The pulsed laser
source used in the measurement was a commercial
mode-locked laser with center wavelength of 1560 nm,
pulse width of ∼510 fs, and output power of ∼20 mW.
The results were shown in Fig. 1(d). The black squares
and red dots represented the data measured with two
orthogonal polarized beams, respectively. Nearly identi-
cal results indicated the polarization insensitivity of the
MoS2-PVA SA. The modulation depth of the MoS2-PVA
SA was ∼2.7% with saturation intensity of 137 MW∕cm2.
The non-saturable loss was ∼44.2%. The relatively high
non-saturable loss was due to the scattering and absorp-
tion of the MoS2 flakes and PVA. The damage threshold
of the SA was ∼1500 MW∕cm2.
The prepared MoS2-PVA thin film was placed inside a

fiber laser to demonstrate its capability as a SA for high
fundamental repetition-rate mode locking. The laser
design and experimental setup were shown in Fig. 2(a).
A linear cavity was implemented to obtain short cavity

length and achieve mode locking with high fundamental
repetition rate. The cavity consisted of ∼12 cm Erbium-
doped fiber (EDF, LIEKKI Er80 8/125) with anomalous
dispersion and ∼10 cm standard single mode fiber
(SMF). The net cavity dispersion was ∼ − 0.0048 ps2, and
thus the laser was operating in the soliton mode-locking
regime. A polarization controller (PC) was used in the
cavity to adjust the mode-locking operation to a state
whose output polarization state was fixed. A dichroic
mirror coating with high transmission near 980 nm and
90% reflection near 1550 nm was utilized as an output
coupler at the left end of the fiber cavity. At the right
end of the fiber cavity, the MoS2-PVA SA was sandwiched
in between a pump reflection coating and a mirror coat-
ing, shown in Fig. 2(b). The pump reflection coating had
a reflection >95% near 980 nm so that the residue pump
power would not propagate through the MoS2-PVA
SA. Without this protection, the MoS2-PVA SA could be
damaged by the residue pump light. The mirror coating
had a reflection of >98% near 1550 nm to function as an
end mirror for the cavity. A 980/1550 wavelength division
multiplexer (WDM) was applied to inject the 976-nm
pump light into the cavity and extract the laser output
near 1556 nm. The laser output was then characterized
by the optical spectrum analyzer, autocorrelator, oscillo-
scope, and signal source analyzer.

The measured laser output properties were summa-
rized in Fig. 3. The mode locking operation self-started
near the injected pump power of ∼217 mW, and beyond
the pump power of ∼301 mW, the mode locking opera-
tion and continuous wave (cw) operation began to
compete, which led to unstable operation. At the pump
power of ∼287 mW, the laser was under mode-locking
operation and had a center wavelength of 1556.3 nm,
3-dB bandwidth of 6.1 nm, and output power of 5.9 mW.
Figure 4(a) shows the measured optical spectrum. It
should be noted that due to the very weak perturbation
in a linear cavity, the Kelly sidebands are usually very
weak or cannot be observed on the spectrum, which is
a typical property of the mode-locked laser with linear
cavity [34]. The width of the autocorrelation trace in
Fig. 4(b) was 935 fs corresponding to a pulse width of
606 fs assuming a sech2 profile. The pulse was negatively
chirped due to the inevitable pigtail fiber outside the
cavity. From the autocorrelation trace, no pedestal was
observed, and the measurement data were well fit by a

Fig. 1. (a) TEM image of MoS2 nanosheets in the dispersions;
(b) MoS2-PVA thin film on glass plate; (c) Raman spectra of
MoS2-PVA and MoS2 dispersions without PVA; (d) saturable
absorption of MoS2-PVA SA. Black squares and red dots were
measured by two orthogonal polarized beams, respectively.

Fig. 2. (a) Laser design and experimental setup with
MoS2-PVA SA; (b) detailed setup of MoS2-PVA SA. EDF,
erbium-doped fiber, PC, polarization controller.
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sech2 curve that confirmed the soliton mode locking op-
eration of the laser. To confirm the stable mode-locking
operation, we characterized the pulse train using a
10-GHz photodetector and a 2-GHz real-time oscillo-
scope, shown in Fig. 4(c). Very uniform pulse intensity
was observed from the oscilloscope trace, which indi-
cates the cw mode locking operation. The relation be-
tween the pump power and the laser output power was
also investigated, shown in Fig. 4(d). Fundamental mode
locking operation existed within the injected pump
power ranging from 217 to 301 mW. The corresponding
slope efficiency was ∼2.1%. Further increasing the pump
power above 301 mW led to the unstable operation of the
laser due to the competition between the mode locking
operation and cw operation. Within the maximum in-
jected pump power of 385 mW, no harmonic mode lock-
ing operation was observed.
The RF spectra of the laser were also characterized,

shown in Fig. 4. At the fundamental repetition rate of
463 MHz, very clean RF spectrum was observed in a span
of 10 MHz and a resolution bandwidth (RBW) of 300 Hz,
shown in Fig. 4(a). The extinction ratio between the
signal and the background noise was up to 97 dB. Since
the RF spectrum was the beating signal among different
optical frequencies, high spectral purity in the RF domain
also indicated the high spectral purity in the optical
domain. Moreover, the absence of unwanted spurious

sidebands in the span meant the output polarization state
was fixed from pulse to pulse [35], which was further
confirmed by an external polarization beam splitter. The
inset of Fig. 4(a) showed the RF spectrum centered at
463 MHz in a span of 10 kHz with an RBW of 30 Hz.
The RF spectrum from 100 MHz to 10 GHz was shown
in Fig. 4(b). Again very clean spectrum can be observed.
Once the mode locking started, the mode-locking opera-
tion can sustain for a long time of more than 6 h. This
demonstrated the durability of the prepared MoS2-PVA
SA. The mode locking could not exist if the MoS2-PVA
was removed from the laser cavity and only continuous
wave operation was observed.

The phase noise and timing jitter were also investi-
gated using a signal source analyzer (R&S FSUP26),
shown in Fig. 5. The integrated timing jitter from 1 kHz
to 1 MHz was ∼33 fs. Compared with the reported results
in a SESAM-based mode-locked laser [34], the higher
timing jitter was estimated to be due to the high non-
saturable loss (44.2%) of the MoS2-PVA SA, which
increased the cavity loss, limited the bandwidth, and re-
duced the pulse energy. Further improvement on the
preparation of MoS2-PVA SA would be helpful to reduce
the noise. Moreover, the recovery time of MoS2 was
estimated to be a few tens of femtosecond [28], which
also suggested the potential of MoS2 for low-jitter mode-
locking operation.

In conclusion, high-quality MoS2-PVA thin-film satu-
rable absorber was prepared with a modulation depth
of 2.7%, saturation intensity of 137 MW∕cm2, and non-
saturable loss of 44.2%. High-volume few-layer MoS2
nanosheets were produced using LPE method. By incor-
porating the MoS2-PVA SA into a fiber laser with linear
cavity, mode-locking operation near 1556 nm with high
fundamental repetition rate of 463 MHz was achieved.
Moreover, an extinction ratio of 97 dB was obtained,
and no unwanted spurious sidebands existed in the RF
spectrum, which indicates the high spectral purity of
the mode locking. The timing jitter integrated from 1 kHz
to 1 MHz was 33 fs. These findings demonstrated the
capability of MoS2-PVA SA to support mode locking with
high quality and high fundamental repetition rate, which
is important for high-precision ultrafast applications such
as frequency metrology.
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Fig. 3. (a) Optical spectrum, (b) autocorrelation trace with
measurement data and sech2 fit, (c) oscilloscope trace, and
(d) relation between the pump power and laser output power.

Fig. 4. (a) RF spectrum at 463 MHz with a span of 10 MHz and
an RBW of 300 Hz. Inset: RF spectrum at 463 MHz with a span
of 10 kHz and an RBW of 30 Hz. (b) RF spectrum from 100 MHz
to 10 GHz with an RBW of 100 kHz.

Fig. 5. Phase noise spectrum and timing jitter at 463 MHz.
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