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Abstract: We demonstrate an erbium-doped fiber laser passively mode-
locked by a multilayer molybdenum disulfide (MoS;) saturable absorber
(SA). The multilayer MoS; is prepared by the chemical vapor deposition
(CvD) method and transferred onto the end-face of a fiber connector.
Taking advantage of the excellent saturable absorption of the fabricated
MoS,-based SA, stable mode locking is obtained at a pump threshold of 31
mW. Resultant output soliton pulses have centra wavelength, spectral
width, pulse duration, and repetition rate of 1568.9 nm, 2.6 nm, 1.28 ps,
and 8.288 MHz, respectively. The experimental results show that
multilayer MoS, is a promising material for ultrafast laser systems.
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1. Introduction

Ultrafast fiber lasers have attracted considerable interest due to their various practical
applications in optical communication, frequency metrology, military systems and laser
micromachining [1, 2]. Passive mode locking is a smple and economic method for the
generation of ultrashort pulses. To date, various techniques, such as nonlinear-optical loop
mirror (NOLM), nonlinear polarization rotation (NPR), semiconductor saturable absorption
mirrors (SESAMs), single wall carbon nanotubes (SWCNTSs) and graphene saturable
absorbers (SAs), have been exploited for realizing stable passive mode locking. Thanks to
the unique zero band gap and ultrafast saturable absorption properties [3-5], graphene
behaves as an excellent SA and has been widely investigated for ultrashort pulse generation
in a broadband absorption spectral range [6-10]. The success of graphene greatly motivates
the exploration of other graphene-like two dimensional (2D) materials for practical
applications. Recently, a new class of materials called topologica insulators (TIs) with an
insulating bulk state and gapless Dirac-type surface/edge are attracting great interest in the
condensed-matter physics [11] and laser photonics [12]. Zhang et al. has reported that Tls,
such as Bi,Tes, Bi,Se; and Sh,Te;, were characterized by graphene-like electronic-band
structure [13]. Since Bernad et a. first demonstrated the saturable absorption of Bi,Te; Tl in
2012 [14], several experimental investigations on the utilization of Tl SAsfor passive mode-
locking and Q-switching have been presented [15-20]. Zhao et al. has experimentally
reported the ultrashort pulse generation in fiber lasers mode-locked by SAs based on Bi,Te;
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and Bi,Se; Tls [15, 16]. The saturable absorption properties were performed based on the
open-aperture Z-scan measurements at 1550 nm. It was found that the Bi,Te; and Bi»Se; Tls
had high absolute modulation depth up to 95% [15] and 98% [16] respectively, and the
corresponding saturation intensities were 0.48 and 0.49 GW/cm?. In addition, Sotor et a. [17]
has demonstrated an erbium-doped fiber laser mode-locked with a mechanically exfoliated
Sh,Tes-based SA. The laser produced soliton pulses centered at 1558.6 nm with 1.8 ps
duration and repetition of 4.75 MHz. Apart from the aforementioned Tl SAs, the saturable
absorption behavior of molybdenum disulfide (MoS;,) was presented by Wang et al. under
femtosecond laser excitation at 800 nm, exhibiting that the MoS, nanosheets in dispersions
have stronger saturable absorption response than graphene dispersions [21]. Zhang et al.
firstly demonstrated the generation of dissipative solitons in an ytterbium-doped fiber laser
mode-locked by a MoS,-based SA [22]. The few-layer MoS, used was synthesized b2y the
hydrothermal exfoliation method, which had a saturable intensity of 159 MW/m* and
modulation depth of 9.3% at 1.06 um. Very recently, Wang et al. reported broadband few-
layer M0S, SAs by the introduction of suitable defects, which were fabricated by the pulse
laser deposition technique. Utilizing these SAs, passively Q-switched solid-sate lasers were
achieved at 1.06 um, 1.42 ym and 2.1 um [23]. The experimental results showed that the
few-layer MoS, could be regarded as a promising broadband SA for pulsed lasers. However,
so far, MoS, mode-locked fiber laser operating at around 1.55 um has not yet been reported.

In this paper, we present an erbium-doped fiber laser mode-locked by a MoS,-based SA.
The chemical vapor deposition (CVD) method is employed to grow high-quality multilayer
MoS,. The mode-locker is assembled by sandwiching the MaoS; film between two fiber
connectors (FCs) with a fiber adapter. With the multilayer MoS,-based SA, the compact all-
fiber laser emits stable mode-locked soliton pulses with central wavelength, spectral width,
pulse duration, and repetition rate of 1568.9 nm, 2.6 nm, 1.28 ps, and 8.288 MHz,
respectively.

2. Preparation and characterization of M0S,-based SA

MoS,; thin films were synthesized in a tube furnace by the CVD method [24]. In a typica
growth, 500 mg of MoOs; powder was placed in the center of the furnace and 500 mg of
sulfur powder was placed at the upstream. Several pieces of Si wafer with 300 nm SiO, were
used as substrates and placed downstream. The quartz tube was evacuated to a base pressure
of 0.1 Torr, and then flowed with Ar gas, which was controlled by a mass flow controller.
After the pressure stabilized, the furnace was heated to 550 °C at a rate of 25 °C /min and
maintained for 30 min. The sulfur powder was heated by a twisted heating belt with the
temperature of 100 °C. After the deposition, the furnace was naturaly cooled to room
temperature.

Surface morphology and height profile of the MoS,; thin films were obtained using CSPM
5500 atomic force microscopy (AFM). Raman spectra were measured by Renishaw 100
Raman spectrometer with 514 nm laser. Figure 1(a) shows the optical microscopy image of
multilayer MoS,; film. One can find that the thin film is continuous and uniform over alarge
area. The Raman spectrum of the multilayer MoS; is shown in Fig. 1(b). The sample exhibits
two characteristic peaks, in paralel with two phonon modes: out of plane vibration of S
atoms at 406 cm™*, and in plane vibration of Mo and S atoms at 381 cm ™, with a frequency
difference of 25 cm™. The frequency difference of the two modes can be used to determine
the layer thickness of MoS,. In our result, 25 cm™ corresponds to 4-5 layers of MoS, [25,
26]. A typical AFM image is shown in Fig. 1(c). The thickness of the film which can be
determined by the height profile in Fig. 1(d) is about 3.42 nm, corresponding to 5 layers of
MoS,.

For the transfer of multilayer MoS,; film, PMMA was spin coated on the MoS,; film. After
10 min baking at 100 °C, samples were immersed in hydrofluoric acid (30%) for a few
seconds in order to lift off the PMMA-Mo0S,; films. The PMMA-MoS,; films were transferred
to a deionized water to dilute and remove the etchant and residues. Then, the PMMA-MoS,
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film was transferred to end-face of a FC, followed by drying in air for 1 h. The PMMA was
removed by acetone, isopropyl alcohol and then deionized water. The MoS, coated FC was
connected to a clean FC with afiber adapter to form the MoS,-based mode locker.
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Fig. 1. (a) Optical microscopy image of a typical multilayer MoS, film on SiO, substrate.
Scratch was intentionally introduced to show the color contrast between the thin film and the
substrate (no MoS; exists in the scratched region.). (b) Corresponding Raman spectrum, (c)
AFM image, and (d) AFM height profile of across the dash linein (c).

The linear absorption of the SA was measured in the range from 1525 to 1610 nm using a
broadband amplified spontaneous emission (ASE) light source and an optical spectrum
analyzer (Y okogawa, AQ6370C). As shown in Fig. 2(a), the linear absorption is at the level
of about 71.5% and is characterized by a flat profile. Figure 2(b) schematically shows the
experimental setup for the power-dependent nonlinear absorption measurement of the MoS,-
based mode locker. A commercial mode-locked fiber laser (Calmar, FPL-02CFF) operating
at 1550 nm with output pulse duration of ~250 fs and repetition rate of ~20 MHz was used as
input pulse source. A variable optical attenuator (VOA) was used to control input laser
power. The mode-locked pulses were split by a 10/90 fiber coupler and the 10% port was
used to monitor the input power, while 90% was used to pump the MoS,-based SA. Two
calibrated power meters were employed to measure the input/output power simultaneously.
The experimental data for absorption «, were then fitted according to a simple two-level SA
model of o, =¢,/(1+1,)+, [3]. As shown in Fig. 2(c), the SA parameters of

modulation depth ao, non-saturable 10ss a,,s, and saturation intensity |, were measured to be
35.4%, 34.1%, and 0.34 MW/cm?, respectively. The modulation depth o, of our MoS,-based
SA measured at 1550 nm is much larger than that of MoS,-based SAs at 1060 nm reported in
Refs [22, 23], which may be attributed to a reason that the nonlinear absorption in a material
is strongly dependent on the excitation wavelength. Moreover, the aq value in this work is
larger than those of SWCNTSs [27], multilayer graphene [3, 8] and Tl-based SAs at 1550 nm
[19, 20]. Experimentally, it was found that a SA with large modulation depth could
effectively suppress the wave-breaking effect in a mode-locked fiber laser [28], indicating
that the MoS, SA is potential for the generation of large energy laser pulses. To further check
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whether the observed saturable absorption originated from the M oS, itself, we performed the
power-dependent absorption measurement by replacing the MoS,-coated FC with a common
clean FC. As shown in Fig. 2(d), the measured absorption is independent of the pump peak
intensity, which suggests that the observed saturable absorption of the MoS, SA is indeed
induced by the multilayer MoS,.
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Fig. 2. (a) Linear absorption of the multilayer MoS,-based SA. (b) Experimental setup for the
power-dependent nonlinear absorption measurement. (c) Nonlinear absorption of the
multilayer MoS,-based SA. (d) Optical absorption versus pump pesk intensity when the
MoS,-coated FC was replaced with a common clean FC.

It should be mentioned that the monolayer MoS; is a direct semiconductor with a band
gap of about 1.8 eV while the multilayer MoS; is an indirect semiconductor with a narrow
band gap of about 1.2 €V [29]. When the photons with an energy larger than the band gap,
the multilayer MoS, can be excited by absorbing one photon. At high excitation intensities,
electrons in the valance band can be easily pumped to fill the conduction band and the
multilayer MoS, will exhibit saturable absorption due to Pauli blocking principle [21]. Wang
et a. have recently demonstrated that the band gap of multilayer MoS, could be reduced to
0.08 eV (A = 15.4 um) by introducing suitable S defects [23]. Thisimplies that the multilayer
MoS, with S defects is a broadband saturable absorber. Based on the multilayer MoS,, they
have achieved passively Q-switched solid-state lasers operating at 1.06 um, 1.42 pm and 2.1
um. Our experimental results show that the CVD-grown multilayer MoS,; has large saturable
absorption at 1550 nm. Further investigation is needed to identify the mechanisms involved
in the saturable absorption we observed.

3. Experimental setup and results

The experimental setup of the proposed fiber ring laser is schematically shown in Fig. 3(a). It
has aring cavity and the total cavity length is approximately 24.8 m. The cavity comprises of
0.8-m-long erbium doped fiber (EDF, Liekki Er80-8/125) with group velocity dispersion
(GVD) of 16 pg(nm-km), a segment of 1.0-m HI 1060 Flex fiber with GVD of 8
ps/(nm-km), and a piece of 23.0-m standard single mode fiber (SMF-28e) with GVD of 18
ps/(nm-km). The FC coated with multilayer MoS, (Fig. 3(b)) was spliced into the laser
cavity. An optica integrated component (OIC) was used in the cavity, which has the
combination functions of a wavelength-division multiplexer (WDM), an output coupler
(OC), and a polarization-insensitive isolator (PI-1SO). The sructure of the OIC is
schematically shown in Fig. 3(c). The pump light is launched into the OIC through the port

#211510 - $15.00 USD Received 5 May 2014; revised 29 Jun 2014; accepted 30 Jun 2014; published 9 Jul 2014
(C) 2014 OSA 14 July 2014 | Val. 22, No. 14| DOI:10.1364/0OE.22.017341 | OPTICS EXPRESS 17345



of the pump and then reflected into the common port by the pump-reflective coating. The
signal laser propagates into the OIC from the input port and partly reflected into the tap port
by the 10% signal-reflective coating. The center part of the OIC is a PI-1SO which ensures
the unidirectional operation. The insertion loss of the OIC was measured to be 1.7 dB at 1550
nm including the 10% output loss. A 500 mW/980 nm laser diode (LD) was used as the
pump source. An in-line polarization controller (PC) was used to adjust polarization for
mode-locking optimization. Through incorporating the OIC into the cavity, we greatly
simplified the laser cavity configuration and reduced the insertion loss compared with a
cavity using discrete components. It should be emphasized that there was no polarization
sensitive component used in the laser cavity. Therefore, the effect of mode-locking by NPR
was eliminated.

The laser output spectrum was observed using an optical spectrum analyzer (Y okogawa,
AQ6370C). The pulse duration was measured with a commercial autocorrelator
(Femtochrome, FR-103PD). The pulse train was detected by a 500-MHz digital oscilloscope
(Tektronix, TDS3052C) together with a 10-GHz photodetector, whose radio frequency (RF)
spectrum was measured with an 8-GHz RF spectrum analyzer (Advantest, R3267).

@ )
aser output
ognrm UL I
o oic
LD
EoF{ T F | VN Tttt

______________________________

Fig. 3. (@) A schematic diagram of the fiber ring laser. 980 nm LD: 980 nm diode laser pump
source, OIC: optical integrated component, EDF: erbium-doped fiber, PC: polarization
controller, MoS,-based SA: MoS,-based saturable absorber. (b) Photograph of a FC coated
with multilayer MoS,. (c) The schematic structure of the OIC. PI-1SO: polarization-insensitive
isolator

In the experiment, the continuous wave (CW) operation of the proposed laser started at a
pump power of ~23 mW. When the pump power was increased to ~31 mW, the self-starting
mode locking was achieved with appropriate adjustment on the PC. Figure 4(a) shows the
optical spectrum of mode locked pulses. The spectrum is centered at 1568.9 nm and the 3-dB
spectral width is 2.6 nm. Several pairs of sidebands are symmetrically distributed at both
sides of the spectrum, which is the typical characteristic of conventional soliton pulses. A
measured autocorrelation trace is shown in Fig. 4(b). It has a full width at half maximum
(FWHM) width of 1.97 ps. Assuming a Sech? pulse profile, the soliton pulse duration is 1.28
ps. The time-bandwidth product (TBP) of the pulses is ~0.406, indicating that the output
pulses are dightly chirped. Figure 4(c) shows the oscilloscope trace of the mode-locked pulse
train. The time interval between the pulses is ~120.6 ns. Figure 4(d) presents the
corresponding RF spectrum with a 2 MHz span and 3 kHz resolution bandwidth. The
repetition rate of the soliton pulsesis 8.288 MHz, matching exactly with the cavity roundtrip
time of ~120.6 ns and the cavity length of ~24.8 m. The signa-to-noise ratio (SNR) is ~62
dB, indicating good mode-locking stability. The RF spectrum with a 100 MHz span shown in
the inset of Fig. 4(d) illustrates stable operation of the pulsed laser without exhibiting a Q-
switching instability. The fundamental mode locking operation was maintained up to a pump
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power of ~152 mW. The maximum output power was 5.1 mW and the corresponding pulse
energy was estimated to be 0.615 nJ.
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Fig. 4. Mode-locking performance of the fiber laser mode-locked by a multilayer MoS,-based
SA. (@) Optical spectrum. (b) Autocorrelation trace. (c) Pulse train. (d) RF spectrum with a 2
MHz span and 3 kHz resolution bandwidth. Inset: RF spectrum in 100 MHz span.

When the pump power was increased to 155 mW, multiple soliton operations were
observed due to the soliton area theorem [30, 31]. With dlight adjustment on the PC, the
soliton pulses self-adjusted their positions and ultimately distributed along the cavity with an
equal time interval, indicating that the harmonic mode locking (HML) operation was
obtained. Figure 5(a) and 5(b) show the oscilloscope trace and RF spectrum of the 3rd HML
at the pump power of 159.8mW. The side-mode suppression ratio (SMSR) of the 3rd HML
was estimated to be ~27 dB. The relative low SMSR could be caused by the competition
between the harmonic and the fundamental mode-locking mechanisms [32]. Further
investigations on the high order HML in the MoS, mode-locked fiber laser will be carried out
in the near future.

In order to check whether the passive mode locking was attributed to the proposed MoS,-
based SA, the FC coated with multilayer MoS, was replaced with a common clean FC in the
cavity. In this case, no mode-locked pulses were observed on the oscilloscope even if the
pump power was adjusted and the PC was rotated in a wide range. This demonstrated that the
saturable absorption of the MoS,-based SA was responsible for the mode locking. To test the
long-term stability of the fundamental mode locking, the laser was turned on over 8 hoursin
the conventional room environment. Relative fluctuations of average output power and center
wavelength were + 2% and + 0.1%, respectively, which indicates that the laser stably
operated in the room environment.
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Fig. 5. (a) Output pulse train of the 3rd HML. (b) The corresponding RF spectrum
4. Conclusion

In conclusion, we have experimentally demonstrated the ultrashort pulse generation in an
erbium-doped fiber laser mode-locked by a multilayer MoS,-based SA. The multilayer MoS,
was prepared by the CVD method and transferred to the end-face of a FC. The SA
parameters of modulation depth « and saturation intensity | were measured to be 35.4%
and 0.34 MW/cm?, respectively. With the multilayer MoS,-based SA, the compact all-fiber
laser emitted stable mode-locked soliton pulses centered at 1568.9 nm with spectral width of
2.6 nm and pulse duration of 1.28 ps. The experimental results suggest that multilayer MoS,
isapromising material for ultrafast laser mode locking applications.
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