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Abstract

CrossMark

Two-dimensional materials have been widely used as optical modulator materials in mode-
locked fiber lasers. In terms of the performance of the fiber laser, one with an ultrashort pulse and
high stability has great commercial value. Herein, the MoSe, grown by the chemical vapor
deposition (CVD) method with high modulation depth, quality lattice structure and uniformity is
successfully applied in a mode-locked erbium-doped fiber laser. The pulse duration and signal-
to-noise ratio of the laser are 207 fs and 85 dB, respectively. The multifarious performance
comparisons indicate that the CVD-based MoSe, saturable absorber with the tapered fiber
structure has unique advantages not only in the generation of ultrashort pulses, but also in the

optimization of laser stability.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Two-dimensional (2D) materials, as a class of saturable
absorbers (SAs) with exotic nonlinear optical (NLO) prop-
erties, have drawn considerable attention to the generation of
ultrashort pulses by means of passive mode-locking and
Q-switching techniques [1-16]. Generally speaking, the NLO
characteristics of materials rely heavily on the materials
themselves. Since the discovery of graphene, researchers pay
more attention to the investigation and application of new
NLO 2D materials. Graphene enables an ultra-wide response
due to its unique Dirac-like structure [17]. Meanwhile, the
impressive NLO responses [18] (nonlinear refractive index
n ~ 2 x 107" cm? - W) of graphene play an important role
in the effective modulation of light. Wavelength conversion
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has also become an applied hotspot of graphene due to the
strong Kerr nonlinearity [19]. The surface states structure of
topological insulators (TI) is similar to graphene [20]. How-
ever, different from the small modulation depth of graphene
[21], TT shows its advantages in large modulation depth [22].
Moreover, the large third-order NLO effects and broadband
absorption characteristics of TI indicate that TI is a preeminent
NLO material [23, 24]. Another 2D material, black phosphorus
(BP), has its own layer-dependent direct bandgap (0.35-2¢eV)
[25, 26], which can be applied to the infrared communication
band [27]. In general, the stability of BP is a major obstacle in
its application. At present, plenty of methods are used to
enhance the stability of BP and make it suitable as an SA
material [28, 29].

In addition to the materials mentioned above, transition
metal dichalcogenides (TMDs) have also been paid much
attention in recent years due to their great potential in optical

© 2018 IOP Publishing Ltd  Printed in the UK
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and photonics applications [30]. Generally, numerous mem-
bers of TMDs with similar structures and components are
expressed as MX,, where M represents the transition metals
(W, Mo, etc) and X represents elements in group VI (S, Se,
Te, etc) [31, 32]. The inter-layer of the TMDs are combined
with the weak van der Waals interaction while the intra-layer
atoms are bound together by strong chemical bonds. Such a
special combination enables the TMDs to be easily stripped
into nanosheets to manufacture high-performance electronic
devices [33, 34].

There are two main categories of TMDs that are receiv-
ing considerable attention, while the biggest difference
between the two is the atomic weight of the chalcogenides. It
is reported that sulfide-based TMDs have lighter chalcogenide
atoms, which results in the increase of bandgap energy [35].
However, as the investigations generally concentrate on sul-
fide-based TMDs, the exploration of selenide-based TMDs
are still at the initial stages. The bandgap of MoSe; is 1.09 eV
[36], which indicates that it can not only can be used in the
visible wavelength regime, but also has great potential in the
near infrared band [37, 38].

Generally speaking, the size and thickness of TMD films
are important factors that affect the NLO response of mate-
rials, because undesired extrinsic crystal properties may cause
inhomogeneities, impurities and defects [39, 40]. In com-
parison, the TMD film prepared by the chemical vapor
deposition (CVD) method perform remarkably in uniformity
and thickness control of the material, which is advantageous
for the reduction of defects. Here, the MoSe, film grown by
the CVD method is transferred onto a microfiber to form an
SA. The small tapered waist diameter and long reaction length
of the microfiber enables a full and effective light-matter
interaction. Based on the NLO properties of the prepared
MoSe, SA, the mode-locked erbium-doped fiber laser
(EDFL) is successfully achieved. With this means, the 207 fs
pulses with a signal-to-noise ratio (SNR) of 85 dB is gener-
ated. To the best of our knowledge, it is not only the shortest
duration generated by MoSe, SA, but is also the most
impressive compared to that of TMD-based EDFL.

2. Preparation and characterization of the MoSe, SA

In order to reduce undesired inhomogeneities, impurities and
defects in the MoSe, films, the CVD method was adopted.
Before synthetization, the clean SiO,/Si substrates and full
raw materials were already prepared. Along the direction of
the air intake, the Se powder and MoO; powder were placed
in the reaction chamber in turn. In particular, the MoOs;
powder was placed in the heating zone center. The SiO,/Si
substrate was placed at the end of the outlet, which was
downstream of the MoO5; powder. During synthetization, the
flowing mixture gas mainly composed of H, and Ar (Hj:
10 sccm, Ar: 65 sccm) assisted the admixture and reaction of
the Se and MoO; vapors. To ensure the quality of the MoSe,
films, the temperature in the furnace rose to 800 °C at a
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Figure 1. (a) The AFM of MoSe,; (b) the Raman spectroscopy of
MoSe,; (c) the nonlinear response of MoSe, SA.

uniform rate of 15°Cmin~'. During the high temperature
reaction of 25 min, the final product was carried to the sub-
strate under the impetus of the mixed gas. After the natural
cooling treatment, high quality MoSe,- films were obtained.
In general, the material attached on the substrate was incon-
venient in application, free-standing nanosheets are preferred
by comparison. Polymethyl methacrylate (PMMA) assisted
the method as the mature and well-behaved technology has
been widely used to achieve the stripping process for thin
films. Therefore, the separation of the MoSe, films from the
substrates was completing by using PMMA. After the spin
coating and air drying, the MoSe, films were successfully
stripped to have a complete lattice structure and good
homogeneity. After treatment with acetone and deionized
water, the remnants of PMMA were removed. The free-
standing MoSe, films, which floated smoothly under the
tension of water, were transferred to the tapered waist of the
microfiber. In the process of migration, the microscope was
employed to realize accurate micromanipulation. The micro-
fiber with a tapered waist of 11 um and a reaction length of
2.5 ym enabled a full and effective light—matter interaction.
Atomic force microscope (AFM) can not only detect the
surface homogeneity of materials, but also measure film
thickness accurately. The AFM image of the MoSe, films is
shown in figure 1(a). When the measured area of MoSe, was
1 x 1 pm, uniform and compact particles were arranged in
order, as seen in figure 1(a). The enlarged illustration in
figure 1(a) further reflects the uniformity of the material.
Meanwhile, the thickness of the MoSe, films was measured to
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Figure 2. The experimental arrangement of MoSe,-based EDFL.

be 9nm. Raman spectroscopy is a common way of char-
acterizing the mode of material vibration. From figure 1(b),
there are two distinct peaks located at 239.9cm ' and
286 cm ', respectively. According to previous research, the
strong peaks at 239.9 cm ' correspond to the out-of-plane A g
mode while the weak peaks at 286 cm ™' correspond to the in-
plane E,,! mode [41-43]. The appearance of peak ¢ is
infrequent in previous characterization, we attribute it to
Davydov splitting [44]. In addition, the saturable absorption is
also an important feature of the material. In order to investi-
gate the nonlinear response of MoSe, SA to light, the
balanced twin detector measurement technology as a simple
and effective method was successfully applied [45]. The light
source employed in the measurement was a self-made mode-
locked laser operating at 1550 nm with a pulse duration of
600 fs. After the fitting of the formula
Q
() 1L + s,

the saturable absorption parameter «, nonsaturable absorp-
tion parameter «,,; and saturation intensity I, were 22.57%,
46.46% and 7.747 MW cm 2, respectively, as is presented in
figure 1(c).

3. MoSe, mode-locked EDFL

MoSe, SA was employed in EDFL to investigate the satur-
able absorption characteristic, the simple experimental
arrangement is shown in figure 2. As we can see, a common
ring-type cavity was adopted. The 976/1550 nm wavelength
division multiplexer (WDM) enabled light to be continuously
pumped into the cavity. Under constant excitation of the
pump, the erbium-doped fiber (EDF) consistently showed the
amplification and enhancement of light. The isolator (ISO)
prevented the propagation of undesired light propagation. To
make the mode-locked laser operate at the optimum case, the
polarization controller (PC) was employed to adjust the
polarization state and birefringence in the cavity. The MoSe,
SA was placed between the PC and WDM. The 80:20 output
coupler enabled real-time monitoring of the laser data. 80% of
light remained in the cavity to maintain a steady state of
operation, whereas another 20% was exported. The data of the
mode-locked sequence, spectrum and RF spectrum were
collected by an oscilloscope (Tektronix DPO3054), optical
spectrum analyzer (Yokogawa AQ6370C) and RF spectrum
analyzer (Agilent E4402B).

4. Result and discussion

The mode-locked pulses were generated after appropriate
optimization of the polarization and birefringence in the
cavity by fine tuning the PC at a pump power of 630 mW.
Through the monitoring of the oscilloscope, the mode-locked
sequences displayed were stable and durable as is represented
in figure 3(a). The inter-pulse time interval of the mode-
locked pulses was measured to be 15.49 ns. During a long
time of monitoring, the spectral changes in the different
periods were recorded. From figure 3(b), we can see that the
laser operated at 1552 nm with 3 dB bandwidth of 12.72 nm.

The autocorrelation trace of pulses indicate the char-
acteristics of the pulse duration, which is the important
parameter of the laser. To get the pulse duration, the data
(blue dots) recorded in the experiment were fitted by the sech?
function as indicted in figure 3(c). The pulse duration of
207 fs was not only the shortest duration generated by the
MoSe, SA, but also impressive compared to that of the TMD-
based EDFL. By the equation

TBP = 7 X ¢ - AN/ )2,

the time-bandwidth product (TBP) was able to be calculated
theoretically. The parameter 7 corresponds to the pulse
duration, c is the speed of light in vacuum, A\ represents the
3 dB bandwidth and A is the center wavelength. Based on the
recorded data, the TBP was calculated to be 0.3277. This is
close to the theoretical value of 0.315, which indicates that the
chirp in the cavity was slight. In the process of data collection,
the laser consistently maintained stability and durability. In
order to further prove the stability of the laser, the RF spec-
trum was a simple and persuasive method. From figure 3(d),
the repetition rate of the pulse was 64.56 MHz. Both the
uniform decline of frequency multiplication in illustration and
the SNR of 85 dB indicate that the laser operated stably.

In order to make the content more convincing, the con-
trast experiment was supplemented. In the contrast experi-
ment, the MoSe, SA was replaced by a tapered fiber of the
same specification without any other materials while the other
parts remained unchanged. However, the passively mode-
locking phenomenon was not observed in the experiment.
Therefore, the passively mode-locking phenomenon was in
fact due to the MoSe,.

The performance comparisons between the MoSe,-based
mode-locked EDFL and previous work are demonstrated in
table 1. By comparison, the modulation depth of the CVD-
based MoSe, SA is impressive, we attribute the good per-
formance to the CVD method and tapered fiber structure of
the MoSe, SA. The CVD method is mainly used to improve
the uniformity of MoSe, films, and further improve the
modulation depth of the MoSe, SA [46]. Compared to the
MoSe, SA, which directly transfers the MoSe, to the cross-
sectional area of the optical fiber, the fiber-taper WS, SA can
achieve nonlinear control and better heat dissipation. By
controlling the effective length of the fused zone and waist
diameter of the tapered fiber, the nonlinearity of the MoSe,
SA can be controlled. It has been reported that the waist
diameter of the fiber-taper WS, SA is smaller, and the
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Figure 3. (a) The mode-locked sequence; (b) the spectral changes in different periods; (c) the autocorrelation trace of pulses; (d) the RF

spectrum.
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Table 1. Performance comparisons of mode-locked EDFL with MoSe2 SA.

Materials Fabrication MD Ao/AX (nm) 7(fs) SNR (dB) Reference
PVA-MoSe, LPE 5.4% 1557.3/5.4 798 59.1 [51]
SPF-MoSe, LPE 1.4% 1557.1/2.3 1090 <60 [50]
PVA-MoSe, LPE 0.4% 1562.6/2.2 1180 <60 [50]
PVA-MoSe, LPE 7.3% 1560/7.8 580 50 [52]
PVA-MoSe, LPE 0.63%  1558.25/1.76 1450 61.5 [38]
Microfiber-MoSe, CVD 22.57% 1552/12.72 207 85 This work

effective length of the fused zone is longer, the nonlinearity of
the SA will be stronger [47]. The strong nonlinearity char-
acteristics of the SA may increase the modulation depth
synchronously. Therefore, we think that the large modulation
depth of the MoSe, SA is the result of the combination of the
CVD method and tapered fiber structure. Moreover, because
the contact area between the MoSe, films and optical fiber is
large, it can be used to better heat dissipation and increase the
operating threshold of the MoSe, SA. Furthermore, the pulse
duration of the MoSe,-based mode-locked EDFL in this work
is shortest compared with that of other lasers. The large
modulation depth may be the major reason for this phenom-
enon. In other words, under the same conditions, the large
modulation depth is beneficial for the short pulse duration. In
addition, the high SNR of the MoSe,-based mode-locked
EDFL indicates the stability of the operation. The stability of the
laser is a parameter highly valued in commercial applications.
The performance comparisons indicate that the CVD-based

MoSe, SA has unique advantages not only in the generation of
ultrashort pulses, but also in the optimization of laser stability.

The direct bandgap of the monolayer MoSe, was 1.57 eV
and the indirect bandgap of the bulk MoSe, was 1.1eV
according to previous research, which is way below the
optical (excitonic) bandgap of MoSe, at 1550 nm [48]. Some
different theories have been proposed to explain the govern-
ing mechanism, including two-photon absorption saturation,
edges state of the materials and defect-induced bandgap
decrease. In the theory of defect state, the defect of MoSe; is
inevitable in the production process, which will influence its
electronic and optical performance. It has been reported that
the bandgap of MoS, and WS, can be significantly reduced
by introducing the defects in a suitable range [49]. It is jus-
tifiable to believe the sub-bandgap saturable absorption of
MoSe, is similar to the defect-induced bandgap decrease of
MoS, and WS,, because TMD materials possess similar lat-
tice structures and photonic properties [50].
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5. Conclusion

In conclusion, the CVD-based MoSe, SA has been success-
fully applied in mode-locked EDFL. Owing to the combina-
tion of the CVD method and the tapered fiber structure of the
MoSe, SA, the prepared MoSe, SA has represented an
impressive modulation depth of 22.57%. The obtained mode-
locked EDFL not only has a short pulse duration of 207 fs,
but also has an SNR of 85 dB. The TBP of 0.3277 indicates
the chirp in the cavity is slight. The performance comparisons
have indicated that the CVD-based MoSe, SA has unique
advantages not only in the generation of ultrashort pulses, but
also in the optimization of laser stability. As one of many
promising materials, the CVD-based MoSe, has potential
applications in further optoelectronic devices, and even
commercial applications.
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