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The output power in ultrafast fiber lasers is usually limited due to the lack of a versatile
saturable absorber with high damage threshold and large modulation depth. Here we
proposed a more efficient strategy to improve the output energy of erbium-doped fiber
laser based on indium selenide (In>Seg) prepared by using the physical vapor deposition
(PVD) method. Finally, stable mode-locked bright pulses and triple-wavelength dark—bright
pulse pair generation were obtained successfully by adjusting the polarization state. The
average output power and pulse energy were 172.4 mW/101 nd and 171.3 mW/100 nJ,
which are significantly improved compared with the previous work. These data
demonstrate that the PVD-In,Se; can be a feasible nonlinear photonic material for
high-power fiber lasers, which will pave a fresh avenue for the high-power fiber laser.

Keywords: Indium selenide (In,Sejz), saturable absorber(SA), physical vapor deposition, mode-locked fiber lasers,
soliton

INTRODUCTION

Recently, ultra-fast mode-locked fiber lasers with the virtues of miniaturization, good stability,
and beam quality have attracted great attention due to promising applications in industrial
manufacturing, biomedicine, defense, optical imaging, and nonlinear optical conversion [1-14].
Especially when studying various nonlinear phenomena, high-power mode-locked fiber lasers
often serve as ideal platforms and powerful experimental tools. As the key nonlinear optical
element in the passively mode-locked laser, excellent saturable absorbers (SAs) have always been
the goal of scientific researchers [15]. At present, various types of two-dimensional (2D)
materials were widely employed as passive SAs in mode-locked fiber lasers [16-35]. As a
novel two-dimensional layered material, transition metal dichalcogenides (TMDs MoS,, WS,,
MoSe,, and WSe,) [19-23] show layer-number-dependent bandgap properties and exhibit a
huge potential in nanoelectronics, optical sensor, optoelectronics, and other fields. However, due
to the limited carrier mobility of a single layer, its wide application was restricted. Recently,
topological insulators (Bi,Se;, Bi,Tes, and Sb,Te;) [24-26] with large modulation depth and
excellent optical nonlinearity have aroused great interest in laser photonics. Additionally, black
phosphorus with an adjustable direct band gap is widely used in intermediate infrared
optoelectronic materials [30-32]. Due to the high nonlinear optical response and the fast
recovery time, the ZnO is considered to be an ideal SA [35]. Regretfully, the output power of fiber
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lasers based on various broadband SAs was limited to tens of
milliwatts due to a low laser damage threshold. Therefore, it is
of vital importance to improve the output power of ultrafast
fiber lasers.

Most recently, In,Se; with crystalline polymorphism and
diverse electronic properties has attracted extensive attention
[36-41], which is beneficial to many laser photonic
applications. In ultrafast photonic applications, Yan et al.
fabricated a-In,Se; as SA by magnetron sputtering deposition
method and then inserted SA into erbium-doped fiber laser. They
finally obtained soliton pulses with maximum average power and
single pulse energy of 83.2mW and 2.03 nJ for erbium-doped
fiber laser (EDFL), respectively [42]. Although scientists have
conducted extensive research on In,Ses, few have been done on
nonlinear optical properties to be used as SA for high-power
operations.

Generally, 2D In,Se; nanostructures can be prepared by using
the mechanical exfoliation (ME) method [29]. However, the size
and the thickness of In,Se; nanosheets obtained by the ME
method are uncontrollable, and this leads to further limiting
the optical response. Additionally, the chemical vapor deposition
(CVD) and the physical vapor deposition (PVD) methods were
also successfully employed for fabricating In,Se; nanoflakes [43,
44]. Compared with other methods, the PVD method could
accurately control the thickness of In,Se; nanoflakes. The
PVD-In,Se; exhibits high crystallinity that is beneficial to
improve the laser damage threshold. Moreover, the PVD
method could achieve highly uniform large-area films, which
could further improve the nonlinear optical properties of SA.

In this paper, few-layered In,Se; nanoflakes were successfully
fabricated with the PVD method, which showed a high laser
damage threshold and excellent nonlinear saturable absorption
characteristics. We estimated that the damage threshold of this
proposed SA reached up to 50 mJ/cm” at the highest pump power
in our experiment. The modulation depth of 19% and the
saturable intensity of 7.9 MW/ cm? are obtained. Stable mode-
locked bright pulses and triple-wavelength dark-bright pulses
were obtained successfully in our EDFL. The experimental results
indicate that In,Se; is a potential SA in the large-energy mode-
locked fiber laser application and also demonstrate that the PVD
method can be an excellent way for studying high-
performance SAs.

FABRICATION AND CHARACTERIZATION
OF IN,SE; SA

High-quality In,Se; nanoflakes were prepared by the PVD method,
which was similar to our previous reports [45]. The few-layered In,Se;
nanoflakes were synthesized on monolayer fluorophlogopite mica
(FM 20 pm) substrate via van der Waals epitaxy. The In,Se; power
(99.99%) used for evaporation source had been placed in the center of
the horizontal tube furnace (OTL1200). A piece of FM substrate was
placed downstream, about 12 cm away from the powder source, for
sample growth. Under argon (Ar) gas of 50 sccm, the In,Se; powder
was heated to 750°C. After growth, keeping the Ar flow unchanged, we
let the tubular furnace naturally cool down to ambient temperature. In
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addition, the PVD-In,Se; nanoflakes were transferred to the facet of a
fiber connector for fabricating In,Se;-based SA, which enhanced the
laser damage threshold under high-power conditions.

The performance of the sample materials is also very important.
The In,Se; nanosheets were characterized, and data results are shown
in Figure 1. Figures 1A,B indicate that In,Se; nanoflakes have a
multi-layered structure. It can be clearly observed that most of the
nanoflakes have asymmetric hexagonal and irregular truncated
trigonal morphology, which grow along the horizontal direction.
However, due to the limitation of the heating rate of the tube
furnace, the homogeneity of the deposited nanoflakes was
weakened. Most of the nanoflakes show uniform thickness across
the lateral dimension. From the inset of Figure 1A, the stoichiometric
ratio of Se (51.43%) and In (34.80%) was about 3:2. The Raman result
is displayed in Figure 1C. Apparently, three peaks at"107,7172, and
7205 cm™! are considered to be done by A; (LO + TO), A; (TO), and
A, (LO) phonon modes of In,Se; [42], which evidently prove that we
successfully synthesized the In,Se; nanoflakes [43, 44]. Diffraction
peaks including (004), (006), (106), (0010), (1115), and (1118) were
detected, as shown in Figure 1D. Compared with bulk In,Ses, the
intensity of (006) peak is relatively higher and shows that the In,Se;
nanoflakes exhibit a well-layered structure. This further indicates that
the In,Se; nanoflakes grown with the PVD method have good
uniformity and high crystallinity.

The linear absorption property is shown in Figure 2A. The In,Se;
SA has a higher transmission of 93% at 1,560 nm. As can be seen from
Figure 2A, the linear transmission exhibits some fluctuation fringes.
This phenomenon may be attributed to the interference due to the
thickness of the sample. Moreover, through a power-dependent
transmission technique, the nonlinear absorption properties of the
In,Se; SA were measured, and the experimental setup is the same as
that in our previous work [46]. The final result is depicted in
Figure 2B, where the modulation depth of 19% and the saturable
intensity of 7.9 MW/ cm” are estimated. Due to the good uniformity
of the In,Se; nanoflakes, the In,Se; SA exhibits a high modulation
depth [47]. It has been demonstrated that SAs with a large modulation
depth is beneficial to generate mode-locked ultrafast pulses with a
larger single-pulse energy [48]. Therefore, In,Se; prepared by the PVD
method was regarded as an excellent SA to realize high-power and
large-energy pulse generation.

EXPERIMENTAL SETUP

The typical experimental arrangements of the proposed PVD-In,Se;
EDFL are shown in Figure 3. Two laser diodes (LD, 976 nm) were
used as a pump source, and the final highest output power was
1,838 mW. Two wavelength division multiplexer couplers were
employed to couple the pump laser into the ring cavity. The
highly erbium-doped fiber served as the gain medium. Meanwhile,
a polarization-insensitive isolator (PI-ISO) retained the unidirectional
laser operation in the ring cavity, and two polarization controllers
(PCs) were connected into the laser cavity to be used to control the
polarization state of the laser cavity. A 40:60 optical coupler was used
to collect the output laser beam. Additionally, in order to improve the
output stability of the cavity and adjust the net dispersion value in the
cavity to achieve the various soliton phenomena more easily, a single-
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FIGURE 1 | (A) SEM image of the prepared In,Ses nanoflakes (inset: energy-dispersive X-ray spectroscopy of the sample). (B) Atomic force microscopy image of
In2Sez nanoflakes. (C) Raman spectrum of the prepared In,Sez nanoflakes. (D) XRD analysis of the In,Ses nanoflakes.
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FIGURE 2 | (A) Linear transmission spectrum of In,Ses-FM. (B) The nonlinear saturable absorption curve of the In,Ses.

mode fiber was inserted between SA and PI-ISO in the ring laser
cavity. The whole length of the proposed laser cavity is about 119 m,
and the total net dispersion in the cavity is calculated as being about
-2.61 psz.

EXPERIMENTAL RESULTS AND
DISCUSSIONS

As is known to all, owing to the Kerr effect, self-mode-locked or
Q-switching often occurs in the ring fiber laser cavity. Therefore,
at the beginning of the experiment, we inserted a pure FM

substrate without a saturated absorber into the ring laser
cavity and inspected if Q-switched or self-mode-locked
operations were not observed, which showed that the pure FM
substrate did not produce a Kerr effect and a saturated absorption
effect in the ring laser cavity. Then, we connected the In,Se; SA to
the EDFL system and obtained mode-locked operations. The
insertion loss of the proposed cavity was calculated as 0.95 dB.
Thus, the relatively large insertion loss and the high output
coupling ratio caused the laser threshold to be relatively high.
By maintaining the pump power at 1,838 mW for 5 or 6 h (maybe
a little short), a stable mode-locked output can always be
obtained, which showed that PVD-In,Se; SA had a high
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FIGURE 3 | Experimental schematic of the mode-locked erbium-doped
fiber laser.

stability. What is more, no material damage was found. It can be
proved that the laser damage threshold of the prepared In,Se; SA
was relatively high. In general, within the mode-locked laser
cavity, the balance between various nonlinear optical effects, the
total laser gain and loss, and the net dispersion value of the cavity
contributed to the formation of different soliton generations.
Bright pulses and dark-bright pulses were observed successfully
by adjusting the PCs in this proposed cavity. We will discuss the
two mode-locked operations in detail.

Bright Pulses

The bright pulses can be obtained easily by adjusting the PCs
upon the pump power to 313 mW. Here we mainly discussed the
bright pulse output characteristics, where the pump power is set
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as 1,838 mW, as shown in Figure 4. Figure 4A shows an
oscilloscope trace of a single bright pulse with the full-width at
half-maximum of 15.3 ns, which can be attributed to the large net
dispersion. The inset of Figure 4A illustrates the pulse train with
1.718 MHz fundamental frequency, corresponding to a period of
582.8 ns, which demonstrates a stable mode-locked state.
Figure 4B shows the optical spectrum of the dual-wavelength
bright pulse with the central wavelength located at 1,559.436 and
1,560.974 nm, which is similar to the previous report [49].
However, we have not observed Kelly sidebands in the
spectrum, thus proving that the EDFL operation mode was
not a conventional soliton regime. The large dispersion in the
experiment is one of the causes of the disappearance of the Kelly
sideband [50]. Additionally, the stability issue of the passively
mode-locked is an important parameter limiting the practical
application of the laser. Figure 4C exhibits the radiofrequency
(RF) spectrum of the dual-wavelength bright pulse. The peak of
the fundamental frequency locates at 1.718 MHz with a signal-to-
noise ratio (SNR) of 42 dB, which further indicates the relative
stability of bright pulse. The average output power and single
pulse energy under a different pump power are recorded in
Figure 4D. In the case of pump power setting at 1,838 mW,
the average output power was measured to be 172.4 mW and
single pulse energy was 101 nJ. The high output power generation
could be explained by the following aspects: (1) differently from
the 2D materials prepared by other methods, such as ME and
CVD, PVD-In,Se; exhibits uniform thickness and high
crystallinity of nanosheets and (2) PVD-In,Se; SA displays
excellent nonlinear optical properties—for example, larger
modulation depth. In general, the lasers that operate in a
negative dispersion cavity would generate conventional soliton.
Limited by a soliton area theorem, the pulse energy would not

power versus pump power.
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FIGURE 4 | (A) Single pulse of the bright pulse (inset: typical pulse train). (B) The output optical spectrum. (C) RF spectrum. (D) Pulse energy and average output

Frontiers in Physics | www.frontiersin.org

December 2021 | Volume 9 | Article 786357


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wei et al.

In,Ses Mode-Locked Fiber Lasers

A o2

Intensity(a.u.)
o
-

60 60 120 180
Time (ns)
C 20
Central frequency
1.718MHz
Z-40
£
z >40dB
=604
-80
1.5 1.6 1.7 1.8 1.9 2.0
Frequency(MHz)

Average output power and pulse energy.

B
-20 2,=1659.8nm
x|:1558.1nm x3=1561.5nm

£

=-404

£

=

2

=

-604
1556 1560 1564
Wavelength (nm)
D 180 120
» Output power(mW)
Py - Pulse energy(nJ) =
%120- o 805
1 o o
g o e
5 o g
2 60+ o b3
5 o 405
) o ~
of 7 A
0 500 1000 1500 2000
Time (ns)

FIGURE 5 | (A) Single pulse profile of the dark-bright pulse and the inset shows the typical pulse train. (B) Output spectrum. (C) Radiofrequency spectrum. (D)

survive above 0.1 nJ. However, according to previous reports, Yan
et al. and Wang et al. achieved a soliton pulse with a single pulse
energy of 2.03, 2.14, and 128.3 nJ in a negative dispersion cavity,
respectively [42, 48, 50]. In our experiment, although the single
pulse energy reached up to 101 nJ, but the peak power remained
almost immutable due to pulse broadening caused by the large
dispersion. In addition, it is well known that mode-locked lasers
could operate in different soliton states under the interaction of
dispersion, nonlinearity, gain, and loss. In the experiment, due to
the lack of an autocorrelator, the soliton state cannot be
measured. However, since the pulse obtained in our
experiment was not a traditional soliton pulse, according to
previous reports [51, 52], the displayed value of the
oscilloscope was the real value of the pulse width. Obviously,
compared with the previous work, the highest average output
power was obtained and was very competitive among the
reported fiber lasers based on In,Se; SA in our work. The
experiment results demonstrated that PVD-In,Se; SA had
prominent advantages in obtaining stable pulse generation
with high output power.

Dark-Bright Pulse Pairs

‘By further controlling the PCs, we can observe the stable
dark-bright pulse pairs with 1,838 mW pump power. Figure 5
depicts a dark-bright pulse mode locking state of the proposed
fiber laser. The corresponding single dark-bright pulse pair is
shown in Figure 5A. The depth of the dark pulse and that of
the bright pulse are nearly equal in a uniform continuous wave

background. The inset in Figure 5A shows a typical
dark-bright pulse pair train with a fundamental frequency
of 1.718 MHz. As can be seen from Figure 5B, a triple-
wavelength dark-bright pulse pair can also be achieved, and
spectral centers were located at 1,558.1, 1,559.8, and
1,561.5 nm, with wavelength spacing per laser wavelength of
1.7 nm, respectively. In addition, no Kelly sidebands were
observed in the spectrum, similar to previous reports [53,
54]. Figure 5C presents the RF spectrum of the dark-bright
pulse pair with a SNR of 40 dB, which indicates that a relatively
stable mode-locked operation was achieved. As shown in
Figure 5D, the maximum average output power was
171.3mW  under the pump power of 1,838mW,
corresponding to the optical conversion efficiency of 9.32%.
The largest energy of the dark-bright pulse is calculated to be
about 100 nJ, which is the total pulse energy of the dark-bright
pulses. Other researchers had done a similar work [55, 56]. As
is known, the formation of the dark-bright pulse pairs may
resulted in the cross-phase modulation effect [57]. In our
opinion, the formation of a dark-bright pulse pair is not
only owing to the cross-phase modulation [58, 59] but also
due to the interaction of the nonlinear refractivity of In,Se;
nanoflakes with high nonlinear effects that resulted in high-
power laser cavity. Moreover, when the pump power increases,
triple-wavelength mode-locked pulse generated benefits from
a combination of the high nonlinearity of In,Se; nanoflakes
and the spectral filtering effect in laser cavity. Regrettably,
owing to the lack of a tunable filter, the polarization
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characteristics of the dark-bright pulse pair were not further
analyzed. In addition, no pulse pairs were observed despite
adjusting the PCs when the In,Se;-FM SA was taken away. It
can be confirmed that In,Se; SA is an effective saturable
absorber for stable passively mode-locked operation.

CONCLUSION

In summary, due to variations in birefringence and high nonlinearity
of the laser cavity, a multiwavelength output can be generated. Finally,
we successfully obtained two stable soliton pulses with average output
power of 172.4 and 171.3 mW and single pulse energy of 101 and
100 nJ, respectively, in a passively mode-locked EDFL using PVD-
In,Se; as the saturable absorber. Besides this, a triple-wavelength
dark-bright pulse pair operation with highest output power and
maximum pulse energy was also first observed. All in all, the type of
pulse laser based on few-layer bismuthene will provide a new reference
resource for obtaining a large-energy, high-power output in the mode-
locked fiber lasers and its application in optical fiber communication,
spectral analysis, and pump probe experiment.
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