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In this paper, we demonstrate excellent ultrafast optical performance of ternary transition metal dichalcogenide ReS; ¢2Seg og Saturable absorber
with high power tolerance and large modulation depth in thulium-doped fiber laser. Q-switching with tunable repetition frequency and pulse
duration, and mode-locking with high pulse energy were generated in our experiment. The average output power/pulse energy/pulse duration of
the mode-locked pulse train were 313 mW/13.6 nJ/1.43 ps, respectively. © 2019 The Japan Society of Applied Physics

thermal handling capability, better beam quality and

higher optical conversion efficiency.” In particular,
ultrafast lasers with all-fiber structure have many unique
applications.” In recent decades, all-fiber Q-switched and
mode-locked lasers have been widely studied.> The ultra-
fast thulium-doped fiber (TDF) lasers locating at eye-safe
wavelength range have attracted much attention, owing to
their wide applications, such as biomedical treatment,®”
difference frequency generation,® free-space optical commu-
nications and national defense security, etc.

The methods for obtaining ultrashort pulse in fiber laser
include nonlinear polarization evolution,” nonlinear optical loop
mirror'®'? and a series of saturable absorbers (SAs).lz) Because
of the structural compactness for all-fiber integration, various
kinds of SAs are been researched. They contain 1D carbon
nanotubes and 2D materials ranging from graphenes,'*™'>
topological insulators,'®"® black phosphorus (BP),'*" to
layered transition metal dichalcogenides (TMDs). Recently,
various TMDs (MoS,,*? WS, MoSe,,*** WSe,,*®
MoTe,?” and ReS,?®) have been widely studied in the field
of ultrafast optics. In 2018, Wang et al. first reported TDF
mode-locked laser with MoTe,-SA by the magnetron sputtering
deposition method.”® Meanwhile, different regimes of solitons
have also been reported with MoS, at 2 yim.*”

The large modulation depth is helpful for obtaining shorter
pulse duration and self-starting mode-locking pulses. In addi-
tion, SAs with high damage threshold are needed in many
commercial applications. However, there have been few reports
on high average power mode-locked fiber lasers harnessing
large modulation depth SAs. Ternary ReS;,Seqog alloy,
having environmental stability like common TMDs, can
provide smaller energy band gap than ReS, with the single-
atom dispersion 1ayer,30) which indicates ReS; ¢>Seg g is more
suitable for applications at a longer wavelength. Besides, it has
more freedom to regulate its energy band gap through not only
adjusting the thickness of the atom dispersion layer, but by
changing the proportion of two elements, for example, S and Se
in the ReSz(l_x)Sezx.3l) Therefore, exploring the ultrafast optical
properties of the ternary TMDs is more meaningful at eye-safe
wavelength.

In this work, we employed ternary ReS; ¢>Seg og film as an
SA by mechanical exfoliation (ME) and obtained Q-switched
and mode-locked operation in 2 um regime. The appearance

F iber lasers have many advantages, such as excellent
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and nonlinear saturable absorption characteristics of
ReS| 02Se903-SA were investigated. Based on a high mod-
ulation depth of 39.9% and saturation intensity of
1.58 MW cm ™2 of ReS; 02Sep.0s-SA, we demonstrated
Q-switching with tunable pulse duration and repetition
frequency from 8.54 1s/16.23 kHz to 5.38 us/32.36 kHz and
mode-locking at 1924 nm with pulse duration/pulse energy/
average output power of 1.43 ps/13.6nJ/313 mW, respec-
tively. In our experiment, more mature and complete
technologies of ME and material transfer enable our material
to have better morphological uniformity compared with our
previous work.’>*® Besides, the photon energy in 2 um is
smaller than other shorter wavelength, which is conducive to
the improvement of the tolerance of average power.

For obtaining high-quality 2D ReS; ¢>Seq og film from bulk
materials gathered together by van der Waals force, the
direct, cost-effective and convenient method is ME. First, we
used lengths of Scotch tape to peel the bulk materials
repeatedly until we obtained a ReS; ¢,Seq o5 film. Second, the
ReS 02Sep.0g film was transferred from the lengths of tape to
clean and tidy the quartz substrate. Finally, we employed a
fiber connector (FC) to access the ReS; g»Seqog film. With
the help of van der Waals force, the film was attached to the
end face of the FC, as shown in Fig. 1(a). And Fig. 1(b) is the
microscope image of the FC. It can be seen that the fiber core
was covered with a ReS; (»Seg og film.

Then, we built a two-arm measurement device [Fig. 1(c)]
to investigate the nonlinear optical properties of
ReS; 92Sep.0s-SA. The pump is a homemade pulse source.
The output pulse string propagates through a variable optical
attenuator and then is split by a 3 dB fiber coupler. Half of the
power is measured by a power meter for reference, the rest of
power is injected into the sample and then measured by a
second power meter. The data of the transmission rate (blue
points) of ReS; p»Sepos-SA in the experiment is marked in
Fig. 1(d). The red curve is the fitting result of experimental
data by the following formula:

Qg

+ — 1
1+I/Isat M

«@ (I) = Qg

In formula (1), the modulation depth c«s, saturation
intensity I, and nonsaturable loss o, are 39.9%,
1.58 MW cm 2 and 48.6%, respectively. The large modula-
tion depth is attributed to the morphological uniformity of the
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Fig. 1. (Color online) (a) Camera image of the FC. (b) Optical microscope image of the fiber core covered with a ReS; ,Se og film. (c) Measurement setup.
(d) Nonlinear absorption curve of ReS; 0>Sep.os-SA.
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Fig. 2. (Color online) (a) SEM image and the mapping of Re, S and Se. (b) Raman spectrum of ReS; ¢,Seq og single crystal. (c) AFM topography and height
diagram of a ReS; gSeg.og thin film on SiO,/Si substrate. (d) HR-TEM image of a ReS; 0»Seg.og nanosheet. (e) XPS spectra.
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Fig. 3. (Color online) Schematic of the TDF laser.

ReS; 02Segog nanosheet, which can be observed by the
following figures. Good uniformity of the materials not
only gives a large surface-to-volume ratio, but yields a high
saturation intensity and large modulation depth, as discussed
in Ref. 34. High saturation intensity promotes high power
operation and large modulation depth helps narrow the pulse.

The crystal structure and chemical composition of the
fabricated ReS; g>Seg og film are characterized in Fig. 2. The
scanning electron microscopy (SEM) and energy dispersive
spectroscopy images, respectively, are shown in Fig. 2(a).
The elemental mapping of ReS; ¢,Sepos shows a homoge-
nous distribution of Re, S and Se elements. The Raman
spectrum [Fig. 2(b)] shows a series of peaks ranging from
100-500 cm ™!, which can be assigned to the Ag-like modes
of ReS; 0xSegos.>>) The atomic force microscopy (AFM)
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Fig. 4.
pump power. (¢) Spectrum at 270 mW. (d) RF spectrum at 320 mW.
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image shows a representative 2D nanosheet with a height of
about 20 nm in Fig. 2(c). The high-resolution transmission
electron microscopy (HR-TEM) image [Fig. 2(d)] presents a
set of lattice planes with a characteristic distance of 0.34 nm,
corresponding to the distance of two Re atomic chains. The
composition of the ReS; >Seg og nanosheet is confirmed by
X-ray photoelectron spectroscopy (XPS). The peaks at 162.3,
163.5, 160.7 and 166.5eV are attributed to the 2p** and
2p'"? orbitals of S*~ and 3p>? and 3p** orbitals of Se*~,
respectively, as shown in Fig. 2(e).

The principle of our system is shown in Fig. 3. A 1570 nm
pump source with the maximum output power of 2 W is used
to provide energy for the gain fiber by a 1570/2000 nm
wavelength division multiplexing coupler. The 3 m long TDF
(Nufern, SM-TSF-9/125; —77ps’km™' @ 2.0 um) with
absorption coefficient ~14dBm™' at 1570nm is long
enough to absorb the pump light adequately. A polariza-
tion-insensitive optical isolator is used to ensure unidirec-
tional laser operation, and the ReS;(,Sepog nanosheet is
attached to the cavity by an optical fiber flange. A polariza-
tion controller (PC) was used to adjust the birefringence of
the fiber. An output coupler (OC) with a splitting ratio of
50/50 was utilized to generate the output laser. The total
length of this cavity is about 12 m, which consists of a 3 m
long gain fiber and 9 m long fiber pigtail (SMF-28) with a
group velocity delay of —71 ps*km™" at 2.0 um.

The performance of the TDF laser was recorded by an
InGaAs PIN photodetector, digital phosphor oscilloscope
(Tektronix DPO 3054), optical spectrum analyzer (Miriad
S3), autocorrelator (APE Pulsecheck), RF spectrum analyzer
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(Color online) Q-switching performance of the TDF laser. (a) Repetition rate, pulse duration and (b) output power, single-pulse energy versus the
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Fig. 5.
(b) Pulse duration. (c) Spectrum at 283 mW. (d) RF Spectrum.

(Rohde & Schwarz FSW) and power meter (LabMax-TOP,
Coherent) through the output port of a 50/50 OC.

By changing the PC, self-generated Q-switching appears at
the pump power of 240 mW. As shown in Fig. 4(a), when the
pump power varies from 240-320 mW, the repetition rate
increases from 16.23 to 32.36 kHz and the corresponding
pulse width decreases from 8.54 to 5.38 us. This presents the
variation trend of output power and pulse energy. The output
power increase from 1.8 to 3.6 mW with respect to pump
power and the maximum pulse energy of 136.7nJ are
depicted in Fig. 4(b). Figure 4(c) shows the measured
spectrum at the pump power of 270 mW. The center
wavelength is 1939 nm. And Fig. 4(d) illustrates the RF
spectrum at the pump power of 320mW. The central
frequency is 32.36 kHz with a signal-to-noise ratio (SNR)
of 40 dB under the resolution bandwidth (RBW) of 50 Hz.
The RF spectrum with 100 kHz span (RBW 150Hz) is
shown in the inset.

Then, we cut the passive fiber to change the dispersion of
the total cavity and adjust the PC to optimize the birefrin-
gence and loss of fiber. The self-starting mode-locked
operation is obtained at the pump power of 175 mW.
Figure 5(a) shows the linear trend of the output power and
pulse energy increase with pump power. The maximum
average output power was measured to be 313 mW at
pump power of 1030 mW, corresponding to pulse energy
of 13.6nJ. It is noted that the TDF laser is still stable in the
pump range from 175-1030mW at the fundamental
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(Color online) Output characterizations of the mode-locked TDF laser at 2 pm. (a) Characteristic curve of the output power and pulse energy.

frequency. Once the pump power is beyond 1030 mW,
multi-pulse operation is observed from the oscilloscope.
Figure 5(b) is the autocorrelation trace of mode-locked pulse,
and the pulse duration is calculated to be 1.43 ps under the
fitting of sech®. We infer that excessive negative chirp widens
the output pulse. The optical spectrum at the pump power of
280 mW is depicted in Fig. 5(c). The center wavelength is
located at 1924 nm with FWHM bandwidth around 17 nm.
The resolution of our optical spectrum analyzer is greater
than 1 nm, so the fine structure of the spectrum cannot be
observed. Moreover, the 1570 nm pump light is not observed
from the output spectrum. Figure 5(d) shows the RF spectrum
with SNR of 80 dB under the RBW of 5 kHz. The frequency
of the pulse string is 23.17 MHz, which is well matched with
the value of the fundamental frequency. The inset is the RF
spectrum with 1 GHz span under RBW of 100 kHz.

In our experiment, the main reason for the central
wavelength of Q-switched operation being slightly larger
than that of mode-locking is that the reabsorption effect
caused by the long-wavelength laser in the emission spectrum
of thulium ion is smaller, so as to balance the large loss in the
cavity during Q-switched operation. In addition, we compare
this work with other reports about mode-locked fiber lasers in
2 pm regime. As shown in Table I, we achieve the highest
output power harnessing 2D materials, and the peak power of
the mode-locked pulses is also higher than in most of the
other works. This indicates that the ternary ReS; 0;Se(.9g-SA
has the potential advantage in high-energy pulse fiber lasers.

© 2019 The Japan Society of Applied Physics
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Table I. Comparison of mode-locked TDF lasers at 2 um harnessing 2D materials.
Output power Pulse energy Pulse duration Wavelength Peak power Modulation
Year SA (mW) (n]) (ps) (nm) (kw) depth References
2014 SPF-Bi,Tes 1 0.055 0.795 1935 0.069 20.6% 36
2015 FF-BP 1.5 0.04 0.379 1910 0.107 41% 19
2017 FF-graphene 13 0.22 0.205 1945 1.073 13.9% 37
2017 MF-MTe, 39.3 2.13 1.25 1915 1.704 31.0% 35
2018 MF-MoTe, 212 13.8 1.3 1934 10.61 22.1% 26
2018 MF-WSe, 325 2.86 1.16 1863 2.465 1.83% 38
2018  FF-ReS; g>Segos 313 13.6 1.43 1924 9.49 39.9% This work

FF: Fiber ferrule; MF: Microfiber; SPF: Side-polished fiber.

In summary, we report that Q-switching and mode-locking
are obtained simultaneously at 2 ym based on ternary
ReS; 02S€p03-SA with high power tolerance and large
modulation depth in TDF laser. At Q-switched operation,
the repetition frequency and pulse duration are continuously
tunable. For the mode-locked operation, the output power,
pulse energy and center wavelength are 313 mW, 13.6 nJ and
1924 nm, respectively. The wavelength of this TDF laser is in
the safe area of the human eyes. We believe the property of
high power tolerance of ReS; ¢>Seg9g SA has great potential
in biomedical applications.
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