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The feasibility of using rhenium diselenide (ReSe,) as the saturable absorber for the broadband passively Q-
switched (PQS) thulium solid-state lasers was demonstrated in this paper. In the short wavelength of 2um
region, the combination of Tm:YLF and ReSe, was used to achieve the PQS operation with multi-wavelength
around 1900 nm. A maximum average output power of 862 mw, a shortest pulse width of 527.9 ns and a
repetition rate of 54 kHz were obtained. In the long wavelength of 2um region, a ReSe,-based PQS multi-

wavelength Tm:Y,03 laser around 2050 nm was realized, generating a maximum average output power of
1.04 W, a shortest pulse width of 727 ns and a repetition rate of 106 kHz. The output performance of the ReSe,-
based pulsed laser is competitive among these PQS thulium solid-state lasers using the emerging two-dimen-
sional materials as SAs, indicating that ReSe, is a promising broadband SA for the 2 pm solid-state lasers.

1. Introduction

The trivalent thulium ion (Tm®*) doped laser sources operating at
2um are widely used in laser radar, laser medical treatment, remote
sensing detection, atmospheric monitoring and organic material pro-
cessing, and can also be used as pumping sources for 3 um Cr** lasers
and 3-5pum optical parameter oscillators [1-3]. The most interesting
transition of Tm®* around 2 um starts in the *F, manifold of Tm®* and
ends in a thermally populated Stark level of the ®Hg ground state. The
doping-concentration-dependent cross-relaxation process in Tm>* ions
can support a high-slope-efficiency well beyond Stokes limit. Further-
more, Tm-doped laser materials have broadband absorption induced by
the transition of *He—>H,, which allows direct pumping of Tm>* ions
by ~800nm AlGaAs laser diode (LD). These advantages make Tm
solid-state lasers increasingly attractive in the 2 um wavelength region.
Sesquioxides have strong Stark splitting and low phonon energy that
can result in broad emission spectra and high quantum efficiency.
Furthermore, the high thermal conductivity of sesquioxides is con-
siderably attractive for high power laser operations. Compared to single
crystals, transparent ceramics attract much attention because they can
be fabricated with large size, high dopant concentration and composite
structure in much lower temperature environments. In addition,

transparent ceramics not only have the optical and thermal properties
that single crystals have, but also have better mechanical properties.
Developing new saturable absorbers (SAs) for Q-switched lasers and
mode-locked lasers plays an important role in ultrafast photonics and
related applications. In recent years, the two-dimensional (2D) mate-
rials represented by graphene, topological insulators, transition metal
dichalcogenides (TMDs), and black phosphorus, have inspired con-
siderable application as SAs for generating short pulses in solid-state
and fiber lasers [4-6]. In comparison with conventional SAs, such as
Cr:ZnSe and Cr:ZnS, these 2D materials as SAs have these advantages of
controllable modulation depth, ultrafast recovery time, and broadband
saturable absorption, as well as easy fabrications. Rhenium dichalco-
genides (ReX,, X = S or Se) are an emerging class of TMDs character-
ized by an unusually distorted octahedral (1T) crystal structure with
triclinic symmetry. As a result of the distorted 1T structure, the
bandgap of ReX, shows weak dependence on the layer number (1.35 eV
for bulk and 1.43 eV for monolayer ReS, [7]; 1.26 eV for the bulk and
1.32 eV for monolayer ReSe, [8]). Su et al. have demonstrated that the
impurities or defects in ReS, can result in the reduction of bandgap.
Using ReS, as SA, passively Q-switched solid-state lasers at wavelengths
of 0.64, 1.064, and 1.991 um have been realized successfully [9]. As for
the ReSe,, the nonlinear saturable absorption characteristics and
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Fig. 1. The SEM and the absorption spectrum of the ReSe,,

Fig. 2. Schematic diagram of the experimental setup for the ReSe,-based pas-
sively Q-switched laser.

related experimental applications in short pulse generation have been
rarely reported. Up to now, a passively Q-switched 1.55pum Er fiber
laser using ReSe, as SA has been achieved, outputting pulses with 36 nJ
pulse energy and 4.98 us pulse width [10]. The potential of using ReSe,
to generate short pulse width and high pulse energy at other attractive
wavelengths remain to be further developed.

In this paper, we experimentally demonstrated the nanosecond laser
performance of ReSe, passively Q-switched Tm solid-state lasers with
broadband multiple wavelengths covering the 1.87-2.05 pm. The ReSe,
was directly deposited on one surface of the plano-plane output mirror,
forming a compact configuration of saturable output coupler (SOC).
With Tm:YLF crystal as gain medium, a high pulse energy PQS laser
with multi-wavelength around 1900 nm was realized, corresponding to
a maximum average output power of 862 mw, a shortest pulse width of
527.9 ns and a repetition rate of 54 kHz. For the longer wavelength, a
ReSe,-based PQS Tm:Y,03 ceramic laser around 2050 nm was further
reported, generating a maximum average output power of 1.04 W, a
shortest pulse width of 727 ns and a repetition rate of 106 kHz. Our
results indicated that ReSe, was a promising broadband SA for 2 um
solid-state lasers.

2. Material characterizations and experimental setup

High quality few-layered ReSe, SA was fabricated by using liquid
phase exfoliation method. Firstly, ReSe, bulk with purity of 99.99% was
ground into powder, then mixed those powder with alcohol and soni-
cated for 5h to separate large-size sheets. Secondly, the as-prepared
solution was centrifuged at 2500 rmp for 10 min, and the supernatant
liquor was collected for standby. Finally, the processed ReSe; SA so-
lution was prepared successfully.
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Fig. 3. (a) Average output power as a function of absorbed pump power with
the inset showing the shortest pulse width of 727 ns and (b) oscillation wave-
length under different absorbed power.

The scanning electron microscope (SEM) image of the fabricated
ReSe, sample was measured by a JSM-6510 SEM (JEOL). Surface
morphology of the ReSe, sample is shown in the inset of Fig. 1. Because
liquid water shows strong absorption in the wavelength range of
1.4-2.1 um, the absorption spectrum of ReSe, samples was measured
with a non-solution-based sample [11]. The fabricated ReSe, SA
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Fig. 4. (a) The pulse width and repetition rate versus the absorbed pump power and (b) the single pulse energy and pulse peak power versus absorbed pump power.

Fig. 5. (a). Output power versus absorbed pump power under PQS operation
with the inset showing the shortest pulse width of 527.9 ns and (b) oscillation
wavelength under different pump powers.

solution sample was dropped on a quartz glass substrate, followed by a
slow drying at room temperature. The absorption spectrum of ReSe,
was measured by a UV-VIS-NIR spectrophotometer (Lambda 950;
Perkin-Elmer, Waltham, MA), ranging from 900 to 2400 nm, as shown
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by Fig. 1. It can be seen that the absorbance decreases at long wave-
lengths.

Different host materials provide the possibility to access a broad-
band wavelength ranging from 1.8 to 2.1 um with the 3F,—>H, tran-
sition in Tm lasers. In order to evaluate the broadband saturable ab-
sorption of ReSe, for 2 ym Tm lasers, Tm:YLF and Tm:Y,03 were chosen
as the gain medium. Tm:YLF is characterized by a broadband structured
emission spectra around 1900 nm, covering the short wavelength of
2um region. Tm:Y,03 has a strong ground-level Stark splitting, en-
abling the emission spectrum extend to the longer wavelength of 2 um
region [12-14]. Furthermore, Tm:YLF has a longer upper-level lifetime
of ~15ms, and Tm:Y,03 has a shorter upper-level lifetime of ~3.5ms
in comparison with the commonly used Tm-doped bulk laser materials.
This direct comparison between the two combinations can extend the
performance of ReSe, as SA in the Q-switched Tm lasers. The experi-
mental arrangement for the ReSe,-based Q-switching of a laser diode
(LD) end-pumped Tm solid-state laser is shown schematically in Fig. 2.
A linear cavity was employed for Q-switching laser experiments. The
pump source was a fiber-coupled 785 nm LD, which had a core dia-
meter of 400 um and a numerical aperture of 0.22. Its radiation was
coupled into the laser gain medium with a spot radius of 200 um by a
lens assembly.

The laser resonator used plane-plane configuration, which was
composed of an input mirror M1, a Tm:Y,03 ceramic or a Tm:YLF
crystal, and a ReSes-based output coupler M2. M1 was a plano-plane
mirror with high-transmission coatings at 785 nm (T > 98%) on one
surface, high-reflection coatings at 1850-2100 nm (R > 99.8%) on the
other surface. The Tm:Y,O5 transparent ceramic with 2at.% Tm>*
doping concentration was both optically polished, and both ends of the
ceramic were antireflection coated at 760-810 nm and 1950-2150 nm.
The both ends of a a-cut 1.5at.% Tm:YLF crystal with the size of
4 x 4 x 8mm® long were antireflection coated at 795nm and
1910 nm. For efficient thermal removal, gain mediums were wrapped
by indium foil and mounted in a copper block with water cooled at
16 °C. The plano-plane mirror M2 was coated with T = 5% transmission
at 1850-2100 nm. The ReSe, solution was deposited on the surface with
partial-reflection coatings of the M2 output mirror, which served as the
passive Q-switcher, followed by a slow drying at room temperature.
This SOC configuration makes the laser resonator more compact (only
20 mm long) and reduces insertion loss. The initial transmittance of M2
deposited with ReSe, was measured to be about 2.3% at 2000 nm.
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Fig. 6. (a) The pulse width and repetition rate versus the absorbed pump power and (b) the single pulse energy and pulse peak power versus absorbed pump power.

Table 1

Summary of passively Q-switched Tm solid-state 2 um lasers based on promising 2D SAs.
Gain medium SA Pulse width Repetition rate Average output power Single pulse energy Peak power Ref

ns kHz w 18] w

Tm: LuAG WS, 660 63 1.08 17 26 [4]
Tm:YAP MoTe, 380 144 1.21 8.4 22.2 [15]
Tm,Ho:YAP MoS, 435 55 0.27 5 11.3 [16]
Tm:YAP ReS, 415 677 0.245 0.36 8.72 [9]
Tm:YAG BP 3120 11.6 0.0385 3.32 - [17]
Tm:CaYAIO4 MoS, 480 102.6 0.49 4.87 9.2 [18]
Tm:LuAG MoSe, 520 158 1.19 12.7 21.8 [19]
Tm:YAP Graphene 735 42.4 0.362 8.5 - [20]
Tm:YAG Bi,Tes 382 57.67 0.272 4.8 12 [21]
Tm:YLF Graphene Oxide 1038 38.33 0.379 9.89 9.53 [22]
Tm:Y,03 ReSe;, 727 106 1.04 9.81 13.49 This work
Tm:YLF ReSe, 527.9 54 0.862 15.96 30.23 This work

“-” means no relevant data.
3. Experimental results and discussions
3.1. Tm:Y,03 laser

By inserting the ReSe,-deposited M2 into the cavity, typical passive
Q-switching operations with different gain mediums were realized
under a wide range of absorbed pump powers. The absorbed pump
power was measured under lasing conditions as follows. The pump
power transmitted through the input mirror M1 was first measured,
which was denoted as the incident pump power. Then the residual
pump light passing through the output coupler M2 was separated from
the laser radiation by a bandpass filter. Further considering the partial
reflection by the output coupler, the pump absorption efficiency under
lasing conditions was determined to be 45% for Tm:Y,03 and 38% for
Tm:YLF, respectively. For the Tm:Y,03 ceramic PQS laser operation,
the dependence of the output power on the absorbed pump power is
shown in Fig. 3a. Under the absorbed pump power of 9.02W, the
maximum output power was 1.04 W, corresponding to a slope effi-
ciency of 23.9%, respectively. The M? factor of the beam was measured
to be around 3.5. Laser output spectrums at different absorption pump
powers were measured with an optical spectrum analyzer (Yokogawa,
AQ6375), as shown in Fig. 3b. The ReSe, passively Q-switched
Tm:Y,O3 laser operated in a multi-wavelength state around 2050 nm,
which was the same as in the continuous state. Under a low absorbed
pump power of 4.98 W, the peak of lasing wavelength was located in
2054.1 nm. When the absorbed pump power was increased to 6.68 W,
multiple emission peaks began to oscillate and were found blue-shifted.
Under the maximum output power of 1.04 W, corresponding to the
absorbed pump power of 9.02W, multiple emission peaks further
moved toward short wavelength direction. We attributed the

wavelength blue shift to the reduction of the reabsorption effect that
came with the depopulation of the ground-state level under the Q-
switching process. The oscillating modes are increased with the pump
power, whichs result from the change of inversion ratio that came with
the change of pump power.

The pulse width and pulse repetition rate versus the absorbed pump
power is shown in Fig. 4a. The pulse duration was shortened from 3.15
us to 727 ns with an increase of absorbed pump power from 4.66 W to
9.02 W, while the pulse repetition rate increased almost linearly from
9.34kHz to 106 kHz. The calculated single pulse energy and peak
power versus the absorbed pump power is shown in Fig. 4b. The
maximum single pulse energy was calculated as 9.81 pJ, corresponding
to the maximum pulse peak power of 13.49 W.

3.2. Tm:YLF

For the Tm:YLF crystal PQS laser experiment, as shown in Fig. 5a, a
maximum average output power of 862 mW was obtained under the
absorped pump power of 7.58 W, corresponding to a slope efficiency of
14.9%. The beam quality of the output laser was relatively stable with
the increase of pump power, the M? factor of the beam was measured to
be around 1.1. With the increasing of absorbed pump power, the laser
output spectrums changed accordingly, as shown in Fig. 5b. The ReSe,
passively Q-switched Tm:YLF crystal laser also operated in a multi-
wavelength state. Under a low absorbed pump power of 2.47 W, the
peak laser output spectrum was located in 1873.5 nm. When the ab-
sorbed pump power was increased to 3.73 W, the lasing wavelength
around 1900 nm began to appear. With the increase of absorbed pump
power, the intensity of wavelength around 1875nm gradually wea-
kened, while the intensity of wavelength around 1900 nm increased
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accordingly. When the absorbed pump power was increased to 5.67 W,
the intensity of the 1875nm band became very weak. With the ab-
sorbed pump power continuing to be increased, the 1875nm band
disappeared completely. Under the maximum output power of 862 mW,
corresponding to the absorbed pump power of 7.58 W, the laser output
wavelength was only located around 1901 nm. Compared with the
continuous state, the output spectrum around 1875 nm appeared under
the Q-switched state. The increased inversion population density in-
duced by the Q-switching gave the multi-wavelengths an opportunity to
oscillate simultaneously.

The relationship of the pulse width and repetition rate versus the
absorbed pump power is shown in Fig. 6a. With the increase in re-
petition rate from 22KkHZ to 54 kHZ, the pulse width decreased from
2.69 ps to 527.9 ns. The shortest pulse width of 527.9 ns is smaller than
obtained in the Q-switched Tm:Y,03 ceramic laser. Fig. 6b shows the
calculated single pulse energy and peak power versus the absorbed
pump power. The maximum single pulse energy was calculated as
15.96 uJ, corresponding to the maximum pulse peak power of 30.23 W.
Compared with the Tm:Y,03 laser operation, both the pulse width and
pulse repetition rate are considerably reduced in the case of Tm:YLF,
resulting in the increased single pulse energy and peak power. This
improved performance can be attributed to the fact that Tm:YLF has a
longer upper level lifetime than that of Tm:Y,0O3. Longer upper-level
lifetime can offer an increased energy storage capability, producing
enough inversion population accumulation to generate Q-switched
pulses with low repetition rates. So the initial inversion population can
be fully consumed during the interval when the Q-switch is turned on,
the rise time of a pulse will be reduced. Then, the pulses with short
pulse width are generated.

Table 1 gives a comparison of the performance of the passively Q-
switched Tm solid-state lasers based on 2D-material SAs in the 2 pym
region. The output performance of the ReSe,-based pulsed laser is
competitive among these PQS lasers. For the ReSe,-based Tm:YLF PQS
laser, the peak power of 30.23W and the single pulse energy of
15.96 pJ stand out from these PQS Tm solid-states lasers. Furthermore,
the combination of ReSe, and Tm:Y,O3 also provides a new way for
generating nanosecond laser pulses in the longer wavelength of 2 um
region, which can be a cost-effective alternative to Ho-doped lasers.

4. Conclusions

In conclusion, the experimental results demonstrated the possibility
of generating nanosecond pulses by using ReSe, as SA in Tm solid-state
lasers with wavelength from 1.87 to 2.05 um. The ReSe,-based output
mirror combining the function of passive Q-switching and output cou-
pling was used in our experiments. With Tm:YLF crystal as gain
medium, a high pulse energy pulsed laser emitting multiple wave-
lengths around 1900 nm was demonstrated. For the longer wavelength,
a ReSe,-based PQS multi-wavelength Tm:Y,03 ceramic laser around
2050 nm was reported. Our work indicates that the novel ReSe; is a
promising broadband saturable absorber for nanosecond Q-switched
lasers in the 2 pym wavelength region.
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