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Abstract: We report a ReSe, passively mode-locked composite YVO,4/Nd:YVO, laser at
1.06 «m, which can stably generate pure continuous-wave mode-locking (CWML) operation
at watt-level output. ReSe,, as a new type of 2-D transition metal dichalcogenides (TMDs),
has the features of weak-layered dependence, broadband saturable absorption, low modu-
lation depth and saturation intensity, which is beneficial to initiate robust CWML mechanism
via nonlinear saturable absorption. By employing few-layered ReSe, as saturable absorber,
the nanosecond mode-locked pulses at fundamental repetition rate of 90.37 MHz was
obtained experimentally in a composite YVO,/Nd:YVO, laser. The maximum output power
in pure CWML operation was as high as 1.1 W. The high-power CWML laser source shows
potential applications in time-resolved spectroscopy, telecommunication and detection.

Index Terms: ReSe,, Nd:YVO, laser, saturable absorber, continuous-wave mode-locking.

1. Introduction

All-solid-state passively mode-locked lasers with high repetition rate of short pulse output have
attracted increasing attention for their advantages in superior stability, high power and quality beam
[1]-3]. They have been widely used in many technical fields such as industrial manufacture, clinical
medicine, military and applied science. In order to make the solid-state mode-locked lasers more
compact, low cost and easy to operate, nonlinear saturable absorbers were popularly employed
as available intra-cavity modulation elements. Traditionally, the passively mode-locking operations
were achieved in earlier studies by use of Cr**:YAG bulk crystals as saturable absorbers [4], [5].
The nonlinear saturable absorption of Cr**:YAG can be effective only working around 900-1200
nm. Alternatively, semiconductor saturable-absorber mirrors (SESAMs) were exploited to generate
passively mode-locked ultrashort pulses [6]-[9]. The complicated preparation of SESAMs involves
expensive metal organic chemical vapor deposition (MOCVD) technique with extra high cost.
In contrast, the emerging graphene and two-dimensional (2D) noncarbon materials have been
explored to be as excellent saturable absorbers, due to their unique nonlinear optical properties
involving fast response and broadband operation [10], [11]. Since the first report of graphene
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passively mode-locked laser in 2009 [10], a variety of graphene-like saturable absorbers have
been exploited in passively mode-locking operation [11]. Various novel 2D materials inspired on
graphene, such as black phosphorus (BP) [12], [13], topological isolators (Tls) [14], [15], topological
Dirac semimetal (TDS) [16], MXene [17], [18], Transition metal monochalcogenides (TMMCs)
[19] and transition metal dichalcogenides (TMDs) have been demonstrated to be very promising
saturable absorbers for ultrafast lasers as well [20]-[28]. These nanostructured nonlinear optical
materials have witnessed a quite rapid development of stable and compact ultrafast sources.

Among the 2D materials, TMDs are a class of compounds denoted by the general form MXo,
where M represents a transition metal (for instance W, Mo, Re, or Ti) and X indicates a chalcogen
(for instance S, Se, or Te) [29]. The structure consists of a single plane of transition metal atoms
sandwiched between two planes of chalcogen atoms. In fact, there are dozens of potential TMDs
owing to permutation and combination between oxygen group elements and transition metal
elements. Previously, the group VI TMDs including WS,, WSe,, MoS, and MoSe, were partic-
ularly studied in experiment for optoelectronics, which enabled TMD passively mode-locking pulse
generation in fiber and waveguide laser systems [30]-[34]. In 2014, the pioneering investigation
has revealed that MoS, of TMDs have saturable absorption properties and can be used as a
broadband saturable absorber for ultrafast laser device [20]. Zhang et al. fabricated a new type
of fibre-pigtailed MoS, saturable absorber for passively mode-locked Yb-doped fiber laser and
achieved the generation of a pulse duration of 800 ps at 1054 nm [21]. In 2015, Luo et al.
performed a mode-locked Er-doped fiber laser based on the few-layer MoSe, film as saturable
absorber at 1558 nm [32]. They obtained the repetition-rate of 8.028 MHz and pulse duration of
1.45 ps with the maximum average output power of 0.44 mW. In 2017, Yan et al. investigated
an erbium-doped fiber laser by using few-layered WS, as saturable absorber, which obtained
stable passively mode-locking operation [33]. The output pulses had pulse duration of 1.49 ps
and repetition rate of 0.487 MHz under the average output power of 62.5 mW. Most recently, Li et
al. achieved a monolithic Nd:YVO, waveguide laser passively mode-locked by WSe, at 1064 nm
[34]. At the pulse width of 47 ps, the fundamental repetition rate of 6.526 GHz was obtained, when
the output power reached the value of 306 mW. The studies of these TMD saturable absorbers
mainly focus on fiber lasers or waveguide lasers. Generally, it is difficult to scale up to watt-level
high power output of model-locking pulse due to insertion loss and optical damage, especially in
continuous wave mode-locking mechanism.

In comparison, TMD passively mode-locked solid-state lasers are likewise facing such challenge,
with the limited mode-locking output of at most hundreds of milliwatts. In 2018, Zhang et al. reported
a passive Q-switched mode-locked (QML) Nd:YVO, laser by use of reflective few-layered MoS,
saturable absorber mirror [35]. A maximum average output power of 198 mW can be obtained with
the mode-locked pulse width of 72 ns and repetition rate of 11 MHz. Soon later, Zeng et al. made
efforts to perform QML operation with MoS, saturable absorber in the Nd:YAG laser and improved
the output power to watt-level with a repetition rate of 94.72 MHz [36]. Note that the continuous-
wave mode-locking (CWML) operation without QML effect was not achieved in those MoS,; mode-
locked solid-state lasers [35], [37]. Particularly, watt-level continuous-wave mode-locking operation
with TMD saturable absorbers has not been reported previously.

Recently, rhenium diselenide (ReSes), as an emerging group VII TMD, was explored to serve as
potential nonlinear material due to its distinctive features of the distorted octahedral (1T) lattice
structure with triclinic symmetry [30]. The structure-induced anisotropy renders ReSe, unique
performance in anisotropic electronic, optical and mechanical properties, just like that of black
phosphorus. This makes ReSe, different from the layered TMDs (e.g., MoS,) of conventional
2H lattice structure previously focused on [31]. Few-layered ReSe, has quite weak interlayer
coupling effect which makes the preparation of ReSe, greatly simplified at low cost. Moreover,
ReSe, shows the advantages of bandgap tunability over graphene, material stability over black
phosphorus, and broadband saturation over bulk crystals [10], [11], [30], [31]. Currently, ReSe-
was suggested as saturable absorber for passively Q-switched fiber laser at 1.55 um, showing
comparable Q-switching operation to other TMD-based fiber lasers [38]. By integrating ReSe,
film into monolithic waveguide platform, a waveguide mode-locked laser performed short pulse
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Fig. 1. Experimental setup of ReSe, passively mode-locked YVO4/Nd:YVQOy, laser.

output around two hundred milliwatts [39]. In Nd:YAG laser, ReSe- passively Q-switching operation
near room temperature was reported to produce near-repetition rate limit of microsecond pulses
at full depth modulation [40]. Additionally at 2—3 um regions, Q-switched Er:YAP, Tm:YAP and
Tm:YLF crystal lasers were achieved in the ReSe, Q-switching regime [41]-[43]. In 2019, Lee et al
presented the investigation of nonlinear optical properties of rhenium diselenide and its application
as a femtosecond mode-locker. They obtained the stable soliton pulse with the 862 fs duration in
an erbium-doped fiber laser by using a ReSes SA. These pioneering works verified that ReSes is
a novel kind of promising optical material for generating ultrafast lasers in broadband wavelength
applications [44]. However, it is worth noting that the emerging ReSe, has not been exploited as
saturable absorber to perform passively mode-locking operation in solid-state bulk lasers yet.

In the paper, we first report a ReSe, passively mode-locked composite YVO,/Nd:YVO, laser
at 1.06 um, which can stably generate pure continuous-wave mode-locking (CWML) operation at
watt-level output. The emerging 2D ReSe, nanomaterial is confirmed to be beneficial to initiate
robust CWML mechanism via nonlinear saturable absorption. By employing few-layered ReSe-
as saturable absorber, the nanosecond mode-locked pulses at the fundamental repetition rate of
90.37 MHz was obtained experimentally in the composite YVO,/Nd:YVO, laser. The maximum
output power in pure CWML operation was as high as 1.1 W, successfully scaling up to watt-level
CWML in TMD mode-locked lasers.

2. Experimental Setup

ReSe, passively mode-locked composite YVO,4/Nd:YVO, bulk laser was experimentally built. The
schematic of experimental setup is shown in Fig. 1. The laser diode end-pumping scheme was
adopted for efficient pumping and good mode matching. A 50 W fiber-coupled continuous-wave
laser diode at 808 nm was used as the pump source. The fiber core diameter is 400 um with the
numerical aperture of 0.22. A pair of coupled plano-convex lenses can reimage the pump beam
into the laser crystal, with 70 mm focusing length. The coupling efficiency of lens group is over 90%.
The a-cut YVO,/Nd:YVO, composite crystal (Nd*+ ~ 0.3 at %) was employed as the gain medium,
with minimizing the possible thermal lensing effects [45], [46]. The cross section of laser crystal is
3 mm x 3 mm. The lengths of composite YVO,+Nd:YVO, are 2+16 mm. Both end-faces of the
crystal were anti-reflection coated with high transmission of T > 99.5% at 1.06 xm and 808 nm.
The composite YVO,/Nd:YVO, crystal was wrapped with indium foil and mounted in a water-cooled
copper holder for heat dissipation. The temperature was maintained at 290 K by a water cooling
equipment. By use of ABCD round-trip matrix method, a stable laser resonator was well designed
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Fig. 2. Characterizations of few-layer ReSe, sample. (a) Image of ReSe, element. (b) AFM image of
ReSes film on sapphire substrate. (c) The height profile diagram of few-layer ReSes.

as shown in Fig. 1. The V-type folded resonator was constructed with 1.68 m cavity length under
the stable condition. The input plane mirror M1 was anti-reflection coated at 808 nm pump and
high-reflection coated at 1.06 um lasing wavelength. The folded mirror M2 is a plano-concave
mirror with a 1.0 m radius of curvature, which was high-reflection coated at 1.06 um band. The
output coupling plane mirror, M3, was partial-reflection coated with the transmittance of 4% at
1.06 um. The distance of M1 to M2 is 850 mm, and that of M2 to M3 is 830 mm, respectively.
The V-folding angle is about 12 degrees. The cavity mode radii were calculated to be about
310 um inside laser crystal and 345 um on ReSe; film, respectively. The YVO,/Nd:YVO, crystal
was positioned close to input mirror M1, and ReSe, saturable absorber was located near output
mirror M3. The pump beam from the fiber-coupled diode was directly coupled into a lens group to
focus into the Nd:YVO, crystal with a radius of 800 xm. The pump-to-mode ratio was optimized
to be about 1.3 at which the mode-locked laser output can be efficiently scaled up [47]. The beam
quality factor of the focused pump was measured to be about M?~6, and the focusing length was
about 70 mm away from the lens end.

The mode-locked output power was measured by a Coherent FieldMaxlIl laser power meter and
an InGaAs photodiode. The mode-locked pulses were recorded by 500 MHz-bandwidth digital
oscilloscope and fast InGaAs photodetector with 500 MHz bandwidth. The high-speed InGaAs
optical detector can response faster than 300 ps risetime at 800—-1750 nm spectra. The spectra
were measured by Zolix monochromator with 0.1 nm resolution. The laser beam profile was
characterized with a commercial CCD beam analyzer.

3. Experimental Results

The ReSe, sample used in mode-locking operation was prepared by the chemical vapor deposition
(CVD) technology and customized from Sixcarbon Technology (Shenzhen,China). The ReSe,
element is displayed in Fig. 2(a). The few-layer ReSe, film was evenly deposited ona 10 x 10 mm?
double-side optically polished sapphire substrate. The photograph of square wafer in Fig. 2(a)
shows its good transparency in sight, with linear transmittance of 83% at 1.06 um as measured
[48]. An atomic force microscopy (AFM) was applied to characterize the transferred layers of the
sample. The nanoscale surface topography of ReSe, was mapped in Fig. 2(b) showing its good
quality. Fig. 2(c) shows the height analysis of the transferred layers. The thickness of ReSe; film
was evaluated to be about 2 nm, corresponding to 3—4 layers thick. As one knows, single-layer
ReSe, is 0.6 nm thick, but few-layer ReSe, can improve optical damage threshold during the
mode-locking operation in laser cavity.
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Fig. 3. Measurement of the Raman spectrum for the ReSe, sample.

Figure 3 shows the measurement of the ReSe, Raman spectra. Evidently, the Raman scattering
measurement indicates three characteristic vibration modes, Eg (124 cm~') and Ag (159 cm~!
and 173 cm~"), which represents in-plane and out-of-plane modes respectively. Other weak
peaks emerging in measurement were caused from low symmetry of ReSe, [48]. In contrast to
weak background spectra, the distinct peaks of main Raman shifts at 124 cm~', 159 cm~' and
173 cm~" imply the uniform few-layer structure of ReSe, sample [38]. The absorption properties
of ReSe, sample were determined based on the nonlinear absorption model as described in [39],
exhibiting stable linear absorption at 1064 nm with insertion loss of about 0.81 dB. The saturation
intensity and modulation depth were evaluated to be about 40 pJ/cm? and 2.5% respectively,
which are suitable to support passively mode-locking mechanism [38], [48]. The two values were
calculated from the experiment using the saturable absorption model, which are in accordance
with the previous evaluation of the similar samples [38], [48]. In the mode-locked laser, a low
modulation depth benefits continuous wave mode-locking operation without passively Q-switched
effect. The few-layer ReSe, results in faster carrier dynamics than SESAM [44]. It is worth noting
that in our experiments, no optical damage or degradation of laser performance occurred even
when the output pulse energy was at the highest. This means that the intracavity laser intensity on
the sample is much less than its damage threshold. For using as saturated absorber, the specific
damage threshold of ReSe, needs further careful measurements. In comparison with other TMDs
[37], nonlinear saturation absorption of the ReSe, performs the favorable condition especially for
CWML operation at 1.06 um.

With the experimental setup of Fig. 1, we measured the average output power of ReSe,
mode-locked Nd:YVO, laser versus the absorbed pump power. The experimental data are plotted
in Fig. 4(a) with linear fitting lines. The results of Fig. 4(a) indicate that the composite Nd:YVO,
laser can produce continuous-wave oscillation when the pump power increases around 5 W. The
threshold of laser oscillation is higher than the threshold of 2.8 W in CW operation without SA.
Suppression of optical conversion efficiency exhibits due to the insertion loss of ReSe, saturable
absorber because Fresnel’s reflection from a single surface of sample could be ~7.4%. Upon the
pump reaches the critical threshold of 6.7 W, passively mode-locking mechanism starts to initiate
due to the nonlinear saturable absorption of ReSe,. When the pumping power is less than 6.7 W in
Fig. 4(a), the temporal output characteristics displays typical continuous wave. As the pump power
approaches closely to the threshold of 6.7 W, the temporal profile starts the transition from pure
continuous wave to mode-locked pulses. Note that the temporal profile and pulse amplitude are
unstable around the pump threshold. Further to increase the pump power beyond 6.7 W, the stable
CWML operation can be performed as shown in Fig. 5. Robust continuous-wave mode-locking
operation carried out in experiment without passively Q-switched effect. The CWML output power
can increase near linearly with the pump power. The maximum output of as high as 1.1 W can be
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linear fitting, the slope efficiencies of CW and mode-locking are 16% and 2.5%, respectively. (b) The

emission spectrum of the ReSe, passively mode-locked Nd:YVO, laser. Inset: The measured modal
profile of CWML output beam.
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Fig. 5. The continuous-wave mode-locked pulse trains recorded at two different time scale of (a)
20 ns/div and (b) 20 ns/div. (c) The single pulse profile recorded at the time scale of 2 ns/div. (d)
The radio frequency spectra showing the signal-to-noise ratio of ~50 dB at 90.37 MHz.

achievable under 28 W pumping, which successfully scales up the ReSe; CWML laser to watt-level
high power output. Note that to the best of our knowledge, this is the first report of watt-level

CWML output in graphene/TMDs-based mode-locked fiber/waveguide/bulk lasers reported [5],
[10], [22]-[24], [32]{34].

4. Discussions

As one knows, it is difficult to scale the watt-level output of 2D material-based passively model-
locked lasers, especially in continuous wave mode-locking mechanism [35]-[37]. This limitation
arises mainly from the insertion loss and optical damage of 2D materials as saturable absorber, as
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well as thermal effects of laser gain media [49]. Such obstacles have been overcome deliberately
in our experiments. Particularly, the diffusion-bonded YVO,/Nd:YVO, crystal was employed to
suppress thermal lens effect as discussed in [46], with matching the well-designed V-folded
resonator. The ReSe, element was prepared in good quality with low insertion loss of 0.81 dB
and high damage threshold beyond 30 MW/cm?, while its uniform few-layer structure ensures
the moderate saturation intensity and modulation depth to support pure CWML operation. Note
that the long crystal of composite YVO,/Nd:YVO, can bring about pulse broadening by virtue of
the reduction of spatial-hole-burning effect in the undoped YVO, section [49], which is helpful to
nanosecond-order mode-locking regime during oscillation and amplification. But the degeneration
of CWML performance in power and stability occurs inevitably at high-intensity pumping beyond 30
W. No optical damage was observed in the experiments.

Fig. 4(b) shows the emission spectra of ReSe, YVO,/Nd:YVO, laser in continuous-wave and
mode-locking, respectively. It can be seen the spectral bandwidth of the CWML was broader
than the CW operation due to the short pulse output of mode-locking. In experiment, the lasing
wavelength was monitored in the region covering the possible Nd®* transitions of *F5/2—*l;1 /2 and
4F3/2—%113/2. Only the central wavelength at 1066.5 nm (*F3/2—“l11,2) was observed distinctly at
single-longitudinal-mode, as shown in Fig. 4(b). The other transition was not observed to produce
any lasing emission owing to the specialized resonator with high transmission loss around 1.32
um of 4F5/5—4115/5 [50]. Because *F3/2—*l13/2 has a higher fluorescence branching ratio and is
the most effective one to generate laser wavelengths in the 1.06 «m band. A further spectroscopic
study [51] of Nd:YVO, has revealed that there are various emission bands within the 4F3/2—>4I13/2
transition resulting from Stark splitting, corresponding to R1—Y2 (1064 nm) and R2—Y2 (1066.5
nm) Stark sub-level transitions [52]. In addition, the bandwidth of the coated mirror covers 1064
nm and 1066.5 nm. The peaks of the emission cross section spectra are about 1.44 x 1018
cm? at 1064 nm for m-polarization and 2.95 x 10~'® cm? at 1066.5 nm for o-polarization [53]. In
our experiment, the laser operated at the wavelength of 1066.5 nm for o-polarization when the
Nd:YVO, crystal used in our laser was cut by a-axis. The ReSe; mode-locked Nd:YVO, laser at
1066.5 nm basically operates as a typical four-level laser system which is favorable to achieve
watt-level high power output without inducing reabsorption losses [45]. At 1.1 W of output power,
the laser beam quality was measured as shown in the inset of Fig. 4(b). The transverse mode
profile of ReSe, mode-locked output exhibits in good quality of fundamental electromagnetic mode
(TEMgp), with symmetric distribution along the horizontal and vertical directions. To assess the
beam quality of the CWML Nd:YVO, laser, the M? factor was measured to be about 4.7 and 4.4 in
x and y directions, respectively.

The temporal characteristics of ReSe, CWML operation were monitored experimentally at a time
resolution of 620 ps. The nanosecond short pulses can be definitely observed during the ReSes
passively mode-locking regime. Fig. 5 displays the observations of CWML pulses at maximum
output power of 1.1 W. As shown in Figs. 5(a) and 5(b), typical pulse trains were recorded at
the time scale of 20 ns/div and 200 ns/div to reveal the mode-locked state and stability. Clearly,
the continuous-wave mode-locked pulses can be generated at full depth of modulation in ReSe,
mode-locked laser, without passively Q-switched effect which previously occurred in other TMDs
mode-locked lasers [34]-[36]. The amplitudes of the pulse trains can maintain robust and stable in
ReSe, mode-locking regime, with uniform pulse intervals of about 11 ns. The amplitude fluctuation
rate was evaluated less than 2.2% in the experiments. The pure CWML state is closely associated
with moderate saturation intensity and ultrafast recovery time of few-layered ReSes. Single pulse
profile was recorded at sufficient sampling rate in measurement, as shown in Fig. 5(c), showing
good symmetry of rising and falling traces. The pulse duration can be evaluated to be 2.29 ns
of FWHM (full width at half maximum), which is comparable to those of previous TMDs passively
mode-locked lasers [34], [35], [54]-[56]. The standard deviation of pulsewidth is 0.05. Note that
the pulse duration of 2.29 ns is wider than common CWML ultrashort pulses. CWML pulse widths
are usually limited to wider scales because of a narrow gain linewidth of Nd** doped crystal [6].
In addition, although the diffusion-bonded crystal, YVO,/Nd:YVQO,, can usefully reduce the thermal
effects, the mode-locked pulse width is usually broader than that obtained with the conventional
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Fig. 6 (a) The changes of output beam position in transverse space monitored for half an hour under
random external perturbations. (b) Instability of CWML pulse trains recorded in experiments during
random disturbances.

crystal [49]. The nanosecond mode-locking operation depends on the employment of long com-
posite YVO,/Nd:YVO, and the reduced spatial-hole-burning effect [49]. It needs to mention that
the obtained mode-locked pulses were measured by a 500 MHz bandwidth of oscilloscope which
is adequate to get nanoseconds pulse width [35], [54]. When further to reveal the instantaneous
details of continuous-wave mode-locked pulses, it is required to employ autocorrelator instead of
oscilloscope [6], [33]. As shown in Fig. 5(d), the radio frequency spectra analysis was carried out
in ReSe, CWML operation. The fundamental frequency was confirmed to be at 90.37 MHz with
high signal-to-noise ratio up to 50 dB, indicating good stability of CWML pulse repetition rate. The
standard deviation of fundamental frequency is 0.57 based on experimental data analysis. Note
that under high pump powers, the single pulse output might be converted into a bunched pulse
state due to Kerr nonlinearity [57]. So the temporal shape of the output pulses was resolved with
the combined use of a high speed oscilloscope and a fast photodetector. No bound multiple pulses
were generated in the experiment.

Additionally, the stability of ReSe, mode-locked YVO,/Nd:YVO, laser against external pertur-
bations was discussed by applying random vibrations to the experimental platform. The applied
vibrations can cause random perturbations resulting in drift of output beam position in transverse
space. The transverse distribution of the drifted beam position can be monitored by position
detector to intuitively reflect the strength of perturbations. As shown in Fig. 6(a), the changes of
output beam position were monitored for half an hour under random external perturbations, with
maximum disturbance strength around +20 um. In the scatter diagram of Fig. 6(a), the color depth
indicates the occurrence frequency of output beam position at the position (x y). During the whole
disturbance, the ReSe, mode-locked YVO,/Nd:YVO, laser can maintain pure CWML state without
breaking off the mode-locking mechanism, as shown in Fig. 6(b). Once the external perturbations
result in a large lateral drift-magnitude over +£30 um, the CWML pulses can perform instability
in time and amplitude inevitably. In the external perturbation stability test of Fig. 6, the pumping
power is 28 W, with the laser output power of 1.1 W. During the test period, the laser output
intensity performed slight reduction relative to the original output intensity, but without serious
degradation. The perturbation test suggests that the ReSe, mode-locked YVO,/Nd:YVO, laser has
good anti-disturbance performance in watt-level CWML operation. In experiment, the CW operation
of 1.1 W output power can last over 30 minutes. Several repeated tests were conducted to perform
the watt-level power stability. Such stability is associated with the employment of the bonding laser
crystal and temperature controlling system which can ensure the suppression of heat accumulation
and thermal lens effect.
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5. Conclusion

In conclusion, ReSe, passively mode-locked composite YVO,/Nd:YVO, laser at 1.06 um has
been demonstrated experimentally. Pure continuous-wave mode-locking operation at watt-level
output has been performed firstly by exploiting a new kind of 2D material ReSe; to initiate robust
CWML regime via nonlinear saturable absorption. The maximum output power in pure CWML
operation has been obtained as high as 1.1 W, successfully scaling up to watt-level CWML state
over the previous TMD mode-locked lasers. The fundamental frequency is at 90.37 MHz with high
signal-to-noise ratio of 50 dB, showing good stability in time and amplitude. The high-power CWML
laser source shows potential applications in time-resolved spectroscopy, telecommunication and
detection.
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