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ABSTRACT A passively-Q-switched Yb:Luj_,_,YLa,VOy4 laser based on a two-dimension (2D) molyb-
denum ditelluride (MoTe;) saturable absorber (SA) is reported for the first time to the best of our knowledge.
High quality few layered 2D MoTe; nanosheets were fabricated by liquid phase exfoliation (LPE) method
and used as the SA, whose saturable absorption properties around 1.0 um were characterized with a
saturation fluence of 3.02 uJ/cm? and a modulation depth of 8.3%. In the passively Q-switched laser
operation, the shortest pulse width of 500 ns was obtained with an average output power of 0.33 W at a
pulse repetition rate of 117 kHz, corresponding to the maximum single pulse energy of 2.8 uJ and the peak

power of 5.6 W.

INDEX TERMS Solid lasers, optical saturation, nonlinear optics.

I. INTRODUCTION

Passive Q-switched (PQS) solid state lasers with an appro-
priate SA is an efficient way to generate nanosecond pulses.
Nowadays, 2D materials have become more and more favor-
able in optoelectronic devices manufacture field, among of
which using as SAs is a popular application due to their
variable bandgap, strong photoluminescence, ultrafast car-
rier dynamics and high nonlinear optical response. A series
of 2D materials have been proved to be good candidates
for SAs, such as graphene [1], [2], black phosphorus (BP)
[3], [4], topological insulator (TI) [5] and the transitional
metal dichalcogenides (TMDs). As synthetic 2D materials,
the TMDs have the structure of a transition metal sand-
wiched between two chalcogen planes, such as WS2, MoS2,
WSe2, and MoSe2, etc., exhibiting unique optical, mechani-
cal and electronic characteristics, which make TMDs a great
competitor to other 2D material SAs [6]-[10]. Recently,
a new TMDs family member MoTe, has drawn great inter-
ests, the fabrication method, electronic application and semi-
metallic properties are widely studied [11]-[13]. The band
structure of MoTe; varies from 0.88 eV indirect semiconduc-
tor for bulk to 1.02 eV direct semiconductor for monolayer
with the nano-sheet thickness. If different Te vacancies were
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introduced, the band gap could be extended to around 0.33 eV,
thus MoTe; can be used as SA for near or mid-infrared
lasers [14]-[20]. Compared with other TMDs family mem-
bers, the MoTe, possesses smaller bandgap, which allows
valence to conduction band electronic transitions through
1.0 um photon absorption, making MoTe; a suitable SA for
1.0 pum (~1.2 ev bandgap) PQS lasers [21]. But it seems
that the MoTe; has not received enough attention in SA
applications for lasers operating at 1.0 pum region. Only
very recently, a Yb:YCOB/MoTe, microchip laser and a
Yb:KLuW/MoTe; laser were reported, producing high pulse
repetition rate pulses (~MHz) [22], [23].

Yb:REVO4 (RE=Gd, Y or Lu) crystals are widely applied
in generating 1.0 um laser due to its polarized laser out-
put, high transition cross sections, high thermal conductiv-
ity, low thermal expansion, positive dn/dT coefficient and
weak thermal lensing [24]-[26]. Compared with the ordered
Yb:REVOq4 crystals, the mixed crystals, such as Yb:LuxY1-
xVOy4, Yb:YXxGd1-xVOy4 and Yb:LuxGd1-xVQy, have broad-
ened Yb spectral bands and longer radiative lifetime, which
are interesting for shortening the pulse width in Mode-locked
lasers and enlarging the pulse energy in PQS lasers. The
laser operations of the mixed vanadate crystals are reported
intensively in recent years [27], [28]. It was proved that the
spectral broadening and the energy storage capacity enlarging
were determined by the difference of ions radii in the host
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FIGURE 1. (a) AFM image and typical height profile of the prepared
MoTe, SA; (b) Raman spectrum of the prepared MoTe, SA at room
temperature.

materials [29]. Inspired by this idea, we can propose that
when mixing the rare earth ion La in the mixed vanadate
crystal, a larger energy storage capacity can be expected due
to the much larger radius of the La ion. Thanks to the rapid
development of the crystal growth technology, the mixed
vanadate crystals with three cations of Lu, Y, La has already
been grown with excellent optical quality and perfect power
scaling ability [30]. We expect a good performance in PQS
operation with the usage of Yb:Luj_,_,Y,La,VO4 mixed
crystal as the laser medium.

In this paper, a PQS Yb:Lugy74Y0.23Lag 01 VOs/MoTe,
laser was demonstrated. The maximum single pulse energy,
shortest pulse duration and highest pulse repetition rate
were 2.8 1J, 500 ns and 117 kHz. The saturable absorption
property of the MoTe; around 1.0 um was investigated
through open-aperture Z-scan measurement. To the best of
our knowledge, this is the first Yb:Luj_,_,YLa,VOy4 laser
with TMDs SA.

Il. CHARACTERIZATION OF MoTe, SA

The few layered MoTe, SA was prepared with the LPE
method on a CaF; substrate. The atomic force microscopy
(AFM) was applied to characterize the thickness of the
MoTe; SA, as shown in Fig. 1(a), the maximum thickness of
the MoTe, SA was about 15 nm (average value), correspond-
ing to ~23 layers MoTe; nanosheets (the interlayer spacing
in the MoTe; was 0.65 nm). Raman scattering spectrum of
the MoTe; SA was measured by Raman spectroscopy with a
632 nm laser source and the results was shown in Fig. 1(b).
Two typical Raman peaks, Ajg; at 179 cm~! and Eég at
240 cm~! were detected. The peak E;g is much stronger than
the peak Ay due to the multilayer of the MoTe; SA, which
accorded with the previous reported results well [31].

The linear transmission of the MoTe, SA was measured
from 450 nm to 2250 nm with a spectrometer. As can be seen
in Fig.2, it had an average transmission of 80% at 1050 nm.

The nonlinear optical properties of the MoTe, SA were
measured by an open aperture Z-scan method employing a
home-made picosecond fiber laser operating at 1030 nm with
pulse width of 15 ps and pulse repetition rate of 100 kHz.
With a lens of 75 mm focal length, the laser beam waist
was focused to be around 100 pm. The corresponding non-
linear transmittance as a function of incident light energy
intensity is shown in Fig. 3. The transmittance of the MoTe,
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FIGURE 3. MoTe, nonlinear transmission versus incident pulse fluence.
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FIGURE 4. Experimental setup of Yb:Lug 74Y¢ 23Lag o1 VO4/MoTe, laser.

SA increased with the scaling of the laser energy intensity,
which indicated a very sensitive saturable absorption behav-
ior. By fitting the optical transmittances, the nonsaturable
loss, saturation fluence and modulation depth were deter-
mined to be 16%, 3.02 1J /cm? and 8.3%. The big modulation
depth is beneficial to generate short pulse duration and large
pulse energy. The results indicated that the prepared 2D
MoTe; SA should be suitable for 1.0 um PQS lasers.

lll. EXPERIMENTAL SETUP OF THE PQS LASER

The laser experimental setup is shown in Fig.4, the pump
source was a fiber coupled laser diode with center wave-
length at 976 nm, a numerical aperture of 0.22 and fiber core
diameter of 400 um. By using an optical collimating and
focusing system, the pump light was 1:1 focused into the
Yb:Lug74Y0.23Lag01 VO4 crystal with a radius of 200 pm.
A compact concave-plane resonator was employed to inves-
tigate the PQS Yb:Lug74Y0.23Lag.01 VO laser, the cavity
length was 20 mm. The input mirror (IM) with the curva-
ture radius of 200 mm was a dichroic mirror, which was
antireflection coated at 976 nm (T > 95%) and high reflec-
tion coated at 1.1~1.2 um (R > 99.5%). The output mirror
(OM) was a plane mirror with partial transmission of 5% at
1.1~1.2um. The crystal was oriented for light propagation
along the crystallographic a-axis (a-cut). The dimensions
were 3(a) x3(c) x 3(a) mm?; both input and output faces were
polished to laser quality and remained uncoated. The 2D
MoTe, SA was placed between the crystal and the OM.
To remove the heat generated in the experiment, the crystal
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FIGURE 6. Spectra of CW and PQS Yb:Lug 74Y( 23Lag o1 VO, laser.

was wrapped with indium foil and mounted in a water cooled
copper block, the water temperature was maintained at 15 °C.

IV. RESULTS AND DISCUSSIONS

Firstly, the continuous wave laser was demonstrated. As can
be seen in Fig. 5, the threshold was 4.27 W absorbed pump
power, the maximum CW output power of 1.17 W at an
absorbed pump power of 9.51 W was obtained, corresponding
to an optical-optical conversion efficiency of 12.3% and a
slope efficiency of 23%. The PQS average output power
was investigated when the MoTe, SA was inserted in the
laser cavity and placed between the crystal and the OM. The
threshold was 5.60 W, a little bit higher than that of the CW
operation. The maximum average output power of 0.33 W
at an absorbed pump power of 9.51 W was obtained, corre-
sponding to an optical-optical conversion efficiency of 3.5%
and a slope efficiency of 8.3%. Both the CW and PQS laser
performance had very good linearity, which indicated that
higher power scaling could be expected. The center wave-
length of the CW and PQS were measured to be 1036 nm and
1033 nm, as can be seen in Fig. 6. The wavelength of PQS
laser was blue-shifted compared to the CW operation, which
was the main character of the quasi-three level laser system.
This resulted from the requirement for higher gain under a
higher cavity loss, the shift of laser emission line toward short
wavelength side upon the increase of the cavity loss.

The pulse repetition rate (PRR) and pulse duration (A7)
versus the absorbed pump power is shown in Fig. 7(a).
With the increasing of the absorbed pump power, the PRR
increased from 38 to 117 kHz, while the pulse duration
decreased from 2 us to 500 ns. The single pulse energy (E))
can be defined as Pyyerage/PRR, and the peak power can be
defined as Ej,/At, the pulse energy and peak power versus the
absorbed pump power is shown in Fig. 7(b). Under high pump
power, the increasing tendency of the peak power is rapider
than the single pulse energy. A maximum single pulse energy
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FIGURE 7. (a) The pulse repetition rate and pulse width versus the
absorbed pump power; (b) The pulse energy and peak power versus the
absorbed pump power.
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FIGURE 8. The pulse profile and the pulse train (inset) at the absorbed
pump power of 9.51 W.

TABLE 1. Comparison of Yb doped PQS laser with MoTe, SA.

Laser PndW) PRR (kHz)  E (W) Ar(ns) Py W)

Yb:YCOB

/MoTe, [22] 1.58 700 2.25 52 40.8
Yb:KLuW

/MoTe, [23] 2.06 2180 1.30 36 36.1
This work 0.33 117 2.80 500 5.6

of 2.8 uJ and a highest peak power of 5.6 W were obtained
under an absorbed pump power of 9.51 W. We estimated the
laser facula on the SA was about 143 pum, so the laser energy
density on the MoTe; SA can be calculated to be higher than
the saturation fluence at highest pump power.

The pulse train and single pulse temporal profile were
recorded by an oscilloscope (Tektronix 1 GHz bandwidth)
and the optical signals were detected by an InGaAs pho-
todetector with a rise time of 35 ps (EOT, ET-2000, USA).
Fig. 8 shows the shortest pulse width of 500 ns with the
pulse repetition rate of 117 kHz at an absorbed pump power
of 9.51 W. The timing jitter of the pulse train was less than
5%, and the instabilities of the output power of the PQS
laser was measured to be 3.2% at 0.5 hour. Using the knife
edge method, we measured the M2 factor to be 2.65 in the
horizontal direction and 2.79 in the vertical direction at the
pump power of 9.51 W.
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The Yb doped PQS laser results ever obtained with MoTe,
SA were summarized in Table 1, in which the maximum
output power(Py,qx ), pulse repetition rate (PRR), single pulse
energy (E,), pulse duration (A1) and peak power (P),) are
listed. From the table, we can get that our experiment has
the potential to obtain passively Q-switched lasers with high
pulse energy.

V. CONCLUSION

In this paper, a PQS Yb:Lug 74 Y0.23Lag.01 VO4/MoTe; laser
was demonstrated for the first time to the best of our knowl-
edge. The shortest pulse width of 500 ns was obtained with
an average output power of 0.33 W at a pulse repetition
rate of 117 kHz, corresponding to the maximum single pulse
energy of 2.8 uJ and peak power of 5.6 W. The nonlinear
optical parameters of the prepared MoTe, was investigated
using the open aperture Z-scan method, the saturation fluence
and the modulation depth was measured to be 3.02 uJ/cm?
and 8.3%. It is indicated that MoTe; is a good SA for 1.0 um
laser and the passively Q-switched Yb lasers with MoTe, as
SA are attractive for seeding of high pulse energy 1.0 um
region amplifiers.
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