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HIGHLIGHTS

® WS, and MoS, nanosheets were synthesized by CVD method.

® The microstructure and optical characteristics of the nanosheets were investigated.

® Tm:YAP/WS, and Tm:YAP/MoS; laser performance was compared.

ABSTRACT

A comparison of the pulsed laser performances of 2 pm passively Q-switched Tm:YAlO3 (YAP) lasers based on the use of tungsten disulfide (WS,) and molybdenum
disulfide (MoS,) two-dimensional (2D) nanosheets as saturable absorbers is reported. The novel nanosheets were prepared by chemical vapor deposition (CVD)
technology. The microstructure and optical characteristics of the nanosheets were investigated experimentally. In a continuous-wave (CW) operation, the maximum
output power of 2.8 W was obtained at an absorbed pump power of 6.9 W, with a corresponding slope efficiency of 46.4%. In a passively Q-switched operation at a
pump power of 1.45 W, the average output power, pulse width, repetition rate, pulse energy, and peak power for the Tm:YAP/WS, laser were 0.11 W, 2.65 ps,
34.7 kHz, 2.9 WJ, and 1.23 W, respectively. As for the Tm:YAP/MoS, laser, the corresponding values were 0.10 W, 2.5 ps, 24.0 kHz, 3.8 uJ, and 1.55 W.

1. Introduction

Pulsed lasers in the 2 pm region with the advantages of eye-safety
and a strong absorption of gas molecules have been widely used in laser
processing, environmental monitoring, gas sensing and medical fields
[1-3]. Because of its low-cost, easy operation, and compact structure,
passively Q-switched technology has been used to generate pulsed la-
sers [4-6]. Nowadays, ion-doped crystal and graphene serve as satur-
able absorbers (SAs) in the Q-switched method. However, a narrow
operational wavelength and inherent defects are fundamental problems
of ion-doped crystals [7]. As for graphene, its low absorption efficiency
at 2 pum limits its applications [8].

Semiconducting transition metal dichalcogenides (STMDs) have
been developed in recent years. Due to their broad operational band-
width and short recovery time, tungsten disulfide (WS,) and mo-
lybdenum disulfide (MoS,) are widely used in near-infrared lasers
[9-12]. As two-dimensional (2D) materials in the class of STMDs, WS,
and MoS, have a similar sandwich structure. Their modulation depth
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can be improved by decreasing the number of layers. The operational
wavelength with a few layers can vary from 400 to 2500 nm, corre-
sponding to a direct bandgap [13-16]. The forbidden bandwidth with
different numbers of layers is in the range of 1.1-2.1 eV and the max-
imum forbidden bandwidth of monolayered WS, and MoS, is 2.1 and
1.9 eV, respectively [17-19]. The thermal conductivity of WS, and
MoS, is 2.2 and 1.05 W/mK, respectively, which favors thermal dif-
fusion in the Q-switched technique [20]. A 2D nanosheet of STMDs with
excellent optical properties has broad application prospects in the mid-
infrared spectral region. Therefore, it is meaningful to investigate the
mid-infrared pulsed laser properties when WS, and MoS, are used.
Because of the natural birefringence, YAIO; (YAP) with a cubic
structure is attractive as a laser host. The transition (°F; — >Hg) of
Tm>* is widely used to generate a 2 pm wavelength range laser [21].
YAP has similar mechanical and thermal properties to the classical
Y3Als01> (YAG) crystal [22]. However, Tm:YAP has a much larger
emission cross section (5.5 x 102! cm~2) than that of Tm:YAG
(2.2 x 1072 cm~?) [23,24]. Therefore, the benefit of Tm:YAP is that it
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Two-temperature tune furnace

Fig. 1. Schematic representation of the preparation of WS, and MoS, nanosheets.

can be used to generate 2 um continuous-wave (CW) and pulsed lasers
efficiently. However, there are few reports on WS, and MoS, passively
Q-switched Tm:YAP lasers.

In this paper, a diode-pumped passively Q-switched Tm:YAP at 2 pm
with 2D WS, and MoS, nanosheets was demonstrated for the first time.
The WS, and MoS, nanosheets were prepared by the chemical vapor
deposition (CVD) method. The microstructure and optical character-
istics of these nanosheets were investigated. The CW and pulsed laser
performance were researched respectively.

2. Preparation of WS, and MoS,

WS, and MoS, nanosheets were successfully prepared by the che-
mical vapor deposition (CVD) method in this research. As shown in
Fig. 1, the high-purity raw materials of MoS, were MoO3 and sulfur
powder, which were placed in a two-temperature tube furnace with a
diameter of 80 mm. The MoO3; powder was heated to 650 °C, while the
sulfur was heated to 190 °C. For the carrier gas (Ar), they reacted to
form MoS, in 10 min. The distance between the target quartz substrate
and MoO3; was 5 cm. Similarly, employing Ar and H, as a carrier gas,
WO3; (1000 °C) and sulfur (180 °C) reacted in a tube furnace with a
diameter of 100 mm to form WS, in 20 min. The distance between the
target quartz substrate and WO3; was 1.5 cm.

The Raman spectrometer provided by Renishaw, Inc. was used to
measure the Raman spectra of WS, and MoS,. The excitation source of a
532 nm laser was used to avoid the multi-phonon mode. As shown in
Fig. 2, the Raman characteristic peaks of A;; and Ezgl represent a vi-
bration along and perpendicular to the layers, respectively. The peaks
of A;, and E,,' appeared at 353.0 and 419.9 cm™' in the WS, na-
nosheet, respectively. As for the MoS, nanosheet, they occurred at
384.9 and 408.8 cm ™!, respectively.
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Fig. 2. Raman spectra of (a) WS, and (b) MoS, from 200 to 700 em L

The number of layers related to the thickness has an influence on
the optical and thermal properties of STMDs. An atomic force micro-
scope (AFM) was used to accurately measure the thickness of WS, and
MoS, 2D nanosheets in the semi-contact mode. The morphology images
and thickness distribution are shown in Fig. 3 and Fig. 4 for WS, and
MoS, 2D nanosheets, respectively. The thickness of WS, was ~4.5 nm
and the number of layers was determined to be 4-5. The thickness of
MoS, was ~3.2 nm and the number of layers was determined to be 3-4.
A spectrophotometer (Solidspec-3700 UV-VIS-NIR, Shimadzu Co.,
Japan) was used to measure the spectral transmissions of WS, and MoS,
from 1000 to 2000 nm. As shown in Fig. 5, the initial transmission of
each SA increased with the measured wavelength. At 1937 nm (the
emission peak of the Tm:YAP), the initial total spectral transmissions of
WS, and MoS, were 85.5% and 84.7%, respectively.

The nonlinear total transmissions with different intensities of light
were investigated. The light source was a pulsed Tm:YAP laser. The
experiment results were fitted using the following formula:

T=1-q X exp(—=I/Ia) — s (@)

where T is the transmission, g is the modulation depth, I is the intensity
of the laser, I, is the saturation power intensity, and &, is the non-
saturable loss. As shown in Fig. 6, the calculated modulation depths of
WS, and MoS, were 8.96% and 13.0%, respectively. The corresponding
saturation power intensities were 57.1 and 61.6 MW/cm?, respectively.
The non-saturable losses of WS, and MoS,, were 8.9% and 13.0%, which
means that the final saturable transmissions were 91.1% and 87%, re-
spectively.

3. Experimental setup

The experimental setup of the passively Q-switched Tm:YAP laser is
shown in Fig. 7. The pump source was a fiber-coupled diode laser op-
erating at 795 nm with a core diameter (¢,) of 200 pm. The numerical
aperture (NA) of the coupled fiber was 0.22. The pump light was fo-
cused by the collimating (L1) and focusing (L2) lenses. The focal lengths
of L1 and L2 were 26.7 and 42.5 mm, respectively. The magnification
factor (k;,,) of the coupling optics was calculated to be 1:1.59. Therefore,
the diameter of the focusing spot (dy) was calculated to be 318 um by
the equation dy = ¢, X x,,. A b-cut Tm:YAP crystal with the dimensions
of 3 x 3 x 5 mm?> was used as the active crystal. The Tm®** doping
concentration was 3.0 at-%. The temperature of the crystal was set to
20 °C by a water cooling system. WS, and MoS, nanosheets with a few
layers were used as saturable absorbers, respectively. The input plane
mirror M1 was coated with an antireflection film at 795 nm and high-
reflection film at 2 ym. The output concave lens M2 with a transmission
of 5% at 1937 um had different curvature radii. The length of the laser
resonator was 40 mm.
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Fig. 3. AFM results of WS,. (a) morphology image (b) thickness distribution in x the direction (the purple arrow). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Atomic force microscope (AFM) results of MoS,. (a) Morphology image; (b) thickness distribution in the x direction (the purple arrow). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The total spectral transmissions of WS, and MoS, from 1000 to
2000 nm.

4. Results and discussion

The relationship between the CW output power and the absorbed
pump power was measured first and is shown in Fig. 8. The output

concave mirrors with curvature radii (R) of 50, 100, and 200 mm were
utilized, respectively. The maximum output power of 2.8 W was ob-
tained at the absorbed pump power of 6.9 W with an R of 50 mm. The
corresponding slope efficiency (7s) and standard error (o.) were 46.4%
and 0.85%, respectively. The high slope efficiency benefited from the
stable cavity and the better mode matching between the pumping laser
and the oscillation laser. When the absorbed pump power was 6.9 W,
the M2 factors were measured to be 2.4 and 3.2 by the knife-edge
method in the parallel and vertical directions, respectively.

As shown in Fig. 9, when the R was 50 mm, the average output
power of the passively Q-switched Tm:YAP laser with a WS, nanosheet
was 0.11 W at an absorbed pump power of 1.45 W. The corresponding
slope was 23.8%. As for the Tm:YAP/MoS, laser, the average output
power and the corresponding slope were 0.10 W and 22.4%, respec-
tively, for the same condition. Compared with the CW situation, a lower
absorbed pump power and an average output power were adopted in
order to protect WS, and MoS, saturable absorbers from damage. In
addition, the insertion loss of the saturable absorbers had an influence
on the average output power. The laser spectrum was measured by a
spectrophotometer and is shown in Fig. 10. Compared with the CW
laser, the output spectral width was compressed and a blue shift oc-
curred in the passively Q-switched laser with WS, and MoS, na-
nosheets.

The pulsed laser performances (pulse width and repetition rate)
were measured by a high-speed InGaAs-detector and a digital
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oscillograph. As shown in Fig. 11(a), at an absorbed pump power of
1.45 W, the obtained pulse widths for Tm:YAP/WS, and Tm:YAP/MoS,
lasers were 2.65 and 2.50 ps, respectively. The narrower minimum
pulse width for the 2D MoS, nanosheet resulted from the fewer layers
and the larger modulation depth. As shown in Fig. 11(b), contrary to
the pulse width, the repetition rate increased with the absorbed pump
power. The obtained maximum repetition rates for Tm:YAP/WS, and
Tm:YAP/MoS, lasers were 34.7 and 24.0 kHz, respectively. The jitter of
the pulse width and the repetition rate of the Q-switched lasers were
monitored to be less than 5% for ten minutes. The pulse energy and the
peak power were calculated and are shown in Fig. 12. At an absorbed
pump power of 1.45 W, the pulse energy for Tm:YAP/WS, and
Tm:YAP/MoS, lasers was 2.9 and 3.8 pJ, respectively. Similarly, with
the increase of the absorbed pump power, the maximum peak powers of

1.23 and 1.55 W were obtained for the Tm:YAP/WS, and Tm:YAP/
MoS,, lasers.

The Q-switched properties of both Nd:YAP/WS, and Nd:YAP/MoS,
lasers are summarized in Table 1. By comparison, MoS, with a mod-
ulation depth of 13.0% exhibited a higher capacity of energy storage
than WS, with a modulation depth of 8.9%. The above experimental
results have proven that WS, and MoS, can be promising saturable
absorbers in the 2 um laser range.

5. Conclusions

To the best of our knowledge, this is the first comparison of WS, and
MoS, nanosheets serving as saturable absorbers in a passively Q-swit-
ched Tm:YAP laser. The 2D nanosheets of WS, and MoS, were prepared
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by the CVD method. The microstructure and optical characteristics of
the nanosheet were researched. The number of layers in the WS, and
MoS, nanosheets were measured to be 4-5 and 3-4, respectively. The
corresponding modulation depths were 8.96% and 13.0%, respectively.
In Raman spectra, the characteristic peaks of A;, and E,,' appeared at
353.0 and 419.9 cm ™}, respectively, in the WS, nanosheet. For MoS,,
they occured at 384.9 and 408.8 cm ™ ?, respectively. The initial trans-
mission of WS, and MoS, nanosheets was measured to be 85.5% and
84.7%, respectively, at 1937 nm. Subsequently, the CW and passively
Q-switched Tm:YAP laser with WS,/MoS, nanosheets at 2 um were
demonstrated. In the CW operation, the maximum output power of
2.8 W was obtained at an absorbed pump power of 6.9 W, when the
radius of curvature of the output mirror was 50 mm. The corresponding
slope efficiency was 46.4%. In a passively Q-switched operation, com-
pared with the CW laser, the output spectral width was compressed and
a blue shift occurred, which was caused by the shift of the resonator
gain and loss at various wavelengths. At an absorber pump power of
1.45 W, the average output power, pulse width, repetition rate, pulse
energy, and peak power for the Tm:YAP/WS, laser were 0.11 W,
2.65 ps, 34.7 kHz, 2.9 pJ, and 1.23 W, respectively. As for the Tm:YAP/
MoS, laser, the average output power, pulse width, repetition rate,
pulse energy, and peak power were 0.10 W, 2.50 us, 24.0 kHz, 3.8 pJ,
and 1.55 W, respectively.

5.5
50 1 —_— WSz
g 45 —e— MoS,
k=
2 4.0
S
(]
Z 351 N
A e Neaa
3.0 s \..\k\ﬂ%.\_‘
2.5 1 M
1.1 12 1.3 1.4 1.5
Absorbed pump power (W)

(a)

Optics and Laser Technology 126 (2020) 106084

5

el 4] s,

2 —e— MoS,

-

(5]

2 2

£ , (a)
1.1 1.2 1.3 1.4 1.5

S16 s,

B 1.2 —*—Mos,

%

2.0.8

-

S04

s 0.4 7

(b)

1.1 1.2 1.3 1.4 1.5

Absorbed pump power (W)

Fig. 12. The pulsed laser performance of the passively Q-switched Tm:YAP
laser. (a) Pulse energy (b) Peak power.

CRediT authorship contribution statement

Yufei Ma: Conceptualization, Supervision. Haiyue Sun:
Investigation, Writing - original draft. Baofa Ran: Data curation.
Shanchun Zhang: Investigation. Han Zhang: Methodology. Frank K.
Tittel: Writing - review & editing. Zhiwei Lv: Validation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (Grant No. 61875047 and 61505041), the Natural
Science Foundation of Heilongjiang Province of China (Grant No.
YQ2019F006), Financial Grant from the Heilongjiang Province
Postdoctoral Foundation (No. LBH-Q18052) and the Fundamental
Research Funds for the Central Universities.

40

B —e—ws,
g 30 F _._MOSz
=
f‘é 25
=
2 20t
5]
5 15F
~

10 F

5 1 1 1 1 1
1.1 1.2 1.3 1.4 1.5
Absorbed pump power (W)

(b)

Fig. 11. The pulsed laser performance of the passively Q-switched Tm:YAP laser. (a) Pulsed width (b) Repetition rate.



Y. Ma, et al. Optics and Laser Technology 126 (2020) 106084

Table 1

Comparison of passively Q-switched performance of Nd:YAP/WS, and Nd:YAP/MoS; lasers.
Laser Maximum average output power (W) Maximum repetition rate (kHz) Narrowest pulse width (us) Maximum peak power (W)
Nd:YAP/WS, 0.11 W 34.7 2.65 1.23
Nd:YAP/MoS, 0.10 W 24.0 2.50 1.55
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