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Fig. 1. Characterization of WS, nanosheet: (a) Raman spectrum collected with excitation laser of 532 nm wavelength; (b) Raman

Lateral distance/pm

mapping of peak intensity at A;, mode; (c) optical microscopy; (d) atomic force microscopy.
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Fig. 2. Measurement of nonlinear transmittance for WS, SA by use of the double optical path method: (a) Experimental setup;

(b) nonlinear transmission; (c) linear relation for low-power density.
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Fig. 3. WS, SA passively Q-switched 1.06 pm laser: (a) Experimental setup; (b) average output power; (c) pulse width; (d) pulse re-

petition rate; (e) peak power; (f) temporal pulse train from WS, @-switched 1.06um laser; (g) temporal pulse train from WS,+AO
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H &l 3(b)—(e) ATLAF 1, K& 1.06 pm #HOE
FOETRER/ N T/ E WS, RIS SERE (> 1.3 eV),
EAEFRATT B T2 B0, WS, 40K F 475 4R Jie BE H X
1w OG0 AT AR AR SO, 3 ] BRI PR Bk
A G FRUE T WS B 2031,

FEFH TR N 3 W HE, 005 T 4 A% e sk ik
MRS 18 3(F) 51T WS, BAPEEhE Q ¥ 1.06 um
WK, ST VA ik i - (B R 8, TR E
Jok e BE B bR iE2E (standard deviation, SD) £k
0.8216.

OPO WS AR T (B IR Y | AR i i
WO, K 3 TTLIFER], WS, SA Bl 1.06 pm
ik o iy D Ty 2 00y BU AR R G, WA IR 1) SD ¢
T 1, BA BRI IEAE D R w (£ 3, A
FITLL KTA HHELPEAN TR OPO S i i k.
U, 7EE 3(a) RYBERN L, 51 YR 250k & FLTT
SIS TE], LAV /SR B 3h A e I (E D . FEdhiZ
Uik 3 W, Bk EEE %N 15 kHz B}, 153 WS+
AO T Q1Y 1.06 pm ki, an & 3(g) Fr s,
H:SD #4° 0.01421.

3.2 WS, SA+AO ] QIOPO KIHLTIMNES;

WSy+AO EH BN Q IOPO HY 5L 5 2 B
WA 4 Fis. R 4 AR R T 2848 47 DT fid
1) KTA fil (WEIfABEE 0 = 90°, p = 0°), KB
2.5 cm, Wi EHEA 1.06, 1.53 A1 3.40 pm (44
B OGRS SRR R HOK ¥ i
FE R HIAE 20 °C; AR (I-QS041-254G-
U5-ST1, Gooch&Housego, ¥&[H) BT £ i
B 15 F1 25 kHz, FOGAIARIRR A 47 mm, PG
YIPEA 1.06 pm PY3EIE R BOLM A ARt ik
WS, SA S8 T HARG % IHEAL | (TSWMO0501,
FEFLOGE, PE). M M, BISME 3 A A s
PSR My 884 1.06 pm 1537 A1 3.4 pm & S
PR My N, 8847 1.06 pm =), 1.53 pm
BB 3.4 pm FAT R (BB T = 20%).
M, H1 M M T 1.06 pm EESUMOGIRIR I, BK
10 em; M, F1 M A5 T RATDG IR OPO
i, B 2.8 em.

FKH MAX500AD #1451)%11 (Coherent Inc.,

024204-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 024204

Kl 4
Fig. 4. Few-layer WSy,+AO modulated KTA IOPO.

Idler oscillating

<>

Fundamental oscilljting

AO

M, M3

Idler output

/b2 WS,4+AO ¥ KTA TOPO i35 5% & 4]

1.0 | (a) 1064.4 nm 1.0 | (b) 1536.0 nm 1.0 L(c) 3466.95 nm
> > >
2 08} 2 08} g 08t
3 3 3
i e e
E= = =
~ 06F - 061 ~ 061
(] [ [
S 0.4} 3 04t 3 0.4t
g g g
- - -
2 02} Z 0.2 202 -..._.._..\_,IN
INAAM A A MM A o A L . L L = L L L
1050 1060 1070 1080 1090 1510 1520 1530 1540 3440 3450 3460 3470 3480
Wavelength /nm Wavelength /nm Wavelength/nm
K5 HBOE (a). 17508 (b) FIRAUE (c) BOLIE

Fig. 5. The spectra of the fundamental (a), signal (b), and idler (c) light.
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Fig. 6. Output characteristics of @-switched IOPOs: (a), (e) Average output power; (b), (f) pulse width; (c), (g) peak power;
(d), (h) pulse train; (a)—(d) output of AO @-switched IOPO; (e)—(h) output of WSy SA+AO @-switched IOPO.
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Fig. 7. (a) Walk-off angle and d versus #; (b) 1.06 pm fundamental-light beam from AO @Q-switched laser, M2 = 3.02,
Mg =2.19, beam radius of 798 um; (c) 1.06 pm fundamental-light beam from WS,+AO @-switched laser, M2 = 1.69,
M5 = 1.51, beam radius of 451 pm.
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Table 1. The key parameters for saturable absorption
properties of 2D-WS, SA.
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Fig. 8. Temporal pulses of fundamental light, idler light, and signal light at P, = 11.2 W, f, = 15 kHz: (a) Fundamental pulse
from WSy+AO @-switched IOPO; (b) idler pulse from WS,+AO @Q-switched IOPO; (c¢) signal pulse from WS,+AO @Q-switched
IOPO; (d) fundamental pulse from AO @-switched IOPO; (e) idler pulse from AO @-switched IOPO; (f) signal pulse from AO Q-

switched IOPO.
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Table 2. The other parameters in rate equations.
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Abstract

Optical parametric oscillator (OPO) is an important mid-infrared coherent light source. Two-dimensional
(2D) transition metal dichalcogenide (TMDC) with nonlinear absorption of near-infrared-wavelength light is
expected to be a prospective modulating switch for OPO’s fundamental laser. In this work, firstly, the
characteristics of a home-made 3.5nm-thick tungsten disulfide (WS,) sample are measured and analyzed. The
nonlinear transmission is figured and fitted, revealing the performance of WS,’s saturable absorption. Then, the
output characteristics of WS, saturable absorber (SA) modulated solid-state laser are measured experimentally.
Although the photon energy of 1.06 pm-wavelength laser is less than the bandgap energy of 3.5nm WS,, the
sample still exhibits the saturable absorption. This may be attributed to the mechanisms of defect-induced
absorption, coexistence of states, edge-state of material, two-photon absorption, etc. Secondly, combined with
active acousto-optic (AO) modulator, the active and passive @-switched OPO with idler-light oscillation are
implemented, and the nanometer pulse-width mid-infrared pulse is obtained. The implementation of AO
modulator is to manage the regular switching time to reduce the pulse peak-to-peak vibration of fundamental
light and improve the peak power. The optimal characteristics of WS, for OPO are studied. Based on the
saturable absorption characteristics, the output pulse is compressed by 60%, the peak power is improved by
191%, and the stability of pulse train is improved by 79.62%. Especially, the insertion of WS, nanosheet could
alleviate the “output saturation and drop” phenomenon in singly active-(@-switched OPO. This phenomenon
may origin from the uneven refrigeration of KTA. Because the saturable absorption effect of WS, can
significantly reduce the transverse area of Gaussian beam, it can alleviate the temperature gradient distribution
of KTA and optimize the output characteristics. Finally, based on the nonlinear transmittance curve measured
for WS,, the absorption cross section of ground state and excited state are calculated to bel.732 x 107'7 cm?
and 4.758 x 1071 cm?, respectively, and the lifetime of excited-state energy level and the initial population
density of ground state are evaluated to be 400.6 ps and 1.741 x 10?2 cm 3, respectively, by considering the
inhomogeneous-broadening mechanism and unsaturated absorption under large signal. The rate equations of
layered-WS, modulated optical parametric oscillator are solved. This study shows the optimization effect of 2D
TMDC on nonlinear conversion of laser, especially the mitigation of thermal effect. At the same time, it
provides a parameter basis for the dynamic simulation of two-dimensional material modulated laser.

Keywords: layered transition metal dichalcogenide, mid-infrared optical parametric oscillator, dynamical

equation, saturable absorption cross section
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