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Abstract Phonon-assisted upconversion photoluminescence is the basis of laser cooling effect in solids. Compared to con-
ventional cooling methods, laser cooling has many advantages such as compactness, high efficiency, free of vibrational dis-
turbance and refrigerant-free, efc. Exploring more semiconducting materials in which a net cooling effect can be observed is
an important area among the laser cooling community. Monolayer two-dimensional transition metal dichalcogenides (TMDs)
like MoSe, and WSe, are direct band gap semiconductors. The perfect crystal structure and high extraction efficiency (due to
thickness at atomic level) guarantee them the possibility to be potential candidates for laser cooling. In this work, with a
Ti-sapphire tunable laser (pumped by a 532 nm laser), we studied the upconversion photoluminescence and its wave-
length-dependence. In detail, we implemented experiments on laser power-dependent photoluminescence intensity, the linear-
ity fitting results (at low power) show that it is a phonon-assisted upconversion photoluminescence process; furthermore, this
mechanism is also verified from the temperature-dependent upconversion photoluminescence intensity. Further experiments
on the investigation of which kinds of phonons are involved in the upconversion process and its efficiency, as well as the
design of a sample structure that is free of background absorbance, are still required to help to tell whether net laser cooling
can be achieved, or how it can be achieved in monolayers TMDs.

Keywords monolayer two-dimensional crystals; transition metal dichalcogenides (TMDs); upconversion photolumines-
cence; laser cooling
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Figure 1 (a) Schematic of sample structure. (b) Schematic illustration
of a phonon-assisted upconversion process (left) and a two-photon pho-
toluminescence process (right).
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Figure 2 Photoluminescence from monolayer MoSe, crystal under different excitation wavelength at room temperature. (a) Normalized photolumines-
cence spectra under different excitation wavelength. Lower and upper dashed line indicate the peak positions of Stokes and anti-Stokes photoluminescence,
respectively; (b) Integrated photoluminescence intensity under different wavelength with normalized laser power, inset is the optical image of a monolayer
MoSe, sample

(a) ! (b)
20001 T N .
, 753 nm
_ 15001 M 690 UW |
®© = &
3 ©
S = g
S 1000 2 y
z 45 W B X
1 = ]
o —
1 W
500 W 03 4 a
36 pW
WWMM P e
WWMM\7WMM
0_ GPW‘WMM‘\WM
742 744 746 748 750 752 754 0 300 600 900 1200 1500 1800
Wavelength/nm Laser power/uyW
(0) g (d)
S .
3 © o
5 >
© e =
2 M = -
£ 1000+ 187 pw i
— o K3
= ;
CE 68 W
500 ., ,«.\.‘,w.,w.wwa-www’wf*‘r*«“wcf‘*‘M‘“Mr«v‘wwww,-;w-ﬁvww,..w»‘
o - ioopw '
ettt o ‘“-”‘ LT
Vs ) A—— S ——
742 744 746 748 750 752 754 0 300 600 900 1200 1500 1800
Wavelength/nm Laser power/pyW

B3 (a, )ANFBETIET(6, 14, 36, 103, 245, 690, 2000 pW) 5 Z i1k 45 44 ¥ (a) anti-Stokes 2 Y615 (b)Xt B 115 ISR E(E B, R KN
753 nm. (¢, )NFFATIZE T (7, 20, 68, 187, 344, 568, 1046, 1490 pW)HLEALAS A4 (c) Stokes 2 H 1 5 (d)xf B TSI SR BE (5 2. R K
A 532 nm. (a)Fl(c) P B LR 73 ) 2 7s AR T 32 T G IR i o

Figure 3 (a, b) Anit-Stokes Photoluminescence from monolayer WSe, crystal under different laser power (6, 14, 36, 103, 245, 690, 2000 uW). The exci-
tation wavelength is 753 nm. (c, d) Stokes Photoluminescence from monolayer WSe, crystal under different laser power (7, 20, 68, 187, 344, 568, 1046,
1490 uW). The excitation wavelength is 532 nm. Dashed lines in (a) and (c) indicate the PL peak center of which measured at the lowest power
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Figure 4 Photoluminescence from monolayer (a) MoSe; crystal and (b) WSe, crystal under different temperature (the excitation wavelength is 532 nm)
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Figure 6 (a) Stokes photoluminescence intensity variation and (b) upconversion photoluminescence intensity variation under different temperature (77,

150 and 300 K)

Excitation wavelength for Stokes photoluminescence is 532 nm; the corresponding excitation wavelengths for the related upconversion photoluminescence at 77, 150

and 300 K are 725.7, 735.7 and 755.7 nm, respectively
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