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Fig. 1. (a) Monolayer WS, after 20 s treatment; (b) monolayer WS, after 30 s treatment, the insets are the monolayer WS, before
treatment; (c) PL spectra of the samples before and after treatment at room temperature; (d) Raman spectra of the samples before
and after treatment at room temperature; (e) reflectivities of the samples before and after treatment at room temperature; (f) PL

spectra of the sample before and after treatment at room temperature, zoom-in of the spectral range marked by the blue rectangle

zone in panel (c).
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Fig. 2. (a) PL spectra of untreated monolayer WS, and monolayers treated for 20 s and 30 s at 77 K; (b), (c) temperature depend-

ent PL spectra of monolayer WS, after 20 s and 30 s treatment; (d) temperature dependent PL intensity ratio of bound excitons XP!

and XP? over X° of monolayers treated for 20 s and 30 s; (e), (f) temperature dependent peak energies of X, X!, and X®? of mono-

layers treated for 20 s and 30 s.
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Fig. 3. Power dependent PL results at 200 K: (a)—(c) Results of monolayer treated for 20 s; (d)—(f) results of monolayer treated for

30 s; (a), (d) power dependent PL spectra; (b), (e) power dependent PL intensity ratio of bound excitons X' and X®? over X!,

(c), (f) power dependent PL intensities of X%, XB! XPB2,
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Fig. 4. (a) Power dependent PL spectra of the sample treated for 30 s at 150 K; (b) power dependent PL spectra of XP! in the

sample treated for 30 s; (c) power dependent PL spectra of X in the sample treated for 30 s.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Influence of defects induced by plasma-bombarded monolayer
WS, on optical properties of bound excitons”

Liu Hai-Yang  Fan Xiao-Yue Fan Hao-Jie Li Yang-Yang
Tang Tian-Hong  Wang Gang'f
(Key Laboratory of Advanced Optoelectronic Quantum Architecture and Measurement (Ministry of Education),
Center for Quantum Physics, School of Physics, Beijing Institute of Technology, Beijing 100081, China)
( Received 6 April 2024; revised manuscript received 17 May 2024 )
Abstract

Monolayer transition metal dichalcogenides (TMDCs) exhibit exceptional properties including atomic-scale
thickness, direct bandgap, and strong spin-orbit coupling, which make them have great potential applications in
spintronics, optoelectronics, and other fields. Usually, materials contain various structural defects, which are
either formed during preparation and growth or induced by subsequent treatments. These defects can
significantly change their physicochemical properties. Consequently, controlling and comprehending defects is an
important approach to adjusting the properties of these materials.

Herein, we use Ar® plasma to bombard monolayer WS, which is exfoliated mechanically, thereby
introducing defects whose density is controlled by changing the bombardment duration. The photoluminescence
(PL) and Raman spectroscopic measurements at different temperatures and power values are utilized to
investigate the optical properties of the defects. Furthermore, time-resolved photoluminescence is employed to
unveil the dynamic behaviors of free and trapped excitons.

The bombardment can introduce different types of defects into typical two-dimensional (2D) TMDCs such
as MoS, and WS,. Single sulfur vacancies are frequently generated, while other defects like double sulfur
vacancies or metal atom vacancies can also occur. Exciton effects dominate the optical properties of monolayer
TMDCs due to reduced screening and large effective mass. At low temperatures, bound exciton emissions arise
from trapped states. Our measurements reveal two types of defect-bound excitons from the PL spectra at
around 1.85 eV (XB!) and 1.55 eV (XP?). Meanwhile, the Raman peaks of the samples before and after
treatment exhibit no obvious changes, indicating that the lattice structure remaines unchanged. After the Ar™
bombardment, the intensity of the free neutral exciton significantly decreases to 1/6 of untreated WS,, owing to
the free exciton population and the increased non-radiative centers. The dynamic processes of these two bound
excitons are considerably slower than the neutral exciton’s, showing the typical dynamic behavior of defect-
bound excitons. Furthermore, comparison between the PL under vacuum condition and the PL under
atmospheric condition shows that the intensities of the two bound excitons exhibit opposing behaviors. In an
atmospheric environment, neutral excitons and bound exciton XP! possess higher intensities. In the vacuum, the
strength of neutral exciton and XPB! decrease quickly, while the intensity of deep-level bound exciton XPB2
increases.

In summary, we observe two bound exciton states arising from specific vacancy states in monolayer WS,
after Ar™ bombardment. Their energy values are 200 meV and 500 meV lower than those of the neutral exciton,
with a splitting energy value being about 300 meV. The detailed evolution of the relative spectral weight with
temperature and excitation power are presented. This work provides insights into the generation, control, and
characteristic spectra of defects in 2D materials.

Keywords: 2D semiconductor, WS,, defect states, exciton

PACS: 78.67.—n, 68.35.bg, 61.72.—y, 71.35.—y DOI: 10.7498/aps.73.20240475

* Project supported by the National Natural Science Foundation of China (Grant No. 12074033) and the Beijing Institute of
Technology Science and Innovation Cultivation Program, China (Grant No. 2022CX01007).

1 Corresponding author. E-mail: gw@bit.edu.cn

137802-11


http://doi.org/10.7498/aps.73.20240475
mailto:gw@bit.edu.cn
mailto:gw@bit.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

SR TSRS BEWS, 5 NBREEAX R AR T LA R KR

XipE GBIk LRA FMME EX% I

Influence of defects induced by plasma—bombarded monolayer WS, on optical properties of bound excitons
Liu Hai-Yang  Fan Xiao-Yue  Fan Hao-Jie LiYang-Yang Tang Tian-Hong  Wang Gang

5] F{5 &, Citation: Acta Physica Sinica, 73, 137802 (2024) DOI: 10.7498/aps.73.20240475
TEZL I View online: https://doi.org/10.7498/aps.73.20240475
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

R BRI A

Articles you may be interested in

TR AR SRRSO BRI B N

Detection of dielectric screening effect by excitons in two—dimensional semiconductors and its application

PrPeEd. 2022, 71(12): 127102 https:/doi.org/10.7498/aps.71.20220054

PP SR T X (X = Mn, Te, Re) 828 " 4EWS 35— VR FUERBT 5T

First—principles study of transition metal atoms X (X = Mn, Tc, Re) doped two—dimensional WS, materials

PrPeEd. 2022, 71(12): 127301 https:/doi.org/10.7498/aps.71.20212439

HTRRWS, W H O MDA S R G P Lo Ns Fe e

Operation characteristics of mid—infrared optical parametric oscillation pumped by layered WS, modulated laser

Y27, 2022, 71(2): 024204 https://doi.org/10.7498/aps.71.20211409

A L BRI R RN X HEIn X (X = Se, Te)ifk T-45& AEVHT AL T B BEIE B 7%

Theoretical study on regulatory mechanism of dielectric environmental screening effects on binding energy of two—dimensional InX (X

= Se, Te) exciton

WIFRZEAR. 2023, 72(14): 147102 https://doi.org/10.7498/aps.72.20230528

AL 2 42 WS, S L i PR RE RIS
Li intercalation modulated photocurrent response in WS, optoelectronic devices

WIFRZEAR. 2023, 72(22): 226801  https://doi.org/10.7498/aps.72.20231000

Fe i1 B B0/ WS S Jo 4 FO Tl L 4 It B 4280
Magneto—electronic properties and manipulation effects of Fe—adsorbed Sh/WS, heterostructure

WIFRZEAR. 2022, 71(21): 218503  https://doi.ore/10.7498/aps.71.20220949


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240475
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20212439
https://doi.org/10.7498/aps.71.20211409
https://doi.org/10.7498/aps.72.20230528
https://doi.org/10.7498/aps.72.20231000
https://doi.org/10.7498/aps.71.20220949

	1 引　言
	2 结果与讨论
	3 总　结
	参考文献

