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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.

137802-5


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

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 13 (2024) 137802

AL Sy 8 i 7 > S A rhndy W Bt o RS2 1 T s T /)
FERAGIRIE (T < 100 K) R, R 3 6 5
TR, WAE T > 100 K Bf 2R84k, X A
7 B ARk 3 R AR RO AR A DL R -
FAH B A P [ e iy o1,

DG Dy 28T DL~ S AR R b 80 1Y
WREE, — PRI I0T M BT RO B R MR Tk
TR, A ST i T RS2 2 Bl 25 i 2 B 45 L
T BLISEIR, R  FE — F B T 25 52 3 2 1 1Y)
ALK 92, S T i — 2P B R A A XA X2
() & EHFE, 7E 200 K 4544~ XHRE 54T T 48 1)
R PL I, &5 E 3(a) Bros, b B R N
20 s. B O TIARRBE K, BB 2 1 A 708
BCH AR, ARG K, If HfE LA W%
PR K G BT IR R M R S LA
FEHR PR F R OE IR, AT EIE 3(b)
JE 7R 20 s Ab B A RE 5 Ty (xe) /Txo BE 2R AR
b, Hor Iy [ Ixo BEAT 38 K, R WIRE & UK D121
BR, PRGN 2, Oz fa SRR
W 2, S P EOR AT ORI AR K. T
Iz [ Ixo AT 3R A3 KA /)N, R BAE = vk
T, AT AR S T A, K7
AR RGBS TR B SECT , R e 2

RIS XB2 (% BT XBY, [m]iy XB2 AT e A
BRSBTS 2 Fd i T 2B R ] R
WA RO R, AT PL g A0
WA R A3 B8 LU R ) 23R 1 728 AL T A UG B A A
PILEHRER, Qg 3(c) Fs. o, X0 RERAN 1,
FEE A H e AR BOR SR T A SR A XBY
1 XB2 i RER I 2424 0.8 1 0.5, 5 B A 45 25 1 7
LRAEACR 2. XP2 (Y RERARRL T XN, B
SRS A D TR, A5 R I R i A Uk
FERIAG . B 3(d)—(f) b 200 K R 30 s AbHHAA]
T T AR I D R AR 2 3R B AR a3 5 20 s Ab 3
B8] B BE 2 L. 1B 3(e) Y 30 s kb B AR §h (10
Lo [Ixo WILLAEZY R 2, KT 20 s AR BRAGFE 5L 1 L
B2 1. X R A I ] 7, 77 A o s 4
MZERIERBAAS. AR XT WS, T AR5, IXAR AT
AE AR BAARZS . IR R AT AR I T8 XB2, ] fig
M T3l i, o B & LA i i A 2 30
a7 B R AR A 56 22 . A6 150 K 458 F [l AE AT LA 2%
FIBEE ARG R, I /I HLIBERE DR A 3E R
A2/, %5 200 K N RYSEgeghie—3. K 3(a)
PL Z5 A5 2| B pE AWM L9829 100 meV, &
Yo . 5T, X EDER BT &
JEICTEN KT RIS . IR R H

1800 1.2 1.5
(a) 200 K-WS2-20 s o (b) WS5-20 s = (c) WS5-20 s
a X > »
b= — 5 pW ~ ~ *é a~0.8
g 2 B
| — 10 pW @ I’l"’—./_—. < 5 2 L ~1
1200 i L ] > 10 «
P 00 20 pW s 0.9 1.0 S
k] —— 40 pW 3 2 =
= —— 80 pW g R a~0.5
g 600r Z 06f 105 g
8 5 7 8 m X0
E 8 2 E 10} ® XB1
»5 = Linear A XB2
0 . . . 0.3 . . o . .
1.4 1.6 1.8 2.0 2.2 0 20 60 80 10! 102
Energy/eV Power /pW Power/pW
2500 2.5 1.0
(d) 200 K-WS»-30 s 5 (e) WS2-30 s 5; (f) WS2-30 s
_*2 2000 F— 5 pW § ~< 2 a~0.8
E — 10 pW g 231 108 2 8 - .
£ 1500 [ 20uW AU B L R R |
< 40w Z 20f 105 £ &
Z 1000 80 uW = . =B an~0.5
2 o > g
S 500 T o1sf {03 & § m X0
S = Linear A XB2
0 1 ! ! 1.5 L ! ! L ! L
1.4 1.6 1.8 2.0 2.2 0 20 60 80 10! 102

Energy/eV

3 200 K HE T YR PL 45

Power /pW

Power/pW

(a)—(c) 20 s AL FRREFL L5 R (d)—(f) 30 s AL BRRESL AYLE R ; (a), (d) FEALAE T PL OGS,

(b), () HE b XBYXPE2) Kot denim B2 Al X0 5 BE LU (EBE DI R IR (c), (F) BF i X0, XBY, XB2 %l i 3 AR 73 Bl 0 R 119 22 Ak
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
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