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Table 1 Related parameters of dielectric constant of monolayer

tungsten disulfide

Jj w,/eV a;/eV? b, /eV
1 2.011 1. 870 0.029
2 2.404 3.9550 0. 186
3 2.834 8.416 0.225
4 3. 131 42.800 0.639
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Fig. 1 Hybrid structure consisting of a one-dimensional gold grating and a monolayer tungsten disulfide and its reflection spectrum and

field distribution. (a) Schematic of hybrid structure with gold grating and monolayer tungsten disulfide; (b) reflection spectra of

gold grating structure and gold grating/monolayer tungsten disulfide hybrid structure with grating pitch p==400 nm, width /=

300 nm, and height ~=95 nm. Inset shows reflection spectrum of a monolayer tungsten disulfide; (¢) distribution of electric

field |[E/E,| in gold grating structure at reflection dip wavelength of 620 nm; (d) distribution of electric field |[E/E,| of gold

grating/monolayer tungsten disulfide hybrid structure at reflection peak wavelength of 620 nm

KR IE 4 M 45 K S BOn  E  E o 5 R 2
TR TR A VR RS BT AT 4 b/
PR T AL RS TR A 4 R AR R R AR Y L T R s
B0 R 6%, T 5 4 e i RO e EEAT TR
T (A B 25 o AL T A A A L 8ok
Mt/ 52 B AR B TR A 5 N TR] R B A R SO
WE2a) M 2(b) 828 i n o 24 65 B /=300
nm DGR BE A=95 nm B, Gl E A p A 380 nm 3 &
400 nm, 4 YEH 4 S5 3 4% 47 i 607 nm 3 & 620 nm.
A EE A M, B 5 2 R A S Y A o M 45 F A R R
A Kb AR B T . B A A AN U A S, S
S & A A R S 0 B A LT R R A AR A, X

U8 T3 7175 5 09 I 0T R 32 4 0 M 45 44 28 4k 19 52 )
TR B 25 R 8 1 Bl A A A A Ak S =R T SR
LB WO R P K AR ol R o R,
g A R (4) X 2 et/ B0 2 — AL TR & 45 4 1Y R
eI AT LA, AR 2(b) LR B s LA O 1S 5 R
PUETE AT A 5B 4o

MR T 4 M 25 4 B et/ B2 BB IR A
e R NN R o 8 i o 0 A R A R RS SR (I
3(a) F1 3 (b) 52 £k B o Ho B i A 1 p=
400 nm, YoM B A=95 nm. AT LLFE W, 2505 /
M 290 nm 34 % 310 nm B, 4 6 S 5T 4 Bl /A 35 n
H 0¥, A B 618 nm 3 & 623 nm. [AFE, 7E

0424002-3



445 E 4H/2024 £ 2 B/REEIR

(@ without WS, d)

=380 nm

p=385 nm

i

Reflection

»=390 nm

Reflection

=395 nm

’
’
\
\

p=400 nm|

’
/
’
4

B2 &M s 5otk S5 iR I 6 56 2 . (a) £ 625 44 K [+)
JE TR 08 B G 5 (b) 5 B2 R AR S 1 2 e A [R] JE
0Tt B RS T (S 2 ) R SBUR A A B S FUL A 1 S SOl

(L) . HAZ%0h (=300 nm, h=95 nm

Fig. 2 Relationship between reflection spectrum of gold grating
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hybrid structures with different p (solid lines) and

reflection spectra fitted by temporal coupled-mode

theory (dashed lines). Other parameters are set as /=
300 nm and ~=95 nm
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Fig. 3 Relationship between reflection spectrum of gold grating
and grating widths. (a) Reflection spectra of gold grating
structures with different widths /; (b) reflection spectra
of gold grating/monolayer tungsten disulfide hybrid
structures with different / (solid lines) and theoretically
fitted reflection spectra (dashed lines). Other parameters
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Fig. 5 Parameters fitted by temporal coupled-mode theory. Theoretically fitted (a) plasmonic resonance frequency w,, (b) coupling

strength g, (c) decay rate y,, and (d) decay rate y, varying with gold grating heights A
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Fig. 6 Strong coupling between surface plasmons in gold grating and excitons in monolayer tungsten disulfide. (a) Splitting energy UP

(dots above) and LLP (dots below) branches in coupling between surface plasmons and excitons in gold grating/monolayer

tungsten disulfide hybrid structure varying with detuning &. Solid curves denote fitting results by coupled oscillator model;

(b) fractions of surface plasmons and excitons in UP branch varying with detuning &
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Abstract

Objective In recent years, strong coupling between surface plasmons and excitons has become a research hotspot in light-
matter interactions. As an important two-dimensional material, transition metal dichalcogenides (TMDs) have caught
extensive attention due to their unique optoelectrical properties. TMD monolayers are direct band gap semiconductors and
their excitons have large transition dipole moments and binding energy, which is beneficial to realize the strong coupling
between photons and excitons at room temperature. Surface plasmons in metallic nanostructures feature near-field
enhancement and small mode volume, providing an effective platform for realizing its strong coupling with excitons.
Recently, the strong coupling has been achieved between surface plasmons and TMD excitons in plasmonic systems such
as metallic nanoarray, nanoparticles, and nanocavities. One-dimensional (1D) metallic grating is a typical plasmonic
structure, in which the coupling effect between surface plasmons and TMD excitons has been rarely studied till now.
Thus, we investigate the plasmon-exciton strong coupling behavior in the 1D metallic grating integrated with monolayer
tungsten disulfide (WS,).

Method We build a simulation model by adopting the finite-difference time-domain (FDTD) method and numerically
investigate the coupling effect between surface plasmons in the gold grating and excitons in monolayer WS,. The dielectric
constants of gold and monolayer WS, are described by the Drude model and high-order Lorentz model respectively. The
spectral response and electric field distribution of the gold grating structure and gold grating/monolayer WS, hybrid
structure are calculated. We study the dependence of reflection spectra on the structural parameters (grating pitch p, width
/, and height 2) in the gold grating and gold grating/monolayer WS, hybrid structures. Based on the temporal coupled-
mode theory, we build a model of optical coupling between surface plasmons in the gold grating and excitons in monolayer
WS, and thus derive the theoretical formula of the reflection spectrum from the hybrid structure. The temporal coupled-
mode theory is employed to fit the reflection spectra of the hybrid structures. Thus, we obtain the fitting parameters
containing plasmonic and exciton decay rates and coupling strength in the hybrid structures with different grating heights.
Then, the coupled oscillator model is utilized to calculate the splitting energy of the reflection spectra from the gold
grating/monolayer WS, hybrid structures. Finally, the dependence of the reflection spectrum on the environmental

refractive index is studied by FDTD simulation.

Results and Discussions The results show that the reflection spectrum of the gold grating with the pitch p = 400 nm,
width / = 300 nm, and height 2~ = 95 nm possesses an obvious dip at the wavelength of 620 nm due to the generation of
surface plasmons. When the monolayer WS, is integrated with the gold grating, the plasmonic reflection spectrum will be
split. There is an obvious reflection peak at 620 nm wavelength in the original reflection dip with two reflection dips around
the peak [Fig. 1(b)]. The electric field of the gold grating is mainly localized at the vertex of the gold grating. With a
monolayer WS,, the electric field intensity is weakened [Figs. 1(c) and 1(d)]. With the increasing pitch, width, and
height, the reflection dip of the gold grating has a red-shifted [Figs. 2(a), 3(a), and 4(a)]. The reflection spectra of the
hybrid structure are fitted by the temporal coupled-mode theory, and they are in good agreement with the simulated spectra
[Figs. 2(b), 3(b), and 4(b)]. We find that the fitted decay rate and coupling strength are not sensitive to the height of the

gold grating, and the plasmonic resonance frequency decreases with increasing 2 (Fig. 5). The analyzed results yielded by
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the coupled oscillator model show that the coupling between the surface plasmons and the excitons in the hybrid structure

satisfies the criterion of strong coupling with the Rabi splitting of 54.6 meV (Fig. 6). The relationship between the
coupling spectrum and environmental refractive index is studied in the hybrid structure. The wavelength difference
between the two reflection dips is found to be approximately linear with the refractive index, which provides a possible way

for optical sensing (Fig. 7).

Conclusions The coupling characteristics of surface plasmons in the gold grating and excitons in monolayer WS, are
studied. The spectral response and electric field distribution of the 1D gold grating/monolayer WS, hybrid structure are
simulated by the FDTD simulation. The results show that the coupling between surface plasmons in the gold grating and
excitons in monolayer WS, can generate spectral splitting. The reflection spectra of the hybrid structure with different
structural parameters are fitted by adopting the temporal coupled-mode theory. The fitting results are in good agreement
with the numerical simulation. The theoretical analysis shows that the coupling between surface plasmons in the gold
grating and excitons in the monolayer WS, satisfies the strong coupling criterion. The Rabi splitting of coupling spectra
from the hybrid structure is 54.6 meV, which is consistent with the temporal coupled-mode theoretical result. The
simulation results show that the wavelength difference between the spectral dips of strong coupling presents nearly linear
relations with the environmental refractive index, which will offer a new way for optical sensing. Additionally, this work
will provide a new method for plasmon-exciton strong coupling in metallic grating integrated with TMDs and its

applications in optical devices.

Key words surface plasmons; one-dimensional gold grating; tungsten disulfide; excitons; strong coupling
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