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In the past decade, strong coupling of two-dimensional transition metal dichalcogenides (TMDs) with plas-
monic and optical resonators has become an attractive field in cavity quantum electrodynamics. On one hand,
how to enhance the Rabi splitting in such a system is important for applications. On the other hand, the underlying
strong-coupling mechanism is not clear yet, especially for the complicated coupling case related to multiple
photonic quasiparticles. Here we propose a plasmonic-optical hybrid resonator composed of a Au nanoantenna
and photonic crystal cavity. When monolayer MoS, is coupled with this hybrid resonator, we demonstrate a
large Rabi splitting up to 460 meV, which is better than ever reported in similar systems. More importantly, we
provide a deeper understanding of complicated coupling mechanisms in such a hybrid system, paving the way
for studying strong light-matter interactions with multiple photonic quasiparticles in TMD materials coupled

with different plasmonic-optical hybrid resonators.
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Introduction. Strong coupling is a hot spot in cavity
quantum electrodynamics (QED). Based on the strong light—
matter interactions, we can observe many interesting physical
phenomena, such as Bose-Einstein condensation, vacuum
Rabi splitting, optical Stark effect, and long-range energy
transfer [1-5]. In recent years, Rabi splitting has been
extensively studied in dye molecules, quantum dots, and
two-dimensional (2D) semiconductor materials coupled with
nanoscale plasmonic resonators, which simultaneously show
strong localization and low mode volume [6-12]. In par-
ticular, 2D transition metal dichalcogenides (TMDs) have
become the most ideal active materials in cavity QED study
due to their high transition dipole moment and large bind-
ing energy [13—18]. For example, Qin et al. reported strong
plasmon-exciton coupling in monolayer WS, coupled with
a gap-plasmon resonator and demonstrated that the effective
exciton number contributing to the coupling could be reduced
down to the single-digit level [10]. Shan et al. reported a
Au grating/MoS,/Al,03/Au/Si sandwiched heterostructure,
based on which the ultrafast plasmonic hot electron transfer
could be directly observed under the strong-coupling con-
ditions [19]. These studies indicate that 2D TMD materials
coupled with plasmonic resonators show great application

“These authors contributed equally to this work.
fzexiang @ntu.edu.sg
Corresponding author: jly@njust.edu.cn

2469-9950/2021/104(20)/205118(8)

205118-1

potential in ultrafast optical switching, optoelectronic devices,
and quantum information processing [20-25].

Except for the plasmon-exciton, the photon-exciton and
magnetic dipole-exciton interactions have also been investi-
gated in 2D TMD materials coupled with optical resonators,
such as Fabry-Perot (FP) cavities, photonic crystal (PC)
cavities, and whispering-gallery-mode (WGM) resonators
[26-32]. As compared to plasmonic resonators, the mode vol-
ume V of optical resonators is usually not small enough to pro-
vide a large coupling strength g since g o< +/N/V [10], where
N is the exciton number contributing to the coupling process.
However, the quality factor Q of optical resonators is usually
much higher than plasmonic resonators due to lower loss in
the dielectric materials. This advantage of optical resonators
is quite useful to improve the rate of spontaneous emission
of excitons in TMD materials [33]. In particular, the 2D PC
cavity can not only provide a high-quality factor Q, but also
be easily integrated with the 2D semiconductor materials [28].

When 2D TMD materials are coupled with plasmonic-
optical hybrid resonators, the coupling process will be much
more complicated than the case of 2D TMDs coupled with
pure plasmonic or optical resonators [26,34-37]. Recent
research indicates that the Rabi splitting can be further
enhanced in 2D TMDs coupled with a plasmonic-optical hy-
brid resonator [38]. Unfortunately, the complicated coupling
mechanism is not clear yet among different photonic quasi-
particles, which will significantly influence the understanding,
design, and application of strong-coupling phenomena of 2D
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FIG. 1. (a) Schematic of monolayer MoS, coupled with a Au
NA-PC cavity hybrid resonator. (b) Schematic of the 2D PC cavity.
(c) Oscillator model of the hybrid system.

TMD materials coupled with plasmonic-optical hybrid res-
onators. In this paper we will study the strong light-matter
interactions in 2D TMD material coupled with a plasmonic-
optical hybrid resonator. We will demonstrate enhanced Rabi
splitting in such a hybrid system and clearly reveal the under-
lying mechanism among multiple photonic quasiparticles.

Results. As shown in Fig. 1(a), the hybrid resonator is
constructed by a typical Au nanoantenna (NA) and a typical
2D PC cavity. Monolayer molybdenum disulphide (MoS;) is
placed on the top of a 160-nm-thick 2D PC cavity, and then
a 30-nm-thick Au disk is placed on the surface of MoS,.
The 2D PC cavity is made of triangular-lattice arranged air
holes on the Siz;N4 membrane (n = 2.03), and two air holes
in the center are removed to construct an L,-type line defect
[Fig. 1(b)]. The lattice constant a = 350 nm and the hole ra-
dius r = 0.32a. In order to improve the quality factor of the
cavity, two air holes near the line defect are moved outward
with a distance of dx = 0.2a [39,40]. The relative dielectric
constant of Au is determined by the experimental results of
Johnson and Christy [41]. The dielectric properties of excitons
in monolayer MoS, are described by the classical Lorentz
model [42],
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where e, = 1 is the permittivity of the background, f, is the
oscillator strength, wy is the resonant frequency of excitons,

J

and I" is the linewidth. In order to clearly reveal the coupling
mechanism between excitons and other photonic quasiparti-
cles, here we only consider one main exciton peak located at
663 nm for monolayer MoS,.

Figure 1(c) shows the corresponding oscillator model of
the hybrid system. We use &, k», and k3 to represent the inter-
action coefficients of Au NA-MoS,, Au NA-PC cavity, and PC
cavity-MoS,, respectively. Generally, k; is much larger than
ky and k3. We investigate the coupling process of multiple
photonic quasiparticles in this hybrid system by simultane-
ously conducting the numerical analysis based on the quantum
coupling model and the numerical simulation based on the
finite difference time domain (FDTD) numerical simulation
method. In our simulation, the monolayer MoS is introduced
as a 1-nm-thick layer with the provided permittivity [43,44].
A Gaussian source polarized along the y direction with a waist
radius of 1 pum is used to excite the coupled oscillations. For x,
¥, and z directions, the boundary conditions are set to perfectly
matched layer (PML). The mesh size is set as 0.6 nm near the
Au NA and PC cavity for x, y, and z directions, and 0.25 nm
for z direction in the MoS; layer.

For the purpose of comparison, we have firstly investigated
the coupling between Au NA and monolayer MoS; on a
pure SizNy substrate without a PC cavity. As shown in Fig.
2(a), the total absorption spectrum of the system splits into
three branches and presents obvious anticrossing behavior
with the change of the Au disk’s radius ra,. As f, increases,
the splitting of three branches becomes larger and larger
[Fig. 2(b)], which implies that the interior coupling strength
g also gradually increases because g oc +/f; [45]. Figure 2(c)
compares the absorption spectra of Au NA, monolayer MoS,,
and their composite structure. The pure Au NA with ry, =
40 nm shows an absorption peak at A = 667 nm due to the
localized surface plasmon (LSP) effect, and the monolayer
MoS, shows a main absorption peak of exciton (Ex) at A
= 663 nm when f, = 0.3 and a typical absorption peak of
epsilon-near-zero (ENZ) mode at A = 581 nm. Actually, the
total absorption spectrum of the composite structure is the
coupling result of three photonic quasiparticles, i.e., LSP, Ex,
and ENZ mode. This conclusion can be further demonstrated
based on the corresponding electric field distribution of three
absorption peaks of the composite structure. As shown in
Fig. 2(d), the absorption peaks at A = 684 nm (branch 1)
and A = 650 nm (branch 2) exhibit a typical electric field
distribution of LSP, while the absorption peak at A = 567 nm
(branch 3) presents a typical electric field distribution of an
ENZ mode, since the energy is mainly localized inside the
monolayer MoS; (see inset).

The LSP-Ex-ENZ coupling process can be described by
the Hamiltonian equation of a quantized coupling system

Hls) = E,ls), 2)

where H is the Hamiltonian operator which can be written as
(32]

A Ersp + ihlLsp/2 8LSP.Ex 8LSP.ENZ
H = &LSP,Ex Egx +ihlgy/2 &Ex,ENZ . 3)
8LSP,ENZ 8Ex,ENZ Egnz +ihleNz /2
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FIG. 2. (a) Absorption spectrum of monolayer MoS, coupled with Au NAs. The solid black line is the anticrossing curve fitted by the
coupled oscillator model. (b) Absorption spectrum as a function of f, when ra, = 40 nm. Red, green, and yellow squares correspond to three
absorption peaks when f, = 0.3. (c) Absorption curves of LSP mode, Ex mode, ENZ mode, and their coupled mode when r, = 40 nm. The
inset shows the schematic of the coupled structure. (d) Electric field distributions on the y-z plane for three absorption peaks in (b).

Is) (s = 1, 2, 3) stands for the probability wave function of the
linewidth of the three modes contributing to each branch and
meets the normalization condition (s|s) = 1. E; is the energy
of each branch. Based on Egs. (2) and (3), we got the fitted
curves as represented by the solid black lines in Fig. 2(a) when
fx = 0.3. In particular, when rs, = 40 nm, the Rabi splitting
reaches 375 meV, and the 8LSP,Ex> 8LSP,ENZ> and 8Ex,ENZ are
fitted to be 57 meV, 137 meV, and 0.14 meV, respectively.

Let us explain the formation mechanisms of three
branches. Branches 1 and 2 are mainly caused by the Mie
resonance. For a single Au disk (r4, = 40 nm), the absorp-
tion peak of the Mie resonance is located at 667 nm and
the corresponding &4, is —14.2 4+ 1.47i. When Au disk and
monolayer MoS, form a composite structure, its equivalent
dielectric constant g.¢ can be written as [46]

dMos,

; “

Eeff = €au + (eMos, — 1) 7
Au,eff

where dos, is the thickness of monolayer MoS, with a typical
value of 1 nm. day e is the equivalent thickness of interaction

between Au and MoS,. In particular, when day cff = 6.2 nm,
the Re (&) and Im(eegr) as a function of f; are plotted in Figs.
3(a) and 3(b), respectively. The composite structure satisfies
gotf = — 14.2 4 1.47i at about 650 nm and 684 nm, which
can well explain the formation mechanism of branches 1 and
2 in Fig. 2.

Branch 3 is related to the ENZ mode. From Fig. 3(c) we
can see two points of Re(emos,) = 0 located at 581 nm and
663 nm respectively, while only one point of Im(gpmos,) = 0
is located at 581 nm. According to the continuity condition of
the normal electric displacement vector at the metal-medium
interface, i.e., Dwmos,, 1 —Dau, 1 = 07, Where o is the surface
density of free charge on the interface between the Au disk
and monolayer MoS,, we can get [47]

eauFEAu, L + Of

®

Enos,, 1 =

EMoS,
On the basis of Eq. (5), at the two zero points of Re(emos, ),
electric field magnitudes inside the monolayer MoS, should
both be significantly larger than that inside the adjacent
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FIG. 3. (a) Re(er) and (b) Im(ecfr) as a function of f,. The insets in (a) and (b) show the Re(ea,) and Im(ea,), respectively. (¢) emos, as
a function of wavelength when f, = 0.3. (d) A mode intensity distribution of the ENZ mode at 567 nm along the z direction. The inset shows
the electric filed distribution in the center of the MoS, layer. (e), (f) Re(ner) and Im(n) of the ENZ mode as a function of f;.

materials. However, we can only see the ENZ mode near
581 nm because both Re(emos,) and Im(emos,) should be
zero according to the complex form of refractive index n =
[Re(emos,) + Im(emos, )il'/%. As shown in Fig. 3(d), it can be
observed that the electric field of the ENZ mode is mainly
concentrated in the MoS, layer (see inset). Figures 3(e) and
3(f) show the Re(nesr) and Im(nesr) of the ENZ mode as a
function of A and f,, from which we can find that the valley
value of Re(n¢) and the peak value of Im(n) are consistent
with branch 3 in Fig. 2(b) in trend. Since the frequency of an
ENZ mode is determined by ep0s,, Which can be influenced by
the surface density of free charge rather than bounded charge
on the Au disk-MoS; interface, the coupling strength g sp gnz
is much higher than ggx gnz.

Then we have studied the coupling between Au NA and
the PC cavity, as well as the coupling between the PC cavity
and monolayer MoS,. The former case shows a Fano-like
weak coupling [45,48-51], while the latter case shows almost
no coupling. More results and discussion are available in the
Supplemental Material [52].

Finally, we have investigated the coupling between mono-
layer MoS, and the Au NA-PC cavity hybrid resonator.
As shown in Figs. 4(a) and 4(b), the absorption spec-
trum of the coupling system presents four main absorption
peaks and anticrossing behavior with four branches as
rau changes. Actually, they are the coupling results of
four photonic quasiparticles, i.e., photon, LSP, Ex, and
ENZ mode. The corresponding Hamiltonian operator that
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FIG. 4. (a) Absorption curves of monolayer MoS, coupled with a Au NA-PC cavity hybrid resonator for different values of ra,.
(b) Absorption spectrum of the coupled system. Dashed lines represent the uncoupled photon, LSP, Ex, and ENZ modes, respectively. The
solid black line is the anticrossing curve fitted by the coupled oscillator model. (c) Linewidth as a function of r,, for four uncoupled modes
and four branches in (a). (d) The mixing coefficients of four uncoupled modes as function of 7,,. (d) Energy-state map of the coupled system.

describes such a complicated coupling process can be written as

iAl
Ep + =5t 8P.LsP
ihn
—| seise Euset S
gp Ex 8LSP,Ex
&8P.ENZ 8LSP,ENZ
where E = (EP, ELSPa EEX, EENZ )T and I =

(Tp, Tisp, Tex, Tenz)T stand for the eigenenergy and
linewidth of each mode, respectively. If the linewidth of
each branch is defined as [y, = (s7|]|s/) (s/ represents
', 2/, 3, or 4'), then the Rabi splitting energy of the
whole system can be expressed as Q =), [Ty|*/>,, Ty
Figure 4(c) shows the linewidth of each mode or each
branch as a function of ra,. In particular, when ray

8P,y 8P.ENZ
gusp Ex 8LSP,ENZ (6)
inr ;
Epx + == 8Ex,ENZ
inr
8Ex,ENZ Epnz + =32

is about 45 nm, Al'p =4.4meV, Il sp =226.5meV,
hlgx = 60meV, and hl'gnz = 42.6 meV. The linewidth of
each branch is similar, i.e., il';y = 79 meV, A’y = 104 meV,
hl'y = 83meV, and A’y = 67meV. Under this condition,
the whole system will enter the strongest coupling with a
total Rabi splitting energy of 460 meV. The fitted coupling
strengths are gprsp = 60meV, grspex = 56meV, and
gLsp,ENz = 135meV.
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TABLE I. Comparison of strong coupling between TMDs and different plasmonic, optical, and plasmonic-optical hybrid resonators.

Structure Two modes hIp Il Ex hQr
MoS, in FP cavity [32] Photon/Ex 39 60 46 + 3
MoS; in FP cavity [34] Photon/Ex 14 60 54
WS, in FP cavity [26] Photon/Ex 80 28 101
WS, in FP cavity [53] Photon/Ex 55 34 70
Plasmonic arrays on WS, [26] SPP/Ex 36 28 60
Silver nanorod on WSe, [54] LSP/Ex 95 43 49.6
Gold nanorod on WS, [44] LSP/Ex 149 57 133
Silver triangle on WS, [55] LSP/Ex 190 20 120
Si Nanoparticle on WS, [56] Magnetic dipole/Ex 84 33 116
Structure Three modes hlp Al gy Al sp hQR
FP cavity-Ag NAs-WS, [38] Photon/LSP/ ~142 50 320 300
Ex
Structure Four modes hlp hlgy hlEnz hI'Lsp hQr
Model in this paper Photon/LSP/ 44 60 42.6 226.5 460
Ex/ENZ

All units are meV.

The splitting energy of the whole system can be judged by
the following strong-coupling criterion [38]:

ERabi > E = WALy + WohiTy + W3hT'sy + Wahily,  (7)

where Wy, W,, Wi, and W, are the contribution weights of four
branches, and they are calculated as

Wi =Ty/(Ty + Ty +T3y+Ty) =237%
W =T /(T + Ty +T3+T4)=313% ®)
Wy =T53/(Ty 4+ Ty 4T3y +Ty)=249%
Wy=Ty/(Ty+To+T3+Ty)=20.1%

The linewidth of each branch can be further written as
Ty =HTp + H Tisp + Hy Tpx + H N Tenz,  (9)

where H,", H,*?, H,F*, and H,"N* are the mixing (Hop-
field) coefficients of photon, LSP, Ex, and ENZ mode for four
branches. Based on the fitting results in Fig. 4(d), we can
clearly identify the coupling modes which contribute to each
branch.

For ray, =45nm, the strong-coupling criteria related
to the four uncoupled modes can be calculated as
E =27.04%hT'p + 26.56%hT 1 sp + 25.24%h'gx + 21.16%
hl'enz = 85.5 meV. Consequently, the total Rabi splitting en-
ergy of our proposed composite structure (Erap; = 460 meV)
is much higher than the strong-coupling criterion (85.5 meV)
and is also superior to the Rabi splitting energy of monolayer
MoS,; coupled with single Au NA (Egrapi = 375 meV), which
demonstrates that the introduction of a PC cavity can effi-
ciently enhance the strong coupling between monolayer MoS,
and Au NA. The complicated coupling process of four pho-
tonic quasiparticles in our proposed composite structure can
be described by the energy-state map as shown in Fig. 4(e).

Table I compares the strong-coupling model proposed in
this paper with previous models related to TMD materials
coupled with different plasmonic or optical resonators. Our
model, which extends the number of photonic quasiparticles
from two or three to four, shows the largest Rabi splitting

energy. Except for MoS,, other TMD materials such as WS,
and WSe, are also suitable for the strong-coupling study
based on our proposed plasmonic-optical resonator. Although
the plasmonic resonator used here is related to the LSP, other
plasmonic resonators which support the surface plasmon po-
lariton (SPP), such as the subwavelength plasmonic array and
graphene waveguides [26,57-59], are expected to be designed
to explore the strong-coupling phenomena and underlying
mechanism in the TMDs coupled with the SPP-PC cavity
hybrid system. Moreover, although the spin of exciton is not
considered in the current work, the exciton polaritons which
possess the distinctive spin-polarization degree of freedom in
the TMDs are expected to be studied for potential application
in the optical spin Hall effect based on our proposed model
[60,61].

Conclusion. In this paper we have demonstrated a large
Rabi splitting of up to 460 meV in monolayer MoS, coupled
with a Au NA-PC cavity hybrid resonator. We have clearly
revealed the formation mechanisms of each branch and calcu-
lated the contribution weights of photon, LSP, Ex, and ENZ
mode on each branch. The results of this work will provide
useful reference for other groups to study the strong light—
matter interactions with multiple photonic quasiparticles in
TMD materials coupled with different plasmonic-optical hy-
brid resonators.
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