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Abstract Realizing and manipulating strong light-matter coupling in two-dimensional monolayer semiconductors at room tem-
perature is of paramount importance in the development of novel photonic devices. Here, we reveal by numerical simulation that
strong coupling between the excitons in a WS2 monolayer and the surface plasmon polaritons propagating on the surface of a thin
Au film can be realized at room temperature when the surface plasmon polaritons are generated via the Kretschmann-Raether
configuration. We propose the use of liquid Ga nanoparticles, which exhibit broad scattering spectra in visible light when excited with
surface plasmon polaritons, to identify the strong exciton-plasmon coupling. We demonstrate numerically and experimentally that
the exciton-plasmon coupling strength, which is manifested in Rabi splitting, can be further enhanced by the in-plane localization of
the electric field provided by liquid Ga nanoparticles. Anti-crossing of the scattering spectra can be observed by tuning the angle
of the incident light and Rabi splitting exceeding 120 meV can be obtained. Our results open new horizons for realizing strong
exciton-plasmon coupling in hybrid structures composed of monolayer semiconductors and thin metal films and pave the way for the
practical applications of strong light-matter interaction in nanoscale photonic devices operating at room temperature.
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1. Introduction

Light-matter interactions including strong coupling [1–6],
Fano interference [7–14], plasmon-induced resonance en-
ergy transfer [15–17], plasmon-enhanced absorption and
emission [18–21] have been a research hot spot of modern
optics. Strong coupling regime can be accessed when the en-
ergy exchange between photons and excitons is fast enough
to overcome their respective dissipation rates [22–26]. In
this case, mixed states featuring part-light and part-matter
are produced, leading to the spectroscopic response of the
system characterized by Rabi splitting. Realizing strong
light-matter coupling is of great interest due to various
promising applications such as quantum manipulation [27],
ultra-fast optical switching [28], low-threshold semiconduc-
tor lasers [29] etc.

Recent studies have successfully demonstrated strong
coupling effect at the single nanoparticle level by using semi-
conducting transition metal dichalcogenide (TMDC) lay-
ers [30–35], quantum dots (QDs) [36], molecules [37–41],
perovskite nanowires [42] and TMDC nanodisks [43]. Due
to the lack of efficient ways to control the excitonic orienta-
tion of molecules and QDs, the exciton-plasmon coupling
relies on the change of surface plasmon resonance or the
polarization of the incident light [36, 39]. Different from
dye molecules and QDs, the excitons in monolayer TMDCs
are highly oriented in the in-plane direction and efficient
dipole-dipole interaction with surface plasmon polaritons
(SPPs) can be readily achieved [30, 31]. More importantly,
the TMDC monolayers have exceptionally high optical ab-
sorption reaching values up to 10% for MoS2 and 15% for
WS2 at resonance [44, 45]. These unique properties make
them an ideal platform for realizing strong exciton-plasmon

coupling, as demonstrated in a variety of systems compris-
ing TMDC monolayers and nanophotonic resonators, in-
cluding optical micro-cavities [46, 47], diffractive modes
of plasmonic nanoparticle arrays [48] and single plasmonic
nanoantennas [30–35]. In practice, the spectral or energy
coincidence of the resonant optical frequency and the exci-
ton remains a technical challenge and various methods have
been proposed to shift the energy of the resonator, either
statically or dynamically, across that of the exciton. Re-
markably, active control of strong coupling have also been
demonstrated by using different methods, such as chang-
ing the nanoparticle size [30, 33, 35, 37], controllable and
reversible switching, electro-static gating and temperature
control [30,34], controlling the refractive index of surround-
ing solvents [31–33], chemical control [31], polarization-
dependent control of the incident source [39] and the angle
of incident light [46, 49].

For strong light-matter interaction, it is desirable to
achieve electric field enhancement in extremely small mode
volume. For this reason, nanoparticle-on-mirror systems
are generally employed because TMDC layers are easily
embedded in the gap region between a nanoparticle and
a metal film. Recently, the strong exciton-plasmon cou-
pling has been observed in TMDC multilayers embedded in
an ultra-compact plasmonic nanocavity of nanoparticle-on-
mirror geometry [50]. Unfortunately, strong coupling was
not achieved in TMDC monolayers because the in-plane
(or horizontally-oriented) excitons in TMDC monolayers
can not be coupled to the vertical component of the electric
field of the nanocavity, which has been greatly enhanced
in the gap region between the metallic nanoparticle and
the film. By replacing nanospheres with nanocubes, strong
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exciton-plasmon coupling was realized for TMDC monolay-
ers embedded in nanoparticle-on-mirror systems owing to
the significantly enhanced in-plane component of the elec-
tric field [35]. Very recently, it was suggested theoretically
and numerically that strong exciton-plasmon coupling can
be achieved for a WS2 monolayer directly placed on a thin
Au film when the WS2/Au hybrid structure is excited by
the SPPs generated via the Otto configuration [49]. In this
case, the enhancement in the electric field is not significant,
but the number of excitons involved in the interaction is
large. Although this scenario is more straightforward than
those reported previously, a capping layer (on top of the
WS2 monolayer) with a large dielectric constant (> 9) is
necessary to observe the strong coupling effect [49].

In this work, we propose and demonstrate a novel strat-
egy to realize and identify the strong coupling of the exci-
tons in a WS2 monolayer with both the propagating SPPs
and the localized surface plasmon resonances (LSPRs). Our
numerical simulations reveal that the strong coupling be-
tween the excitons in a WS2 monolayer and SPPs can be
realized at room temperature via the Kretschmann-Raether
(K-R) configuration. Then, we confirm numerically and
experimentally that the exciton-plasmon coupling in the
WS2/Au hybrid structure can be revealed and enhanced
by using liquid Ga nanoparticles which exhibit broad scat-
tering spectra in visible light. Finally, we show a stronger
exciton-plasmon coupling realized in the nanoparticle-on-
mirror system (with a Rabi splitting exceeding ∼120 meV)
and demonstrate the engineering of the exciton-plasmon
coupling strength by merely varying the angle of the inci-
dent light. Our findings are helpful for investigating strong
light-matter interaction and useful for designing nanoscale
photonic devices.

2. Experimental and Simulational Section

2.1. Sample Preparation

The WS2 monolayer used in this work was synthesized on
a silicon substrate via chemical vapor deposition (CVD)
method and then transferred to an Au/SiO2 substrate with
a 50-nm-thick Au film. Ga nanoparticles with different di-
ameters were synthesized by using femtosecond laser abla-
tion [51]. A solid state Ga film immersed in deionized water
was used as the target. The 800-nm femtosecond laser pulses
(Legend, Coherent) with a duration of 100 fs, a repetition
rate of 1 kHz and an average power of 1 mW was employed
to ablate the Ga film. The fabricated Ga nanoparticles are
composed of liquid cores (Ga) and solid shells (Ga2O3) [52].
The aqueous solution of Ga nanoparticles was dropped and
dried on the WS2 monolayer supported by the Au/SiO2 sub-
strate, obtaining plamonic nanocavities with an embedded
WS2 monolayer.

2.2. Scattering Imaging and Spectroscopy

The scattering spectra of the plasmonic nanocavities with an
embedded WS2 monolayer were recorded by using a dark-

field microscope (Axio Observer A1, Zeiss) quipped with
a spectrometer (SR-500i-B1, Andor) and a colour charge
coupled device (CCD) (DS-Ri2, Nikon). The SPPs were
generated via the K-R configuration and a 100× objective
with NA = 0.80 was employed to collect the scattered light.
The scattering spectra were corrected by first subtracting
the background spectra taken from the adjacent regions and
then divided by using the calibrated response curve of the
entire optical system. The integration time for the spectrum
measurements was chosen to be 1 s.

2.3. Characterization of WS2 monolayer

The morphology of a WS2 monolayer was examined by
using scanning electron microscope (SEM) (Ultra55, Zeiss)
(see Figure S1, Supporting Information). The photolumi-
nescence and Raman spectra of the WS2 monolayer were
measured by using a 532 nm laser and a Renishaw inVia
Reflex system, respectively. The laser power used for the
photoluminescence and Raman spectra measurements was
1 mW.

2.4. Numerical Simulations

In this work, the numerical simulations were performed
by using the finite-difference time-domain (FDTD) method
(see Figure S2, Supporting Information for details). The
dielectric function of Au was taken from the experimental
data [53] while those for WS2, Ga, and Ga2O3 were taken
from previous literature [45, 52, 54]. The exciton energy in
WS2 monolayer is 2.02 eV. The refractive indices of the
prism and the surrounding media were chosen to be 1.5 and
1.0, respectively. In the calculation of the scattering spectra,
the diameter of the Ga nanoparticle was chosen to be 212.6
nm while the thickness of the WS2 monolayer was chosen
to be 1.0 nm. In addition, the angle of the incident light (TM-
polarized) was set to be 46◦. A mesh size as small as 0.5
nm was used in the the gap region between the nanoparticle
and the film to ensure the convergence of the numerical
simulations and the achievement of accurate results.

3. Results and Discussion

We first examined the coupling of the excitons in a WS2
monolayer placed on an Au/SiO2 substrate with the SPPs
generated on the surface of the Au film (50 nm) via the
K-R configuration, as schematically shown in Figure 1a. It
is well known that the SPPs can only be excited by TM-
polarized light and the resonant wavelength of the SPPs,
which is manifested as a dip in the reflection spectrum,
exhibits a strong dependence on the angle of the incident
light, as shown in Figure 1b. Therefore, one can shift the
energy (or wavelength) of the SPPs by merely varying the
incidence angle. The coupling between the excitons and
the SPPs is expected to occur once the two resonances are
spectrally overlapped. Figure 1c shows the two-dimensional
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Figure 1 (a) Schematic showing a WS2 monolayer placed on a 50-nm-thick Au film and excited by the propagating SPPs generated via
the K-R configuration. θ represents the angle of the incident light. Two-dimensional plot of the reflectance as functions of the incidence
angle and wavelength without (b) and with (c) the WS2 monolayer. The white dashed line in (b) represents the resonant wavelength
of SPPs generated at different angles. (d) Reflection spectra of the WS2/Au hybrid structure measured at different incidence angles
(dashed lines in (c)). The black dashed curves are the fitting results of the reflection dips.

plot of the reflectance as functions of the incidence angle
and wavelength calculated for the WS2/Au hybrid structure.
Surprisingly, an anti-crossing is observed at an incidence
angle of about 45◦, which is also shown in Figure 1d. This
behaviour is entirely different from the excitation of the
WS2/Au hybrid structure via the Otto configuration [49]
where a capping layer with a dielectric constant larger than
9 is needed in order to observe a pronounced anti-crossing.
By employing the K-R configuration rather than the Otto
one, the in-plane component of the electric field is enhanced
to some extent, making it possible to realize the strong
exciton-plasmon coupling without using any capping layer
on the WS2 monolayer (more details can be found in Figure
S3, Supporting Information).

The exciton-plasmon coupling in the WS2/Au hybrid
structure can be described by using the coupled harmonic
oscillator model [39]. In the strong coupling regime, the
respective contributions of the exciton and plasmon compo-
nents can be calculated as follows [25, 30, 31, 35]:

(
Epl−

ih̄γpl
2 g

g Eex− ih̄γex
2

)(
α

β

)
= E±

(
α

β

)
, (1)

where Epl and Eex are the energies of the plasmons in the ab-
sence of WS2 and the X0 excitons of WS2, respectively. γpl
and γex are the dissipation rates of the two oscillators. g is the
coupling strength and E± are the eigen-energies of the hy-
brid states. The parameters α and β are the eigenvector com-
ponents (Hopfield coefficients) and satisfy |α|2 + |β |2 = 1.
By considering the detuning, the eigenvalues can be ob-
tained as:

E± =
Epl +Eex

2
±

√
4g2 +(δ − i

2 (γpl− γex))
2

2
, (2)

with δ = Epl−Eex the energy difference between the plas-
mons and the excitons. The Rabi splitting energy, h̄Ω =√

4g2− (γpl−γex)

4 , can be obtained when Epl = Eex.
Since γpl can be extracted from the reflection spectra

and γex is derived to be ∼33 meV based on the algorithm
proposed previously [33,34,45], we can fit the results shown
in Figure 1c using the coupled harmonic oscillator model
and extract the Rabi splitting energy as∼89.8 meV. It should
be emphasized that there are two criteria for strong coupling.
The first one is the appearance of anti-crossing behavior in
the energy diagram, which has been observed as shown in
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Figure 2 Electric field distributions calculated for the Au film and the WS2/Au hybrid structure at an incidence angle of θ = 46◦ at
the reflection dip without WS2 [(a) and (b)] and at the coupled wavelength of the case with WS2 [(c) and (d)]. Panels (a) and (c)
represent the x-component (Ex) of the electric field without and with the WS2 monolayer, respectively. Panels (b) and (d) represent the
z-component (Ez) of the electric field without and with WS2 monolayer, respectively. In each case, the Au film is denoted by two white
lines. The WS2 monolayer is denoted by red lines in (c) and (d).

Figure 1d. The second one is that the energy splitting should
fulfill the condition h̄Ω >

γpl−γex
2 or h̄Ω >

γpl+γex
2 [39, 40],

where γpl and γex represent the line widths of the optical
mode and the exciton transition, respectively. In our case,
the criterion of h̄Ω >

γpl−γex
2 is fulfilled, implying that the

coupling between the excitons in the WS2 monolayer and
the SPPs generated on the surface of the Au film via the
K-R configuration enters the strong coupling regime.

To gain a deep insight into the strong exciton-plasmon
coupling achieved in the WS2/Au hybrid structure, we cal-
culated the electric field distributions of the SPPs without
and with the WS2 monolayer, as shown in Figure 2. The
generation of the SPPs is manifested in the exponential de-
cay of the electric field in the z-direction. It is noticed that
the enhancement factors for the x and z components of the
electric field are ∼3 and ∼10 in the absence of the WS2
monolayer. Owing to the propagating characteristic of the
SPPs, the number of horizontally-oriented excitons in the
WS2 monolayer interacting with the SPPs is quite large. For
this reason, the strong exciton-plasmon can be achieved al-
though the enhancement factor for the in-plane electric field
(the x component) is only ∼3. After adding the WS2 mono-
layer, it can be seen that both the x and z components of the

electric field is greatly attenuated because the coupling of
the incident light into the SPPs is dramatically reduced due
to the mode splitting induced by the strong exciton-plasmon
coupling. In this case, the intensity of the reflected light is
increased, as shown in Figure 1d.

To verify experimentally the strong exciton-plasmon
coupling realized in the WS2/Au hybrid structure, one needs
to measure the reflection spectra at different incidence an-
gles. In our experimental setup, we employed a collimated
white light with a diameter of ∼1.0 cm to excite the SPPs
on the surface of the Au film. In this case, the spectra of
the reflected light with increasing incidence angle can be
measured because of the large area of the Au film (see Fig-
ure S4, Supporting Information). However, it is a technical
challenge to measure the spectra of the reflected light in
the presence of the WS2 monolayer because of the difficul-
ties in generating a collimated white light with a diameter
small than the size of the WS2 monolayer (∼100 µm) and
locating it accurately on the WS2 monolayer. As an alter-
native, one can introduce a nanoparticle on top of the WS2
monolayer and extract the information of strong coupling
from the scattering spectra of the nanoparticle measured at
different incidence angles. It is required, however, that the
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Figure 3 (a) Schematic showing the plasmonic nanocavity formed by a Ga nanoparticle placed on the Au film with an embedded
WS2 monolayer. The nanocavity is excited by the SPPs generated via the K-R configuration. The angle of the incident light is θ . (b)
Optical image of the WS2 monolayer placed on the Au film. (c) Raman scattering spectrum measured for the WS2 monolayer. (d)
Two-dimensional mapping of the Raman signal of the WS2 monolayer at ∼414 cm−1. (e) PL spectrum of the WS2 monolayer.

Figure 4 (a) Scattering spectrum measured for a Ga nanoparticle (with a diameter of ∼212.6 nm) placed on the WS2/Au hybrid
structure (solid curve) at an incidence angle of 46◦ (upper panel). Also shown is the scattering spectrum measured for another Ga
nanoparticle with a similar diameter placed on the Au film (dashed curve). The calculated scattering spectra with (solid curve) and
without (dashed curve) the WS2 monolayer are provided for comparison (lower panel). The SEM image of the Ga nanoparticle and the
CCD image of the scattering light are shown as insets. Panels (b) and (c) show the distributions of the x-component of the electric
field (Ex) of the plasmonic nanocavity without and with the WS2 monolayer, respectively. Green lines denote the outlines of the Ga
nanoparticle and the Au film.

nanoparticle exhibits a broad scattering spectrum spanning
the visible to the near-infrared spectral range so that the
spectrum of the SPPs can be accurately reproduced, similar

to the spectrum of the reflected light which gives the spec-
trum of the SPPs directly. In practice, we can choose either
dielectric nanoparticles (e.g., polystyrene (PS) nanospheres
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or silicon (Si) nanospheres) or metallic nanoparticles (e.g.,
Au nanospheres) as the scatters for the SPPs. It has been
confirmed that PS nanospheres with diameters of ∼200 nm
can really be used to scatter the SPPs efficiently in the for-
ward direction. At each angle, the peak and linewidth of the
scattering spectrum, which reflect the resonant wavelength
and dissipation rate of the SPPs, are quite similar to those
observed in the reflection spectrum. Owing to the small re-
fractive index of PS, the electric field enhancement achieved
in the gap region between the PS nanosphere and Au film is
weaker than that obtained by using metallic nanoparticles
and stronger exciton-plasmon coupling is not expected (de-
tails are shown in Figure S5, Supporting Information). For
dielectric nanoparticles with high refractive indices, such as
Si nanoparticles, a stronger enhancement in the electric field
can be realized. However, the simultaneous excitation of the
electric dipole and magnetic dipole in a Si nanoparticle ex-
cited by the SPPs leads to the formation of a Fano resonance
in the scattering spectrum, making it difficult to reveal the
Rabi splitting induced by the strong exciton-plasmon cou-
pling. Therefore, it is preferred to use a metallic nanoparticle
to form a plasmonic cavity in combination with the Au film,
which can be employed to enhance the exciton-plasmon
interaction.

One of the advantages of using metallic nanoparticles,
such as Au nanospheres, is the enhancement in the in-plane
component of the electric field through the strong local-
ization of the electric field in the gap region between the
metallic nanoparticle and the Au film. In this case, LSPRs
rather than propagating SPPs are generated, and the inter-
action of the plasmonic mode with the excitons in the WS2
monolayer will be significantly enhanced. At first glance, it
seems that Au nanoparticles are the best choice for construct-
ing plasmonic nanocavities with the Au film. Previously,
Au nanorods placed on a WS2 monolayer have been suc-
cessfully used to demonstrate the strong exciton-plasmon
coupling [30]. However, the small scattering cross sections
of small Au nanoparticles lead to weak scattering light and
unsatisfied signal-to-noise ratio. For large Au nanoparti-
cles, the appearances of higher-order plasmon modes may
affect the observation of the strong coupling in the scatter-
ing spectra and hinder the accurate extraction of the Rabi
splitting energy [55]. Very recently, we have successfully
fabricated liquid Ga nanospheres with different diameters in
water by using femtosecond laser ablation [51]. It was found
that liquid Ga nanoparticles exhibit broad scattering spec-
tra spanning the visible light to the near-infrared spectral
range, quite similar to polymer nanoparticles. Specifically,
the high-order plasmon modes in large liquid Ga nanopar-
ticles also possess broad line widths. This unique feature
makes it possible to use large liquid Ga nanoparticles to en-
hance the signal-to-noise ratio and to distinguish the energy
splitting appearing the scattering spectra. On the other hand,
liquid Ga nanoparticles can be used to create plasmonic
nanocavities by placing on the Au film with a dramatically
enhanced electric field, boosting exciton-plasmon coupling.
For these reasons, liquid Ga nanoparticles were used in this
work to demonstrate the strong exciton-plasmon coupling
achieved in the WS2/Au hybrid structure.

In our experiments, liquid Ga nanoparticles were ran-
domly distributed on the WS2 monolayer by using drop-
casting, creating plasmonic nanocavities with the Au film.
The LSPRs of the plasmonic nanocavities can be easily
tuned by simply changing the angle of the incident light,
as schematically shown in Figure 3a. The optical image of
the monolayer WS2 is shown in Figure 3b. The crystalline
structure of the WS2 monolayer was confirmed by Raman
scattering measurements, as shown in Figure 3c. Two main
peaks centered at ∼350 cm−1 and ∼414 cm−1 were ob-
served in the Raman scattering spectrum, corresponding to
the out-of-plane E′ and the in-plane A′1 modes of the WS2
monolayer, respectively [56, 57]. Besides, the photolumi-
nescence (PL) spectrum of the WS2 monolayer measured
at room temperature shows a single intense peak centred
at ∼630 nm, in good agreement with the exciton emission
reported for the WS2 monolayer grown by using chemical
vapour deposition [58, 59]. Therefore, we confirmed by Ra-
man scattering and PL measurements the monolayer nature
of the WS2 flake used in this work with a thickness of ∼1
nm [60, 61].

In Figure 4a, we present the scattering spectra mea-
sured and calculated for a Ga nanoparticle with a diameter
of ∼212.6 nm, which is excited by using a TM-polarized
light at an incidence angle of 46◦. The CCD image of the
WS2/Au hybrid structure excited by the SPPs can be found
in Figure S6, Supporting Information. The SEM image of
the Ga nanoparticle and the CCD image of the scattering
light are shown in the insets. In the numerical simulations,
we were able to calculate the scattering spectrum of the Ga
nanoparticle in the absence of the WS2 monolayer. In this
case, the scattering spectrum appeared as broadband (see
the dashed curve). By adding the WS2 monolayer, a mode
splitting was observed. The experimental observations also
confirmed this behaviour. With the help of SEM observa-
tion, we were able to find another Ga nanoparticle on the Au
film, whose diameter is close to that of the Ga nanoparticle
located on the WS2 monolayer, and measure its scattering
spectrum (see the dashed curve). It is noticed that the broad
scattering spectrum in the absence of the WS2 monolayer
splits into two modes which ambiguously verifies that the
mode splitting is indeed induced by the coupling of the ex-
citons in the WS2 monolayer with the plasmons supported
by the nanocavity. It should be emphasized that the exci-
tation of the LSPRs of the plasmonic nanocavity by using
the K-R configuration plays a crucial role for observing the
mode splitting or strong coupling because this phenomenon
was not observed when measuring the backward scattering
spectrum of the Ga nanoparticle. In the later case, the field
enhancement of Ex is only 4.0 (see Figure S7, Supporting
Information), which is not sufficient for observing strong
exciton-plasmon coupling.

The strong exciton-plasmon coupling realized in the
plasmonic nanocavity is attributed to the enhanced in-plane
component of the electric field due to the introduction of
the Ga nanoparticle. In Figures 4b and c, we show the dis-
tributions of the x-component (in-plane component) of the
electric field inside the nanocavity without and with the
WS2 monolayer. It can be seen that an enhancement factor
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Figure 5 (a) Evolution of the scattering spectrum of the plasmonic nanocavity with increasing incidence angle. (b) Energy dependency
of the hybrid modes on the energy detuning. The black cubes are the experimental results, while the solid coloured curves are the
fitting results based on the coupled harmonic oscillator model. (c) Plasmon and exciton fractions calculated for the upper and lower
exciton branches of the plasmonic nanocavity with the embedded WS2 monolayer, respectively.

as large as ∼35 can be achieved for the x-component of the
electric field when the nanocavity is excited by the SPPs
generated via the K-R configuration. This value is one or-
der of magnitude larger than that obtained in the absence
of the Ga nanoparticle (Figure 2), which boost the interac-
tion between the plasmonic cavity and the WS2 monolayer
significantly. It is also noticed that the energy exchange be-
tween the plasmonic nanocavity and the WS2 monolayer in
the strong coupling regime leads to the modification of the
electric field distribution.

In Figure 5, we present the scattering spectra of the
plasmonic cavity measured at different incidence angles.
Remarkably, the exciton-plasmon coupling can be dynami-
cally tuned by simply varying the angle of the incident light,
providing an effective and convenient way to engineer the
coupling strength. The anti-crossing behaviour, which is a
typical characteristic of the strong coupling between the
plasmonic cavity and the exciton transition [25, 26], can be
identified in the evolution of the scattering spectrum with
increasing the incidence angle (Figure 5a). The dependen-
cies of the energies of the two hybrid modes on the detuning
energy between the exciton and plasmon are shown in Fig-
ure 5b. The theoretical calculations based on the coupled
harmonic oscillator model are also provided for comparison.
The experimental observations agree well with the theoreti-
cal predictions. The Rabi splitting, which is defined as the
energy difference between the high- and low-energy hybrid

modes at zero detunings, is derived to be ∼122.5 meV. To
the best of our knowledge, the Rabi splitting observed in our
plasmonic nanocavities composed of Ga nanoparticles and
the Au film is comparable or even larger than those reported
in other nanoparticle-on-WS2 monolayer systems [30–35],
indicating the effectiveness of using Ga nanoparticles in
combination with Au film to create plasmonic nanocavities
with the dramatically enhanced in-plane electric field.

From the above experimental results, γpl is derived to
be ∼258 meV from the scattering spectra without WS2
monolayer (see Figure S8, Supporting Information). In ad-
dition, γex is obtained as ∼33 meV from the algorithm pro-
posed previously [33, 34, 45]. Hence, the mode splitting
energy observed in our experiments fulfills the criterion of
h̄Ω >

γpl−γex
2 . It indicates undoubtedly that the coupling be-

tween the plasmonic cavity and the WS2 monolayer enters
the strong coupling regime. Therefore, the plasmonic (upper
plexciton branches) and exciton (lower plexciton branches)
fractions for the high- and low-energy hybrid modes of
the nanocavity with an embedded WS2 monolayer can be
obtained, as shown in Figure 5c. It is also found that the
plasmon (exciton) constituent dominates upper (lower) plex-
citon branches for a large incidence angle and the situation
reverses for a small incidence angle. In order to confirm
that the observed strong coupling does not arise from the
interaction between the plasmon modes in large liquid Ga
nanoparticles and WS2 monolayer, we also measured the
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scattering spectra of Ga nanoparticles in the absence of the
Au film (see Figure S9, Supporting Information). In this
case, the linewidth of the scattering spectrum of the Ga
nanoparticle, which reflects the damping rate of the plas-
mons, is broadened dramatically. As a result, the criterion
for strong coupling is no longer fulfilled because of the
large damping rate of the plasmons, indicating that only
weak coupling is obtained in the absence of the Au film.

4. Conclusions

In summary, we have investigated the exciton-plasmon cou-
pling in a WS2/Au hybrid structure and revealed numerically
that strong coupling could be realized by using the SPPs gen-
erated via the K-R configuration. The anti-crossing behavior
can be observed in the evolution of the reflection spectrum
with increasing incidence angle, and the Rabi splitting can
be derived based on the coupled harmonic oscillator model.
We showed both numerically and experimentally that the
exciton-plasmon coupling can be further improved by cre-
ating compact plasmonic nanocavities by using liquid Ga
nanoparticles, which exhibit broad scattering spectra in the
visible to the near-infrared spectral range. It was found that
the in-plane electric field is enhanced by one order of mag-
nitude due to the introduction of Ga nanoparticles. Rabi
splitting as large as ∼120 meV was observed at room tem-
perature and the coupling strength can be dynamically and
conveniently adjusted by only varying the angle of the inci-
dent light. Our findings open new horizons for enhancing
and engineering the excition-plasmon coupling and indicate
the potential applications of such plasmonic cavities in the
construction of novel plasmonic devices operating at room
temperature.
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A. Alù, ACS Appl. Mater. & Interfaces 2018, 10, 16690.

[34] J. Cuadra, D. G. Baranov, M. Wersäll, R. Verre, T. J. An-
tosiewicz, and T. Shegai, Nano Lett. 2018, 18, 1777.

[35] X. B. Han, K. Wang, X. Y. Xing, M. Y. Wang, and P. X. Lu,
ACS Photonics 2018, 5, 3970.

[36] K. Santhosh, O. Bitton, L. Chuntonov, and G. Haran, Nat.
Commun. 2016, 7, 11823.

[37] R. Chikkaraddy, B. De Nijs, F. Benz, S. J. Barrow, O. A.
Scherman, E. Rosta, A. Demetriadou, P. Fox, O. Hess, and J.
J. Baumberg, Nature 2016, 535, 127.

[38] R. M. Liu, Z. K. Zhou, Y. C. Yu, T. W. Zhang, H. Wang, G.
H. Liu, Y. M. Wei, H. J. Chen, and X. H. Wang, Phys. Rev.
Lett. 2017, 118, 237401.

[39] A. E. Schlather, N. Large, A. S. Urban, P. Nordlander, and N.
J. Halas, Nano Lett. 2013, 13, 3281.

[40] G. Zengin, M.Wersäll, S. Nilsson, T. J. Antosiewicz, M. Käll,
and T. Shegai, Phys. Rev. Lett. 2015, 114, 157401.

[41] M. Wersäll, J. Cuadra, T. J. Antosiewicz, S. Balci, and T.
Shegai, Nano Lett. 2017, 17, 551.

[42] Q. Y. Shang, S. Zhang, Z. Liu, J. Chen, P. F. Yang, C. Li, W.
Li, Y. F. Zhang, Q. H. Xiong, X. F. Liu, and Q. Zhang, Nano
Lett. 2018, 18, 3335.

[43] R. Verre, D. G. Baranov, B Munkhbat, J. Cuadra, M. Käll,
and T. Shegai, Nat. Nanotechnol. 2019, 14, 679.

[44] M. Amani, P. Taheri, R. Addou, G. H. Ahn, D. Kiriya, D.-H.
Lien, J. W. Ager, R. M. Wallace, and A. Javey, Nano Lett.
2016, 16, 2786.

[45] Y. L. Li, A. Chernikov, X. Zhang, A. Rigosi, H. M. Hill, A.
M. van der Zande, D. A. Chenet, E.-M. Shih, J. Hone, and T.
F. Heinz, Phys. Rev. B 2014, 90, 205422.

[46] X. Z. Liu, T. Galfsky, Z. Sun, F. N. Xia, E.-C Lin, Y.-H. Lee,
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[61] H. R. Gutiérrez, N. Perea-López, A. L. Elı́as, A. Berkdemir,
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