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A B S T R A C T   

The interaction between light and matter has long been the research topic in many scientific disciplines. So far, 
strong plasmon-exciton coupling has been demonstrated in a variety of plasmonic nanocavities with embedded 
two-dimensional materials. Here, we proposed a hybrid nanocavity, which is composed of a silicon (Si) nano
particle and a thin gold (Au) film, to realize strong plasmon-exciton coupling with an embedded two-dimensional 
material (WS2 monolayer). It was found that the optical resonances of the hybrid nanocavity originate mainly 
from the coherent interactions of the Mie resonances supported by the Si nanoparticle and their mirror images 
induced by the Au film. Their optical properties, including electric field enhancements and damping rates, 
depend strongly on the excitation scheme of the nanocavity. It was revealed numerically and demonstrated 
experimentally that strong plasmon-exciton coupling can only be achieved by exploiting the optical mode formed 
by the interference of the electric dipole and its mirror image when the nanocavity is excited from the Au film 
side. Our findings pave the way for realizing strong plasmon-exciton coupling in dielectric-metal hybrid nano
cavities and open new horizons for designing novel photonic devices in which the light-matter interaction can be 
manipulated.   

1. Introduction 

The interaction between light and matter is essential to many 
contemporary scientific disciplines, especially in the field of resonance 
coupling. Resonance coupling is a phenomenon that happens when an 
optical resonator interacts with a quantum emitter. It is of great 
importance not only for fundamental research but also for the practical 
applications in nanophotonics, such as exciton polarization laser [1], all- 
optical switch [2] and quantum information processing [3]. In the weak 
coupling regime, the radiation efficiency of emitters can be manipulated 
by the so-called Purcell effect [4–9]. However, strong coupling occurs 
when the energy exchange between light and emitters exceeds any of 
their intrinsic dissipation rates. In this case, an energy splitting, i.e., Rabi 
splitting [10], is usually observed in the spectrum of scattering or 
luminescence. So far, strong coupling has been demonstrated in many 
systems, such as optical micro-cavities with high quality factors [11–14] 
and plasmonic nanostructures with large electric field enhancement 
factors and small mode volumes [15–29]. 

Apparently, there are two ways towards the realization of strong 
plasmon-exciton coupling. One is to enhance the coupling strength 

between plasmons and excitons and the other is to reduce the damping 
rate of the plasmonic nanocavity. Although organic molecules and 
quantum dots can interact strongly with plasmonic nanocavities to 
realize strong and even super coupling [15–19], a large number of 
organic molecules or quantum dots is required because they interact 
with the optical modes in disordered ways. Moreover, organic molecules 
and quantum dots suffer from oxidation and photo-bleaching, which 
undoubtedly limit their applications in nanoscale photonic devices. 

Transition metal dichalcogenides (TMDCs), which can be described 
by chemical formula MX2 (M is Mo/W; X is S/Se) are semiconductor 
materials with band gap energies spanning the visible light to near 
infrared spectral range. They have attracted great interest in the fields of 
optoelectronics and photonics [30–33]. Owing to their large dipole 
moment and optical stability, TMDCs have been widely employed in the 
investigation of strong light-matter interaction. For example, the 
coupling between the surface plasmon resonances (SPRs) excited in 
silver (Ag) nanorods and the excitons in WSe2 monolayer was investi
gated [20]. By increasing the thickness of the coverage of an Ag nano
rod, an anti-crossing behavior was observed through the shift of the SPR 
of the Ag nanorod. Unfortunately, the energy splitting did not meet the 
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criterion for strong coupling. Similarly, gold (Au) nanorods with 
different aspect ratios were employed to interact with WS2 monolayer 
[22]. Strong plasmon-exciton coupling was revealed by shifting the SPR 
of the Au nanorod or by varying the exciton energy of WS2 monolayer. 
More interestingly, it was demonstrated that the Rabi splitting energy 
can also be manipulated by changing the polarization angle of the 
incident light [16]. Unfortunately, the transition from strong to weak 
coupling regime was not achieved by using this method. Strong 
plasmon-exciton coupling with a large Rabi splitting energy was also 

realized in plasmonic nanocavities of other types, such as Au nanodisks 
[23] and double nanocones [24], and Ag nanotriangles [21]. Other 
methods that have been proposed to significantly enhance the light- 
matter interactions in two-dimensional materials and realize perfect 
absorption of light include the critical coupling with guided resonances 
[34] and the so-called phase coupled method [35]. 

From the view point of coupling strength, the small mode volume of 
plasmonic nanocavities is an advantage over conventional optical cav
ities. However, the Ohmic loss of plasmonic nanocavities at optical 

Fig. 1. (a) Scattering spectrum calcu
lated for a Si nanoparticle placed on a 
SiO2 substrate (dashed curve), which is 
composed of the contributions of ED 
(blue curve) and MD (red curve). (b) 
Scattering spectrum calculated for a Si 
nanoparticle placed on an Au/SiO2 sub
strate (dashed curve). In this case, the 
coherent interaction of the ED (px) and 
its mirror-image (pxm) leads to a nar
rowed resonance (blue curve) while the 
coherent interaction of the MD (my) and 
its mirror-image (mym) leads to a 
broadened resonance (red curve). (c) 
Coupling of the my-mym mode in a small 
Si nanoparticle placed on an Au/SiO2 
substrate with the excitons in a WS2 
monolayer (red curve). Also shown is 
the coupling of the px-pxm mode in a 
large Si nanoparticle placed on an Au/ 
SiO2 substrate with the excitons in a 
WS2 monolayer (blue curve). The 
experimental setups used to measure the 
backward and forward scattering of a Si 
nanoparticle placed on an Au/SiO2 sub
strate, which represent also the two 
excitation schemes of the Si nano
particle, are schematically illustrated (d) 
and (e), respectively. Temperature rises 
induced by a 532-nm laser beam of 1.0 
mW in an all-metallic (Au/Au) nano
cavity (g) and a hybrid (Si/Au) nano
cavity (h). The temperature rises 
induced by a 800-nm laser beam of 1.0 
mW for the all-metallic and hybrid 
nanocavities are shown in (i) and (j), 
respectively. The diameters of Au and Si 
nanoparticles are chosen to be 175 nm 
and the thickness of the Au film is set to 
be 50 nm. (For interpretation of the 
references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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frequencies leads to the heating of the cavities and the surrounding 
environment, which affects the stability of two-dimensional TMDCs and 
the investigation of complex systems. Apart from plasmonic nano
particles, dielectric nanoparticles with large refractive indices, which 
support Mie resonances in the visible to near infrared spectral range, 
were also employed as nanocavities for interacting with TMDCs [32]. 
For silicon (Si) nanospheres placed on a WS2 monolayer, weak coupling 
between nanocavities and excitons was experimentally observed and the 
coupling strength could be modified by changing the surrounding me
dium. In Si/WS2 core–shell structures, which are not feasible from the 
view point of practical fabrication, strong coupling can be realized 
[26,36]. 

In order to enhance the coupling strength, particle-on-film systems 
were generally employed to reduce the mode volumes of plasmonic 
nanocavities in which TMDCs were embedded [27–29]. So far, weak and 
strong coupling has been achieved in all-metallic particle-on-film sys
tems with embedded TMDCs [8,37–39]. Recently, hybrid nanocavities 
constructed with high-index dielectric nanoparticles and thin metal 
films have attracted great interest because they can provide strong 
localization of electric field with reduced Ohmic loss [40,41]. However, 
the coupling of such hybrid nanocavities with excitons in TMDCs re
mains unexplored. 

In this article, we investigated both numerically and experimentally 
the optical modes excited in a hybrid nanocavity, which is composed of a 
high-index dielectric nanoparticle (e.g., a Si nanoparticle) placed on a 
thin metal film (e.g., an Au film), and their interactions with the excitons 
in a WS2 monolayer embedded in the nanocavity. It was found that the 
coherent interaction of the magnetic dipole (MD) excited in a Si nano
particle with its mirror image induced by a thin Au film leads to an 
optical mode with a broadened linewidth. In sharp contrast, the 
constructive interference of the electric dipole (ED) with its mirror 
image leads to an optical mode with a narrowed linewidth. In addition, 
it was revealed by numerical simulation that the enhancement factor in 
the electric field depends strongly on the excitation scheme of the 
nanocavity and strong plasmon-exciton coupling can only be achieved 
by using the optical mode formed by the ED and its mirror image when 
the nanocavity is excited from the Au film side. This prediction was 
confirmed by the experimental observation and Rabi splitting of ~72 
meV was observed in the forward scattering spectrum of the Si 
nanoparticle. 

2. Physical model and numerical method 

The dielectric nanoparticles used to create the hybrid nanocavities 
are Si nanoparticles with a large refractive index in the visible to near 
infrared spectral range (n ~ 3.4). The scattering spectrum of a typical Si 
nanoparticle supported by a silica (SiO2) substrate is shown in Fig. 1a. It 
consists of the contributions of the ED and MD, corresponding to the two 
peaks in the scattering spectrum. In principle, a hybrid nanocavity can 
be constructed by placing a spherical Si nanoparticle on a thin Au film 
(or an Au/SiO2 substrate), as shown in Fig. 1b. In order to study 
plasmon-exciton coupling, one can embed a WS2 monolayer in the 
nanocavity so that the excitons in it can be coupled to the plasmons of 
the nanocavity, as schematically illustrated in Fig. 1c. In practice, the Au 
film can be deposited on the SiO2 substrate by using sputtering. The WS2 
monolayer can be firstly grown on a sapphire or silicon substrate and 
then transferred to the Au film [42]. Si nanoparticles with different di
ameters can be fabricated by using femtosecond laser ablation and 
dispersed on the WS2 monolayer by drop-casting. In this article, we 
indicated the possibility of realizing strong coupling in such hybrid 
nanocavities by using numerical simulations based on the finite- 
difference time-domain (FDTD) technique (FDTD solution, https: 
//www.lumerical.com). The temperature distributions inside the 
hybrid nanocavities were calculated numerically based on the finite 
element method (FEM) (COMSOL Multiphysics v5.5, https://www. 
comsol.com). In the numerical simulations, the thicknesses of the Au 

film and WS2 monolayer were chosen to be 50 nm and 1.0 nm, respec
tively. The dielectric function of Au was taken from the experimental 
data [43] and those for Si and WS2 monolayer were taken from previous 
literatures [44,45]. Non-uniform grids with the minimum size of 0.5 nm 
in the XY plane and 0.1 nm in the Z direction were used to divide the 
simulation region, which was enclosed by a perfectly matched layer 
capable of absorbing all outgoing waves. 

In order to describe the coupling between the plasmons in the 
nanocavity and the excitons in WS2, we employed a classical coupled 
oscillator model (COM) which can be expressed as [46–49]: 
⎛
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Here, Epl and Eex are the resonant energies of the plasmons and ex
citons, Γpl and Γex are the damping rates of the plasmons and excitons, α 
and β are eigen-parameters satisfying |α|2 + |β|2 = 1, g is the coupling 
strength between plasmons and excitons, which is generally written as 
[46]: 
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̅̅̅̅
N

√
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√
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Here, N is the number of the excitons within the volume of the optical 
mode, μe is the dipole moment of the excitons, Ecav and V are the electric 
field and mode volume of the nanocavity, respectively. This relationship 
implies that the mode volume of the nanocavity plays a crucial role in 
determining the coupling strength between the plasmons and the exci
tons. For two-dimensional materials, such as the WS2 monolayer studied 
in this work, the horizontally-oriented excitons in the WS2 monolayer 
interact only with the in-plane electric field of the nanocavity (i.e., Exy in 
our case). 

The energies of the hybrid states E± formed by the plasmon-exciton 
coupling can be derived: 

E± =
Epl + Eex

2
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where the Rabi splitting energy Ω is given by: 

Ω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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It is generally thought that plasmon-exciton coupling enters into the 
strong coupling regime if the following criterion is fulfilled [16,46]: 

Ω >
Γpl + Γex

2
or Ω >

Γpl − Γex

2
(5)  

3. Sample fabrication and experimental details 

The WS2 monolayer used in this work was synthesized on a Si sub
strate via chemical vapor deposition and then transferred to an Au/SiO2 
substrate with a 50-nm-thick Au film. The Au film was beforehand 
deposited on a SiO2 substrate via vacuum coating and the surface 
roughness was estimated to be ~ 0.5 nm. The photoluminescence and 
Raman spectra of the WS2 monolayer were measured by using the 532- 
nm laser light (~1 mW) of a Raman spectrometer (inVia, Renishaw). 

Si nanoparticles with different diameters were fabricated by using 
femtosecond laser ablation. A crystalline Si wafer immersed in deionized 
water was used as the target. The 800-nm femtosecond laser pulses (with 
a duration of 100 fs and a repetition rate of 1 kHz) delivered by a 
femtosecond amplifier (Legend, Coherent) was employed to ablate the Si 
wafer. The aqueous solution of Si nanoparticles was dropped on the Au/ 
SiO2 substrate and dried naturally. The Si nanoparticles distributed on 
the WS2 monolayer were used to create hybrid nanocavities for inves
tigating the plasmon-exciton coupling. 

H. Huang et al.                                                                                                                                                                                                                                  

https://www.lumerical.com
https://www.lumerical.com
https://www.comsol.com
https://www.comsol.com


Applied Surface Science 542 (2021) 148660

4

4. Results and discussion 

We first consider the optical modes excited in the hybrid nanocavity 
composed of a Si nanoparticle and a thin Au film shown in Fig. 1b. It can 
be described by using the mirror-image theory proposed previously 
[40,50–53]. The far-field radiation of the nanocavity arises from the 
coherent interaction of the Mie resonances supported by the Si nano
particle with their mirror images induced by the Au film. As depicted in 
Fig. 1b, the interference of ED and its mirror image, which are anti- 
parallel, leads to a narrowed optical resonance. In contrast, the inter
ference of the MD and its mirror image, which are parallel, results in a 
broadened optical resonance. In this work, we investigate the coupling 
of the plasmons excited in these two optical modes with the excitons in 
the WS2 monolayer. The resonant wavelengths of the optical modes can 
be adjusted by varying the diameter of the Si nanoparticle. As sche
matically shown in Fig. 1c, mode splitting can be observed when the 
wavelengths of the plasmons and excitons coincide. 

In practice, the hybrid nanocavity can be excited by two schemes in 
order to experimentally observe the plasmon-exciton coupling, as 
illustrated in Fig. 1d and e. Although the mirror-image theory is appli
cable in both cases, the enhancement factor of the electric field in the 
nanocavity exhibits a strong dependence on the excitation scheme, as 
demonstrated latter. 

Before examining the optical properties of the hybrid nanocavity, we 

make a comparison between the hybrid nanocavity proposed in this 
work and an all-metallic nanocavity commonly used in previous studies 
in the ohmic heating induced by laser light. We calculated the temper
ature rises induced in the two nanocavities by using laser beams with a 
fixed power of 1.0 mW at two wavelengths of 532 and 800 nm, as shown 
in Fig. 1g–j. In both cases, it is found that the temperature rise in the all- 
metallic nanocavity composed of an Au nanoparticle and an Au film is 
higher than that in the hybrid nanocavity, implying a mitigated ohmic 
heating in the latter case. 

We first calculated the backward scattering spectra of two Si nano
particles (i.e., with the excitation scheme shown in Fig. 1d) with 
different diameters of d = 141 nm and d = 173 nm, as shown in Fig. 2a 
and b. In the former case, the optical resonance originates from the 
interference of the MD (my) and its mirror image (mym), which we refer 
to as my/mym mode in the following. Similarly, the optical resonance in 
the latter case arises from the interference of the ED (px) and its mirror 
image (pxm), which we denote as px/pxm mode hereafter. In both cases, 
the resonant wavelength of the optical mode coincides with that of the 
excitons in the WS2 monolayer (615 nm). It is noticed, however, that the 
linewidth of the my/mym mode is broader than that of the px/pxm mode 
because of the reason stated above. In Fig. 2c and d, we present the 
magnetic field distributions in the XZ plane calculated for the two modes 
(or two nanocavities) at their resonant wavelengths (615 nm). For the 
my/mym mode, the maximum magnetic field appears in the Si 

Fig. 2. Backward scattering spectra (solid 
black curves) calculated for Si nanoparticles 
with diameters of d = 141 nm (a) and d =
173 nm (b) placed on an Au/SiO2 substrate 
(the excitation scheme shown in Fig. 1(d)). In 
each case, the absorption spectrum of the 
WS2 monolayer (solid green curve) is pro
vided for reference. The MD (my) (or ED (px)) 
mode excited in the Si nanoparticle and its 
mirror image induced by the Au film are 
shown in the inset. The magnetic field dis
tributions (|H/H0|) in the XZ plane calcu
lated at 615 nm for the two modes are shown 
in (c) and (d), respectively. The in-plane 
electric field distributions |Exy/E0|) in the 
XY plane calculated at 615 nm for the two 
modes are shown in (e) and (f), respectively. 
(For interpretation of the references to colour 
in this figure legend, the reader is referred to 
the web version of this article.)   
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nanoparticle. In sharp contrast, the maximum magnetic field for the px/ 
pxm mode is observed in the region between the Si nanoparticle and the 
Au film. 

As discussed above, the horizontally-oriented excitons in the WS2 
monolayer can only interact with the in-plane electric field (Exy) of the 
nanocavity. In Fig. 2e and f, we compare the in-plane electric field dis
tributions in the XY plane calculated for the two modes. It can be seen 
that the enhancement factor in the electric field for the px/pxm mode 
(~35) is much larger than that for the my/mym mode (~15). In addition, 
the in-plane electric field distributions of the two modes are apparently 
different. 

Now we consider another excitation scheme of the nanocavity in 
which the forward scattering spectra of the Si nanoparticles are detec
ted, as shown in Fig. 1e. The calculated forward scattering spectra for 
two Si nanoparticles with different diameters are shown in Fig. 3a and b. 
To design nanocavities with optical modes resonant with the excitons of 
the WS2 monolayer (~615 nm), the diameters of Si nanoparticles are 
chosen to be d = 143 nm and d = 175 nm, respectively. In the former 
case, the scattering intensity of the my/mym mode is very weak. In 
comparison, a much stronger scattering intensity is observed for the px/ 
pxm mode in the latter case. In Fig. 3c and d, we present the magnetic 
field distributions in the XZ plane for the two modes at their resonant 

wavelengths (615 nm). For the my/mym mode, the maximum magnetic 
field is located at the center of the Si nanoparticle. Differently, the 
maximum magnetic field is observed at the contacting point between the 
Si nanoparticle and the Au film for the px/pxm mode. It is remarkable, 
however, that the enhancement factors of the electric field in both cases 
are much smaller than those observed in the first excitation scheme, 
especially for the my/mym mode. 

Now we investigate the plasmon-exciton coupling in the four nano
cavities, whose optical properties have been discussed above, by 
inserting a WS2 monolayer in each cavity. In Fig. 4a and b, we present 
the backward scattering spectra calculated for two nanocavities 
composed of Si nanoparticles with d = 141 nm (my/mym mode) and d =
173 nm (px/pxm mode) with an embedded WS2 monolayer. The back
ward scattering spectra of the nanocavities in the absence of the WS2 
monolayer are also provided for comparison. The linewidth (full width 
at half maximum) of the absorption peak of the WS2 monolayer, which 
reflects the damping rate of the excitons in the WS2 monolayer, is esti
mated to be ~ 45 meV. This value is close to those reported previously 
[29,38]. In both cases, mode splitting due to plasmon-exciton coupling is 
observed in the scattering spectra. The splitting energy is estimated to be 
Ω ~ 97 meV in the former nanocavity and Ω ~ 65 meV in the latter one. 
Although a large energy splitting of ~ 97 meV is observed in the 

Fig. 3. Forward scattering spectra (solid 
black curves) calculated for Si nano
particles with diameters of d = 143 nm 
(a) and d = 175 nm (b) placed on an Au/ 
SiO2 substrate (the excitation scheme 
shown in Fig. 1(e)). In each case, the 
absorption spectrum of WS2 monolayer 
(solid green curve) is provided for 
reference. The MD (my) (or ED (px)) 
mode excited in the Si nanoparticle and 
its mirror image induced by the Au film 
are shown in the inset. The magnetic 
field distributions (|H/H0|) in the XZ 
plane calculated at 615 nm for the two 
modes are shown in (c) and (d), respec
tively. The in-plane electric field distri
butions |Exy/E0|) in the XY plane 
calculated at 615 nm for the two modes 
are shown in (e) and (f), respectively. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this 
article.)   
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nanocavity with d = 141 nm, the plasmon-exciton coupling is still in the 
weak coupling regime because the linewidth (or the damping rate) of the 
optical mode is also large (~320 meV). For the nanocavity with d = 173 
nm, the criterion for strong coupling (Eq. (5)) is also not satisfied 
because of the small energy splitting. In order to gain a deep insight into 
the plasmon-exciton coupling in such nanocavities, we calculated the 
backward scattering spectra for nanocavities composed of Si nano
particles with diameters ranging from 172 to 182 nm, as shown in 

Fig. 4c. An anti-crossing behavior originating from the energy splitting is 
clearly observed, verifying the existence of plasmon-exciton coupling. In 
Fig. 4d, we present the resonant energies of the two scattering peaks 
obtained for nanocavities composed of Si nanoparticles with different 
diameters as a function of the detuning energy from the exciton energy. 
The fitting results based on COM (Eq. (3)) are also provided, which give 
the lower and upper plexciton branches of the mixed states. 

Similarly, we also examined the forward scattering spectra for the 

Fig. 4. Backward scattering spectra 
calculated for the hybrid nanocavities 
composed of Si nanoparticles with di
ameters d = 141 nm (a) and d = 173 nm 
(b) without (dashed black curves) and 
with (solid red/blue curves) an 
embedded WS2 monolayer. In each case, 
the absorption spectrum of the WS2 
monolayer (solid green curve) is pro
vided for reference. (c) Two- 
dimensional backward scattering 
spectra calculated for Si nanoparticles 
with different diameters (from d = 172 
to d = 182 nm). (d) Resonant energies 
for the upper and lower plexciton 
branches extracted from the numerical 
simulations (colored symbols) and the 
fittings based on the coupled oscillator 
model (colored curves). (For interpreta
tion of the references to colour in this 
figure legend, the reader is referred to 
the web version of this article.)   

Fig. 5. Forward scattering spectra 
calculated for the hybrid nanocavities 
composed of Si nanoparticles with di
ameters d = 143 nm (a) and d = 175 nm 
(b) without (dashed black curves) and 
with (solid red/blue curves) an 
embedded WS2 monolayer. In each case, 
the absorption spectrum of the WS2 
monolayer (solid green curve) is pro
vided for reference. (c) Two-dimensional 
backward scattering spectra calculated 
for Si nanoparticles with different di
ameters (from d = 172 to d = 182 nm). 
(d) Resonant energies for the upper and 
lower plexciton branches extracted from 
the numerical simulations (colored 
symbols) and the fittings based on the 
coupled oscillator model (colored 
curves). (For interpretation of the refer
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   
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two nanocavities with d = 143 nm (my/mym mode) and d = 175 nm (px/ 
pxm mode) with an embedded WS2 monolayer, as shown in Fig. 5a and b. 
The forward scattering spectra of the nanocavities without the WS2 
monolayer are also provided for comparison. For the nanocavity with d 
= 143 nm, the plasmon-exciton coupling is too weak to be resolved in 
the scattering spectrum. This behavior is in good agreement with the 
small enhancement factor of the electric field observed for this nano
cavity (see Fig. 3e). In sharp contrast, a large energy splitting of Ω ~ 86 
meV is found for the nanocavity with d = 175 nm. Similarly, the anti- 
crossing behavior is revealed in the two-dimensional scattering spectra 
calculated for nanocavities composed of Si nanoparticles with diameters 
ranging from 172 to 182 nm, as shown in Fig. 5c. The lower and upper 
plexction branches can be obtained by fitting the simulation results with 
COM (Eq. (3)), as shown in Fig. 5d. Although the splitting energy in this 
case (forward scattering) is slightly smaller than that observed in the 
nanocavity with d = 141 nm (backward scattering, see Fig. 4a), the 
criterion for strong coupling is fulfilled because of the significantly 
reduced linewidth (~120 meV) of the px/pxm mode. The linewidth of the 
plasmons in this case is extracted by fitting the scattering spectrum with 
multiple Lorentz lineshapes and verified by the linewidth of a larger Si 
nanoparticle [40] (see Si nanoparticle with d ~ 180 nm). It implies that 
strong plasmon-exciton coupling can be realized in this nanocavity 
when it is excited from the Au film side (i.e., forward scattering). 
Although the enhancement factor of the electric field is not large in this 
case, we think that the small mode volume of the nanocavity is 
responsible for the achievement of strong plasmon-exciton coupling. 

We have simulated the forward and backward scattering spectra of 
hybrid nanocavities composed of Au film of different thickness and the 
compared the in-plane electric field distributions in these nanocavities, 
as shown in Fig. S1. It is noticed that the in-plane electric field decreases 
with increasing thickness of the Au film in the forward scattering case 
while a reversed situation is observed in the backward scattering case 
(see Fig. S1a − f). When the thickness of the Au film becomes smaller 
than 20 nm, the mirror image theory used to describe the scattering of 
the Si nanoparticle is no longer applicable. In this case, the px/pxm mode 
originating from the interference of the ED and its mirror image disap
pears completely in the scattering spectrum. Differently, a significant 
reduction of the in-plane electric field is found for nanocavities with Au 
films thicker than 80 nm. In this case, the coupling strength is too weak 
and energy splitting is invisible (see Fig. S1g). As for the backward 

scattering, the situation for a nanocavity with a very thin Au film is quite 
similar to that observed in the forward scattering. There is no px/pxm 
mode in such a nanocavity. In comparison, the increase in the thickness 
of the Au film does not lead to apparent change in the in-plane electric 
field. As a result, the coupling strength remains nearly unchanged (see 
Fig. S1h). 

In order to experimentally demonstrate the strong plasmon-exciton 
coupling predicted above, we have fabricated Si nanoparticles with 
different diameters by using femtosecond laser ablation. They were 
dispersed on a WS2 monolayer which was beforehand transferred onto 
the Au film. In order to confirm the monolayer nature of the WS2 film, 
we performed photoluminescence and Raman measurements for it, as 
shown in Fig. 6a and b. The characteristics of photoluminescence and 
Raman spectra of the WS2 film agree well with those reported previously 
for WS2 monolayer [54]. In Fig. 6c and d, we show the bright- and dark- 
field microscope images of Si nanoparticles distributed on the Au film 
recorded by using a coupled charge device (CCD). The scanning electron 
microscopy (SEM) image of a typical Si nanoparticle is shown in Fig. 6e. 
In Fig. 6c, one can easily identify the triangular WS2 film. It will help us 
to locate Si nanoparticles distributed on the WS2 monolayer in the dark- 
field image, as shown in Fig. 6d. The forward scattering spectra 
measured for three Si nanoparticles on the Au film (i.e., hybrid nano
cavities without the WS2 monolayer) are shown in Fig. 6f. The simulated 
scattering spectra, from which the diameters of the Si nanoparticles can 
be extracted, are also provided for comparison. In each case, the forward 
scattering of a Si nanoparticle located on the Au film exhibits a reso
nance with a narrow linewidth of ~ 120 meV, corresponding to the 
radiation of the px/pxm mode. The resonant wavelength depends on the 
diameter of the Si nanoparticle. These two features agree well with those 
predicted in the simulation results. The discrepancy between the 
measured and simulated scattering spectra is caused mainly by the dif
ference in the incidence angle, as shown in Fig. S2. Here, we provide the 
simulated scattering spectra obtained with a normal incidence because 
the simulation of a scattering spectrum resulting from an oblique inci
dence takes a much longer time. In the experiments, however, the 
scattering spectra were obtained with incidence angles ranging from ~ 
30◦ to ~ 60◦ in the dark-field microscope. Nevertheless, the measured 
scattering spectra agree with the simulated ones except the narrowing of 
the linewidth. In Fig. 6h, we present the scattering spectra measured for 
three Si nanoparticles located on the WS2 monolayer. Clearly, energy 

Fig. 6. (a) Photoluminescence spectrum 
measured for the WS2 monolayer excited 
by using 532-nm laser light. (b) Raman 
scattering spectrum measured for the 
WS2 monolayer. (c) Bright-field image 
taken for the WS2 monolayer and Si 
nanoparticles located on the Au film. (d) 
Dark-field microscope image taken for 
the WS2 monolayer and Si nanoparticles 
located on the Au film. (e) SEM image of 
a typical Si nanoparticle located on the 
Au film. (f) Forward scattering spectra 
measured for three Si nanoparticles with 
different diameters located on the Au 
film. (g) Forward scattering spectra 
measured for three Si nanoparticles with 
similar diameters located on the WS2 
monolayer. In (f) and (g), the simulated 
scattering spectra (dashed curves) with 
normal incidence are also provided for 
comparison.   
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splitting due to plasmon-exciton coupling was observed in all cases and 
the splitting energy was estimated to be Ω ~ 72 meV, which is close to 
the value obtained in the numerical simulation. Considering that the 
linewidth (or damping rate) of the optical mode is also reduced in the 
case of oblique incidence, the coupling strength is close to strong 
coupling criterion. In Fig. 6d, we also provide the simulated scattering 
spectra and they are qualitatively agreement with the measured results. 
Therefore, we think the measured scattering spectra provide direct ev
idence for the achievement of strong plasmon-exciton coupling in the 
hybrid nanocavity by deliberately choosing the optical mode and the 
excitation scheme. 

For the completeness of the study, we also performed backward 
scattering measurements for the hybrid nanocavities without and with 
an embedded WS2 monolayer although strong plasmon-exciton coupling 
is not expected for this excitation scheme based on the numerical sim
ulations presented above. It should be pointed out that in most cases 
energy splitting was not observed simultaneously in both the forward 
and backward scattering spectra of a hybrid nanocavity due to the small 
difference in the resonant wavelength of the px/pxm mode, as shown in 
Fig. S3. In Fig. 7a and b, we show the bright- and dark-field microscope 
images of a WS2 monolayer and Si nanoparticles located on the Au film. 
In Fig. 7c, we present the backward scattering spectra measured for two 
Si nanoparticles located on the Au film with different resonant wave
lengths for the px/pxm mode. The simulated scattering spectra at the 
normal incidence are also provided for comparison. In Fig. 7d, we pre
sent the backward scattering spectra measured for two Si nanoparticles 
located on the WS2 monolayer. In each case, the resonant wavelength of 
the px/pxm mode is close to the exciton energy of the WS2 monolayer. As 
expected, one can see energy splitting in both cases. Since a broadening 
of the linewidth was found in the measured result as compared with the 
simulated one, the measured energy splitting was slightly larger than the 
simulated one. This is also caused by the difference in the incidence 
angle in the measurement (~60◦) and simulation (0◦) (see Fig. S2). 
Although the energy splitting is increased in this case, the criterion for 
strong coupling is still not fulfilled because of the broader linewidth. 

In experiments, mode splitting can only be observed in hybrid 
nanocavities whose resonances are close to the exciton energy of the 
WS2 monolayer (~615 nm). A small deviation of the nanocavity reso
nance away from the exciton energy will lead to a rapid decrease of 
coupling strength and the disappearance of the mode splitting (i.e., the 
scattering dip is not resolved in the scattering spectrum). Owing to the 
limit number of Si nanoparticles dispersed on the WS2 monolayer (see 
Fig. 6d and Fig. 7b), it remains a big challenge to extract the dispersion 
curve by exploiting the size distribution of Si nanoparticles. 

5. Conclusions 

In summary, we have proposed for the first time the use of a high- 
index dielectric (Si) nanoparticle and a thin metal (Au) film to 
construct a hybrid nanocavity and investigated systematically the opti
cal modes supported by the nanocavity. The px/pxm and my/mym modes 
originating from the coherent interaction of the ED and MD excited in 
the Si nanoparticle and their mirror images induced by the Au film are 
employed to interact with the excitons in the WS2 monolayer. It was 
found that optical properties of the px/pxm and my/mym modes, including 
the electric field enhancement and mode volume, depend strong on the 
excitation scheme of the nanocavity. It was revealed that strong 
plasmon-exciton coupling can only be achieved by using the px/pxm 
mode excited from the Au film side because of the significantly reduced 
linewidth and mode volume. Owing to the mitigated ohmic heating of 
the hybrid nanocavity, such a configuration is quite suitable to study the 
enhanced linear and nonlinear optical resonances of the two- 
dimensional materials embedded in the nanocavity, such as single- 
and multiphoton luminescence and second harmonic generation. In 
addition, one can consider the excitation of the hybrid nanocavity with 
other schemes (such as surface plasmon polaritons generated on the 
surface of the Au film), which may lead to a larger enhancement in the 
electric field and a stronger plasmon-exciton coupling strength. By using 
various two-dimensional materials embedded in the nanocavity as gain 
materials, nanoscale photonic devices such as lasers or spacers with 
small mode volumes could be constructed. Therefore, our findings 
indicate the possibility for realizing strong light-matter interaction in 
hybrid nanocavities and open new horizons for designing nanoscale 
photonic devices. 
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