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ABSTRACT: A strong light−matter interaction is highly desirable
from the viewpoint of both fundamental research and practical
application. Here, we propose a dielectric−metal hybrid nanocavity
composed of a silicon (Si) nanoparticle and a thin gold (Au) film
and investigate numerically and experimentally the coupling
between the plasmons supported by the nanocavity and the
excitons in an embedded tungsten disulfide (WS2) monolayer.
When a Si/WS2/Au nanocavity is excited by the surface plasmon
polariton generated on the surface of the Au film, greatly enhanced
plasmon−exciton coupling originating from the hybridization of
the surface plasmon polariton, the mirror-image-induced magnetic
dipole, and the exciton modes is clearly revealed in the angle- or
size-resolved scattering spectra. A Rabi splitting as large as ∼240
meV is extracted by fitting the experimental data with a coupled harmonic oscillator model containing three oscillators. Our findings
open new horizons for constructing nanoscale photonic devices by exploiting dielectric−metal hybrid nanocavities.
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Transition-metal dichalcogenide (TMDC) monolayers,
which possess high optical absorption and large electric

dipole moments,1−7 have been widely employed for realizing
strong light−matter interactions.8−12 In these cases, mixed
states known as polaritons are generated and the coupling
strength is characterized by vacuum Rabi splitting.9,13 Much
attention has been paid to the strong-coupling regime, which
exhibits potential applications in ultrafast optical switching,14

quantum manipulation,15 low-threshold lasing, etc.16,17

Recently, a strong coupling between the excitons in TMDC
monolayers and the optical/plasmonic modes supported by
optical microcavities18,19 and metallic nanoparticles has been
successfully demonstrated.20−32 In addition, thermal tuning of
plasmon−exciton coupling strength and the exciton oscillator
strength was also realized.33 Due to the small mode volumes of
plasmonic resonators, Rabi splittings of 80−120 meV can be
achieved.21,23,24 To further enhance light−matter interactions,
particle-on-film systems coupled with TMDC monolayers are
employed, increasing Rabi splitting to 120−170 meV.27−29

In recent years, dielectric nanoparticles supporting Mie
resonances were also employed to realize resonant coupling
with TMDC monolayers. Recently, photon−exciton coupling
approaching the strong-coupling regime has been demon-
strated by using a silicon (Si) nanoparticle and a tungsten
disulfide (WS2) monolayer.34,35 In this case, the energy transfer
is mediated by the magnetic dipole (MD) resonance of the Si
nanoparticle and the coupling strength can be modified by
changing the surrounding environment.34,35

Basically, plasmonic nanocavities possess mode volumes
much smaller than those of optical cavities, leading to a larger
coupling strength. However, the heat originating from the
Ohmic loss of plasmonic nanocavities at optical frequencies
may affect the stability of two-dimensional TMDCs, preventing
the investigation of temperature-sensitive phenomena. In
previous studies, all-metallic particle-on-film systems (or
nanocavities) were used to investigate strong plasmon−exciton
coupling because a significant electric field enhancement is
expected in the gap region. Unfortunately, it was found that the
electric field in the gap region is dominated by the out-of-plane
component in all-metallic nanocavities constructed with
spherical nanoparticles.36,37 The in-plane component of the
electric field, which is crucial for coupling with the excitons in
TMDC monolayers, is not enhanced as much (see Figure S1 in
the Supporting Information). Since only electric dipoles (ED)
can be excited in metallic nanoparticles, no Fano resonance (or
dark mode) was observed when all-metallic nanocavities were
excited by using surface plasmon polaritons (SPPs).37,38 In
comparison, dielectric−metal hybrid nanocavities have at-
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tracted great interest due to their ability to provide a strong
localization of the electric field with suppressed Ohmic
loss.27−29,39 More importantly, both electric and magnetic
dipoles can be simultaneously excited in a dielectric nano-
particle.40,41 Consequently, a Fano resonance is generated in
hybrid nanocavities when they are excited by SPPs, leading to a
significant enhancement of the electric field, especially the in-
plane component.42

In recent studies, the strong coupling of plasmons, excitons,
and (microcavity) photons was demonstrated by introducing
an external microcavity to enclose a plasmonic nanoparticle
array on a TMDC monolayer, significantly enhancing the Rabi
splitting energy.19,43 It is noted, however, that the fabrication
process of such a sample is very complicated, which may
hinder practical applications. In addition, the tuning of the
plasmon and photon modes was mainly achieved by modifying

the geometrical parameters of the configuration, which may
limit the manipulation of the coupling strength. On the other
hand, it was predicted that a nonradiative (or “dark”) mode
can be used to boost the coupling of a nanocavity with
quantum emitters.44 It has been demonstrated that strong
photon−exciton coupling with a Rabi splitting of ∼190 meV
can be realized by exploiting the “anapole” formed in a single
nanodisk made of TMDCs.45,46 This finding reminds us that
the dark mode involved in the Fano resonance, which was
revealed in Si/Au hybrid nanocavities,36 can be exploited to
realize strong coupling with the WS2 monolayer.
In this work, we investigate numerically and experimentally

the plasmon−exciton coupling in Si/Au nanocavities with an
embedded WS2 monolayer and demonstrate greatly enhanced
plasmon−exciton coupling with a Rabi splitting as large as
∼240 meV.

Figure 1. (a) Schematic showing the experimental setup used to investigate the plasmon−exciton coupling in a Si/WS2/Au nanocavity. The Si/
WS2/Au nanocavity is excited by using p-polarized white light through a prism, and the scattering light is collected by using the objective of a
microscope. (b) Optical image of WS2 monolayers attached on the Au film. (c) SEM image of a typical Si nanoparticle with a spherical shape,
which is employed to create a Si/Au or a Si/WS2/Au nanocavity in this work. (d) Schematic showing the excitation of an ED in the Si nanoparticle
and its mirror image induced by the Au film. (e) Schematic showing the simultaneous excitation of MMD and SSP in a Si/Au nanocavity by using a
p-polarized plane wave with θ > θc.

Figure 2. (a) Scattering spectra measured (solid curves) and simulated (dashed curves) for Si/Au (upper panel) and Si/WS2/Au (lower panel)
nanocavities. The electric (Ex, Ein) and magnetic (Hy) field distributions simulated for the two nanocavities at the exciton resonance (615 nm) in
the xz and xy planes are shown in (b−d), respectively.
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■ RESULTS

The experimental setup used in this work is illustrated in
Figure 1a (see Figure S2 in the Supporting Information). A p-
polarized light with an incident angle of θ was used to excite
the SPP on the Au film. The forward scattering of the Si
nanoparticle was collected by a microscope and analyzed by a
spectrometer. In Figure 1b, we show the optical images of WS2
monolayers attached on the Au film. The optical quality and
monolayer nature of the WS2 flakes were examined by using
scanning electron microscopy (SEM), photoluminescence
(PL), and Raman scattering measurements (see Figure S3 in
the Supporting Information).47,48 Spherical Si nanoparticles
fabricated by using femtosecond laser ablation were used to
construct Si/Au nanocavities. The SEM image of a typical Si
nanoparticle is shown in Figure 1c.
When θ < θc ≈ 43° (θc is the critical angle for total internal

reflection), no SPP is generated and the Si nanoparticle is
excited by the transmitted light, as shown in Figure 1d. In this
case, the scattering of the Si nanoparticle arises from the
mirror-image-induced magnetic dipole (MMD) originating
from the ED and its mirror image induced by the Au film,
which exhibits a scattering peak with reduced line width in the
forward scattering spectrum of the Si nanoparticle.39,49−52

In Figure 2a, we present the scattering spectra simulated and
measured for a Si/Au (upper panel) and a Si/WS2/Au (lower
panel) nanocavity in the case of θ < θc (see Figure S4 in the
Supporting Information). For the Si/Au nanocavity, one can
identify four optical resonances originating from the coherent
interaction among the Mie resonances (MD, ED, MQ, and
EQ) of the Si nanoparticle with their mirror images induced by
the Au film.49−51 The measured spectrum is in qualitative
agreement with the simulated spectrum. The scattering peak
observed at ∼550 nm in the simulated spectra appears at ∼520
nm in the measured spectra. The discrepancy between them is
caused mainly by the incident angle of the illumination light,
the collection angle of the scattering light, and the smaller
quantum efficiencies of the detector at short and long
wavelengths. A similar situation is found for the Si/WS2/Au
nanocavity except for the splitting of the MMD due to the
introduction of the WS2 monolayer. By the choice of a Si

nanoparticle with a diameter of d ≈ 175 nm, the resonant
wavelength of the MMD can be tuned to the exciton resonance
of the WS2 monolayer (615 nm), as shown in Figure 2a (upper
panel). When a WS2 monolayer is inserted into the nanocavity,
the single scattering peak is split into two peaks due to the
plasmon−exciton coupling, as shown in Figure 2a (lower
panel). Unfortunately, the energy splitting in this case is not
sufficient to satisfy the criterion for strong coupling.39 In
Figure 2b,c, we present the electric (Ex) and magnetic (Hy)
field distributions simulated for the Si/Au (upper panel) and
Si/WS2/Au (lower panel) nanocavities at the exciton
resonance (615 nm). Apart from the reduction in the field
intensity, the electric and magnetic field distributions remain
nearly unchanged after inserting the WS2 monolayer. Since the
excitons in the WS2 monolayer are oriented mainly in the xy
plane, they are coupled only with the in-plane electric field
(i.e., |Exy| = (Ex

2 + Ey
2)1/2), which is presented in Figure 2d. It

is notid that |Exy| is dramatically attenuated after inserting the
WS2 monolayer.
When θ > θc, the SPP will be generated and its interaction

with the MMD results in a Fano dip.42 In addition, the Fano
line shape, which is characterized by the asymmetry parameter
q, can be modified by simply varying the incident angle (see
Figure S5 in the Supporting Information). For the Si/Au
nanocavity shown in Figure 3a (d = 172 nm), the Fano dip
appears at ∼624 nm. The corresponding electric field
distributions in the xz and xy planes are shown in Figure
3b,c. It can be seen that the largest enhancement of |Exy| is
achieved at θ = 45°, where the line shape of the Fano
resonance appears to be symmetric. In this case, an
enhancement factor as large as ∼170 is obtained. A rapid
decrease of the enhancement factor is observed with an
increase in the incident angle. If we inspect the distribution of |
Exy|, a ring-shaped pattern is observed. In addition, the
intensity distribution is almost symmetric with respect to the y
axis for θ = 45°. However, the intensity distribution becomes
asymmetric with increasing incident angle, in accordance with
the asymmetric Fano line shape.
In Figure 3d, we show the scattering spectra calculated for a

Si/WS2/Au nanocavity (d = 172 nm) at different incident

Figure 3. (a) Scattering spectra calculated for a Si/Au nanocavity (d = 172 nm) at different incidence angles of 45, 45.5, and 46°. The electric field
distributions calculated at the Fano dip (624 nm) in the xz (Ex) and xy (Ein) planes are presented in (b) and (c), respectively. (d) Scattering
spectra calculated for a Si/WS2/Au nanocavity (d = 172 nm) at different incidence angles of 45, 45.5, and 46°. The electric field distributions
calculated at the MMD resonance in the xz (Ex) and xy (Ein) planes are presented in (e) and (f), respectively.
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angles. It is noted that the scattering spectra are modified after
inserting the WS2 monolayer. First, a small scattering peak
emerges between the two large peaks, leading to two scattering
valleys. This feature is clearly identified in the scattering
spectrum obtained at θ = 46°. A close inspection reveals that
the two scattering valleys appear at the resonant wavelengths of
the exciton (∼615 nm) and the MMD (∼626 nm). Similar to
the coupling of the SPP and the MMD that leads to the
formation of the Fano resonance, the modification in the
scattering spectrum of the Si nanoparticle originates from the
coupling of the SPP, the MMD, and the exciton modes. Three
peaks observed in the scattering spectra can be attributed to
the upper, middle, and lower polaritons. Second, the intensity
of the scattering peak at the long wavelength is decreased with
increasing incident angle. As a result, one can see the reversal
of q from a negative to a positive value. Finally, the resonant
wavelength of the MMD is red-shifted to 626 nm due to the
introduction of the WS2 monolayer (for a detailed comparison,
see Figure S6 in the Supporting Information). We also
examined the angle-resolved absorption spectra of the Si/WS2/
Au nanocavity and found that they are quite similar to the
scattering spectra (Figure S7 in the Supporting Information).
In Figure 3e,f, we present the electric field distributions in

the xz and xy planes calculated for the Si/WS2/Au nanocavity
at the MMD (626 nm). It is found that the enhancement
factor for |Exy| is greatly reduced from ∼170 to ∼35 after
inserting the WS2 monolayer, which is caused by the energy
transfer from the nanocavity to the excitons. Meanwhile, it is
noted that the diameter of the ring-shaped intensity
distribution is dramatically increased from ∼20 to ∼59 nm.
Moreover, the field intensity distributions appear to be
asymmetric in all cases.

In Figure 4a,b, we present the angle-resolved scattering
spectra measured for a Si/Au and a Si/WS2/Au nanocavity.
For the Si/Au nanocavity, a Fano resonance is observed for
each incident angle. Since the MMD is fixed at ∼615 nm while
the SPP is varied, the Fano line shape is modified when the
incident angle is changed. In Figure 4c, we present depend-
ences of the resonant energies of the hybrid states on the
resonant energy of the SPP extracted from the angle-resolved
scattering spectra of the Si/Au nanocavity, which clearly
exhibits an anticrossing behavior. On the basis of the coupled
harmonic oscillator model, the anticrossing behavior can be
fitted by using a Hamiltonian with two eigenvalues:

i

k

jjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzz
H

E i g

g E i

2

2

SPP
SPP

SPP MMD

SPP MMD MMD
MMD

γ

γ
̂ = ℏ

−

−

−

− (1)

Here, ESPP and EMMD are the resonant energies of the
uncoupled SPP and MMD modes, respectively, γSPP and
γMMD are the corresponding dissipation rates, and gSPP−MMD is
the coupling strength between them. In Figure 4c, the fitting
results are shown by two solid curves, which represent the
dispersion relations of the two hybrid states. The energy
splitting is derived to be Ω = 2gSPP−MMD ≈ 170 meV. Since γSPP
≈ 220 meV and γMMD ≈ 89 meV, the criterion for strong
coupling Ω > (γSPP + γMMD)/2 is satisfied.11

In the angle-resolved scattering spectra of the Si/WS2/Au
nanocavity (Figure 4b), a small scattering peak emerges
between the two original peaks, as indicated by an arrow. Still,
the resonant energies of the MMD and the exciton remain
unchanged while that of the SPP is changed with the incident
angle. Their coupling leads to the formation of three hybrid

Figure 4. (a) Angle-resolved scattering spectra measured for a Si/Au nanocavity (d ≈ 169 nm). The CCD images of the scattering light are shown
as insets. The Fano dip, which corresponds to the MMD, is indicated by a dashed line. (b) Angle-resolved scattering spectra measured for a Si/
WS2/Au nanocavity (d ≈ 172 nm). The CCD images of the scattering light are shown as insets. The resonant wavelengths of the exciton and MMD
are indicated by dashed lines. (c) UP and LP branches (solid symbols) extracted from the scattering spectra shown in (a). The fittings of the UP
and LP branches are represented by solid curves. The resonant energies of the SPP and MMD are indicated by dashed lines. (d) UP, MP, and LP
branches (solid symbols) extracted from the scattering spectra shown in (b). The fittings of the UP, MP, and LP branches are represented by solid
curves. The resonant energies of the SPP, MMD, and exciton are indicated by dashed lines.
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states, whose resonant energies can be extracted from the
wavelengths of the scattering peaks, as shown in Figure 4d.
Similarly, the dispersions of the three hybrid states can be
fitted by using a Hamiltonian with three eigenvalues:

i

k

jjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzz

H

E i g g

g E i g

g g E i

2
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2
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SPP

SPP MMD SPP ex

SPP MMD MMD
MMD

MMD ex

SPP ex MMD ex ex
ex

γ

γ

γ
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−

−

−

− −

− −

− − (2)

Here, ESPP, EMMD, and Eex are the resonant energies of the
uncoupled SPP, MMD, and exciton modes, respectively, γSPP,
γMMD, and γex are the corresponding dissipation rates, and
gSPP−MMD, gSPP−ex, and gMMD−ex are the coupling strengths
between the two modes. Similarly to a two-oscillator system,
the Rabi splitting for a three-oscillator system is defined as the
energy difference between the lower plexciton (LP) and the
upper plexciton (UP).19,23,43,53 For θ = 47°, the LP and UP are
observed at ∼1.88 and ∼2.12 eV, respectively, resulting in a
giant Rabi splitting of ΩUP‑LP ≈ 240 meV. Previously, the two-
oscillator systems involved in the hybrid nanocavity (i.e., SPP−
MMD, SPP−exciton, and MMD−exciton coupling) have been
independently investigated.38,39,42 While SPP−exciton cou-
pling was employed to realize strong plasmon−exciton
coupling, MMD−exciton coupling was found to only approach
the strong-coupling regime. In addition, SPP−MMD coupling
was confirmed to enter the strong-coupling regime. Similar to
the use of an external cavity for a plasmonic nanoparticle array
on a TMDC monolayer,19 the introduction of SPP−MMD
coupling into the hybrid nanocavity (i.e., the formation of the
dark mode) makes it possible to greatly enhance the plasmon−
exciton coupling. It is remarkable that the Rabi splitting
observed in the three-oscillator system (SPP−MMD−exciton)
is much larger than that in any of the two-oscillator systems
(i.e., SPP−MMD (∼170 meV), SPP−exciton (∼102 meV),
and MMD−exciton (∼80 meV)).38,39 To the best of our
knowledge, the Rabi splitting observed in the hybrid

nanocavity exceeds all the values reported previously for
plasmonic nanocavities in air ambient conditions (Note 8 in
the Supporting Information).21,23,24,27−29 In Figure 4d, it is
noted that the UP and LP bands change dramatically with the
energy of SPP, while the MP band remains nearly unchanged.
Since the coupling between the MMD and the exciton is not
sensitive to the variation of the SPP, the energy splitting is
assumed to be a constant (∼80 meV). The coupling of the SPP
with the exciton and the MMD results in two anticrossings at
Eex = 2.05 eV and EMMD = 1.95 eV, respectively. The
corresponding coupling strengths are estimated to be gMMD−ex
= 51 meV and gSPP−MMD = 98 meV, respectively.
For a three-oscillator system, the criterion for strong

coupling can be written as43

W W WUP UP MP MP LP LPγ γ γΩ > + + (3)

where WUP, WMP, and WLP are the weights of UP, MP, and LP
branches in the system, respectively, and γUP, γMP, and γMP are
the line widths of the three branches (Note 9 in the Supporting
Information). In our case, the strong coupling criteron for the
SPP, the MMD, and the exciton modes can be expressed as

35% 37% 28%SPP MMD exγ γ γΩ > + + (4)

where γSPP = 220 meV, γMMD = 89 meV, and γex = 33 meV are
the corresponding line widths. Apparently, the criterion for
strong coupling is satisfied with Ω ≈ 240 meV (Notes 9 and 10
in the Supporting Information). For the Si/WS2/Au nano-
cavity, the UP branch is mainly formed by the coupling of the
SPP and the exciton. Similarly, the MP branch is dominated by
the MMD and the exciton while the LP branch is composed of
the SPP and the MMD.
Apart from the angle-resolved scattering spectra, one can

also characterize the SPP−MMD−exciton coupling by
changing the resonant energy of the MMD. In experiments,
we measured the scattering spectra of five Si/WS2/Au
nanocavities constructed by using Si nanoparticles with
different diameters at θ = 47°, as shown in Figure 5a. In
each case, one can clearly identify three scattering peaks
representing the resonant wavelengths of the three hybrid

Figure 5. (a) Scattering spectra measured for Si/WS2/Au hybrid nanocavities composed of Si nanoparticles with different diameters at an incidence
angle of 47°. (b) Two-dimensional scattering spectra simulated for Si/WS2/Au hybrid nanocavities composed of Si nanoparticles with different
diameters. The two vertical dashed lines indicate the resonant wavelengths of the SPP and the exciton. The inclined dashed line indicates the
evolution of the MMD with increasing diameter of the Si nanoparticle. The solid symbols are the experimental data extracted from the scattering
spectra shown in (a). The solid curves represent the fittings of the UP, MP, and LP branches by using the coupled harmonic oscillator model with
three oscillators (i.e., the SPP, the MMD, and the exciton).
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states and two scattering valleys corresponding to the resonant
wavelengths of the exciton and the MMD. It is remarkable that
the resonant wavelength of the exciton remains unchanged at
∼615 nm, while that of the MMD is changed. In Figure 5b, we
present the two-dimensional scattering spectra simulated for
Si/WS2/Au nanocavities containing Si nanoparticles with
different diameters. One can reveal three plexciton bands
that can be well described by using a Hamiltonian with three
eigenvalues (i.e., eq 2). In Figure 5b, the resonant energies of
the three plexciton states as a function of the resonant energy
of the MMD extracted from the scattering spectra in Figure 5a
are shown. An excellent agreement between the experimental
data and the simulation results is observed. The Rabi splitting
derived from the fitting result is ∼220 meV, which is close to
the value obtained by using angle-resolved scattering spectra.
In addition, the criterion for strong coupling is also fulfilled.
We also examined the photoluminescence (PL) from Si/

WS2/Au nanocavities and compared it with that from the WS2
monolayer on the Au film (Figure S11 in the Supporting
Information). In this case, the laser spot size (a few
micrometers) is much larger than the diameters of Si
nanoparticles and the PL comes mainly from the area of the
WS2 monolayer that does not couple with the nanocavities.
However, a reduction in the PL intensity originating from the
strong plasmon−exciton coupling was still observed for the Si/
WS2/Au nanocavities, in good agreement with previous
observations.30,54,55

■ CONCLUSION

In summary, we have proposed a novel strategy to realize
SPP−MMD−exciton polaritons in a dielectric−metal hybrid
nanocavity composed of a dielectric nanoparticle (Si) and a
metal film (Au) with an embedded two-dimensional material
(WS2 monolayer). The new findings and insights of this work
include (1) the dielectric−metal hybrid nanocavities composed
of Si nanoparticles and an Au film support “dark” modes with a
large enhancement factor, leading to a giant energy splitting of
∼240 meV; (2) the first demonstration of the strong coupling
among three excitations by exploiting dielectric−metal hybrid
nanocavities is first demonstrated; (3) the plasmon−exciton
coupling is revealed in both angle- and size-resolved scattering
spectra, providing more degrees for manipulating the coupling
strength. Our findings pave the way for realizing strong
coupling between plasmons and excitons in dielectric−metal
hybrid systems and open new horizons for constructing
nanoscale photonic devices.

■ METHODS

Sample Preparation. The WS2 monolayers used in this
work were first synthesized on a Si substrate via chemical vapor
deposition method and then transferred to an Au/SiO2,
substrate with a 50 nm thick Au film. Spherical Si nanoparticles
with different diameters were fabricated by using femtosecond
laser ablation.56 The 800 nm femtosecond laser pulses
(Legend. Coherent) with a duration of 100 fs and a repetition
rate of 1 kHz was employed to ablate the Si wafer immersed in
deionized water. The aqueous solution of Si nanoparticles was
dropped and dried on WS2 monolayers attached on the Au/
SiO2 substrate, giving Si/WS2/Au nanocavities operating at
different wavelength.
It was confirmed by the combination of transmission electric

microscopy (TEM), scattering spectra measurements, and

numerical simulations that the prepared Si nanoparticles are
crystalline.57 Although Si nanoparticles with different sizes
were randomly distributed on the WS2 monolayer, we could
easily find Si nanoparticles with suitable diameters for the
construction of nanocavities on the basis of their forward
scattering spectra, which can be easily obtained by using
conventional dark-field microscopy.49

Optical Characterization. A home-built coupling system
was used to generate the SPP on the surface of the Au film via
the K-R configuration, which was employed to excite Si/Au
and Si/WS2/Au nanocavities, as schematically shown in Figure
1a. Collimated p-polarized white light delivered by a
multimode optical fiber was used as the excitation source.
The incident angle of the excitation light could be easily
adjusted. The scattering light of Si/Au and Si/WS2/Au
nanocavities was collected by using the objective (100×, NA
= 0.85) of a dark-field microscope (Axio Observer A1, Zeiss)
for analysis and imaging. The scattering spectra were analyzed
by using a spectrometer (SR-5001-B1, Andor), and the images
of scattering light were recorded by using a color charge
coupled device (CCD) (DS-Ri2, Nikon).

Characterization of WS2 Monolayer. The morphologies
of WS2 monolayers were examined by using a bright-field
microscope and a scanning electron microscope (SEM)
(UItra55, Zeiss). The photoluminescence and Raman spectra
of WS2 monolayers were measured by using a 532 nm laser and
a Renishaw inVia Reflex system, respectively. The laser power
used for the spectral measurements was chosen to be 1.0 mW.

Numerical Simulations. In this work, the numerical
simulations were carried out by using the finite-difference time-
domain (FDTD) technique. The dielectric constants of Au and
Si were taken from Johnson and Christy58 and from Palik,59

respectively. The dielectric constant of a WS2 monolayer was
obtained from previous literature.6 The exciton energy in WS2
monolayer is 2.02 eV. The refractive indices of the prism and
the surrounding environment were set to be 1.5 and 1.0,
respectively. In the calculation, the thickness of the WS2
monolayer was chosen to be 1.0 nm. The smallest mesh size
was chosen to be 0.5 nm, which was used in the gap region
between the nanoparticle and the film.
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