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In Figure S1a, we present the scattering spectra calculated for a Si/SizN4+/Ag nanocavity and

a Si nanoparticle. It can be observed that MD and ED resonances supported by the

Si/Si3N4/Ag nanocavity exhibit narrower linewidths than those in the Si nanoparticle. Figure

S1b shows the calculated scattering spectrum of a nanocavity excited by a plane wave at an

incident angle of 53°. In contrast to the normal incidence case (see Figure 5a), the excitation

of oblique incidence enables the scattering spectrum of the nanocavity to exhibit a MQ

resonance at ~592 nm, which is consistent with the experimental results.
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Figure S1. (a) Scattering spectra calculated for a Si/SisN4/Ag nanocavity (d = 150 nm) and a Si

nanoparticle (d = 152 nm) on a SiO; substrate. (b) Scattering spectrum calculated for a Si/SisN4s/Ag

nanocavity (d =203.0 nm) excited by a plane wave at an incident angle of 53°.
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Supplementary Note 2
In Figure S2, we present the 1PA spectra calculated for a WS, monolayer on a SizsN4s/Ag

heterostructure and a WS, monolayer embedded in a Si/SisN4/Ag nanocavity. It can be
observed that the 1PA in the embedded WS; monolayer is significantly enhanced (shaded
region), exhibiting an intensity ~21.4 times higher than that in the WS, monolayer on the

Si3N4/Ag heterostructure (dashed line).
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Figure S2. 1PA spectra calculated for a WS, monolayer on a SisN4/Ag heterostructure (pink curve) and

a WS, monolayer embedded in a Si/Si3N4+/Ag nanocavity (d = 149.6 nm) (blue curve), respectively.
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Supplementary Note 3

The in-plane electric field enhancement at emission wavelength (615 nm) determines the
enhancement factor of the emission rate. In Figure S3a,b, we present the in-plane electric field
distribution (| Exy |/|Eo|) within a WS, monolayer in the XY plane and the electric field
distribution (|E|/|Eo|) in the XZ plane, calculated for a Si/WS2/Si3N4/Ag nanocavity (d = 149.6
nm) at its MD resonance (615 nm). For comparison, Figure S3b,c also show the
corresponding electric field distributions for a larger nanocavity (d = 204.2 nm) at its ED
resonance (615 nm). The in-plane electric field induced by the MD resonance is stronger and
more localized compared to that induced by the ED resonance. In addition, as shown Figure

S3a,c, the size of the hot spots is approximately equal to the diameter of the nanocavity.
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Figure S3. In-plane electric field distribution (|Exy|/|Eo|) within a WS; monolayer in the XY plane (a)
and electric field distribution (|E|/|Eo|) in the XZ plane (b), calculated for a Si/WS2/Si3N4/Ag nanocavity
(d = 149.6 nm) at its MD resonance (615 nm). In-plane electric field distribution (|Exy|/|Eo|) within the
WS: monolayer in the XY plane (c) and electric field distribution (|E|/|Eo|) in the XZ plane (d),

calculated for a Si/WS»/Si3N4/Ag nanocavity (d = 204.2 nm) at its ED resonance (615 nm).
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Supplementary Note 4

In Figure S4, we show the two-dimensional radiation patterns of a x-polarized dipole
source located on a SizsN4/Ag planar structure and embedded in Si/SisN4+/Ag nanocavities. The
Si/Si3N4/Ag nanocavity significantly enhances the backward radiation intensity, which is over
one order of magnitude higher than that of the SisN4+/Ag planar structure. Furthermore, the
radiation intensity induced by the MD resonance (red curve) is stronger than that induced by
the ED resonance (blue curve).

For low-Q dispersive systems, the Purcell factor (Fp) can be generalized as:!!-%]

F, :3_%(&] Re(éj, M
dz°\n V

where Vs the complex mode volume, A 1is the emission wavelength at the resonance, n

represents the refractive index of the medium in which the emitter is located, and Q is the

quality factor of the mode. This expression reduces to the standard formula only in the high-Q
cavity ( Q — o ), where the mode volume in the formula becomes a real-valued form. In

addition, we can directly calculate the Purcell factor by integrating the radiation intensity of a

dipole emitter located at the nanocavity, as expressed below:

F o= [[1(6.9)sin0d0dy
" [[10.9)sin0d0dg

cavity

, 2

reference

where 1(6, ) is the radiation intensity. Thus, the Purcell factor of the nanocavity (d = 149.6

nm) was derived to be ~3 (see Figure S4), which is consistent with values reported in the
literature with similar structures.** For dielectric nanostructures with strong MD resonances,
the Purcell factor reported in the literature are generally no higher than 10-15.51 Although the
Purcell factor of the nanocavity is relatively small, the PL EF of the Si/WS»/SizsN4/Ag
nanocavity under CW laser excitation is determined by the excitation rate, the quantum
efficiency (i.e., Purcell effect), and emission directionality. Owing to the modulated emission
directionality induced by the nanocavity, the radiation is strongly redirected toward the
positive Z-axis, as shown in Figure S4. Using an oil-immersion objective with a numerical

aperture (NA) of 1.3 (corresponding to a collection half-angle of ~60°), the detected PL EF
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due to improved collection efficiency reaches as high as ~13, which is higher than the Purcell

factor (Fbp).
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Figure S4. Two-dimensional radiation patterns in the YZ plane calculated for a SisN4/Ag planar
structure and two Si/Si3N4/Ag nanocavities (d = 149.6 nm and d = 204.2 nm), respectively, at the

exciton resonant wavelength (615 nm).
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Supplementary Note 5

Figure S5a presents the backward scattering spectra calculated for two different
Si/WS,/Si3sN4/Ag nanocavities. A shallow dip is observed in each of the two scattering spectra.
In Figure S5b, we show the backward scattering spectrum measured for a Si/WS,/SisN4/Ag
nanocavity. One can observe a shallow dip in the scattering spectrum. In order to obtain the
coupling strength (g) of the MD-exciton system, we fitted the calculated scattering spectrum
based on the coupled harmonic oscillator model, as shown in Figure S5c. A coupling strength

of g = 16 meV can be obtained, which does not satisfy the criterion for strong coupling

(g>wp +7e)/4). Here, y, =170 meV and y, =68 meV represent the dissipation rates

of the MD resonance and the exciton,!® respectively. Thus, the interaction between the MD
resonance and the exciton belongs to the weak-coupling regime. Similarly, the interaction
between the ED resonance and the exciton also lies in the weak-coupling regime. Due to the
limited contact area in the particle-on-film structure, the number of excitons involved in the
coupling is relatively low, and these excitons are predominantly concentrated near the contact
point between the nanoparticle and the film (the region of maximum electric field
enhancement).[®”] Thus, the dip observed in the scattering spectrum is not pronounced. When
coupling occurs, Rabi splitting can be observed in the scattering spectrum, leading to the
formation of upper and lower plexcitons. In Figure S5a, the lower plexciton exhibits a higher
energy when coupled to the ED resonance than to the MD resonance. Typically, PL emission
from the upper plexciton is difficult to observe, whereas only the PL emission from the lower
plexciton is detected predominantly in experiments. Under fs laser excitation, the PL signal
primarily arises from the WS> monolayer within the electron transfer region (see Figure S8),
spatially adjacent to the coupling region, indicating that the enhanced PL is mainly attributed
to the emission from the lower plexciton. Therefore, a distinct redshift is clearly observed in
the PL spectrum (see Figure 2¢), which is consistent with previous literature report.!) In
contrast, under CW laser excitation, the PL. enhancement predominantly stems from the WS:
monolayer within the hot spot. It is noteworthy that the hot spot induced by the MD resonance
is smaller than that induced by the ED resonance (see Figure S3a,c). Thus, as shown in Figure
5d, most of the PL induced by the ED under the CW laser excitation originates from excitons
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that are not involved in the coupling. Accordingly, it can be inferred that the PL enhancement
induced by the MD resonance more accurately reflects the spectral characteristics of the lower
plexciton, as shown in Figure 2d,e. Furthermore, as the MD resonance approaches the exciton
resonance, the coupling strength increases, resulting in a reduction in the energy of the lower
plexciton. In Figure S5d, we present the dependence of the PL peak redshift (Aw) observed
for Si/WS2/S13N4/Ag nanocavities on the MD resonant wavelength under the excitation of a
CW laser and a fs laser. The redshift increases as the MD resonance approaches the exciton
resonance, which is also consistent with previous literature report.®! The maximum redshifts
are estimated to be ~14.2 nm and ~11.6 nm under the excitation of the CW laser and the fs
laser, respectively. In addition, the more pronounced redshift observed under the CW laser
excitation than to that under the fs laser excitation can likely be attributed to a combination of

the higher laser power of the CW laser and the more significant thermal effects induced by the

CW laser.
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Figure S5. (a) Backward scattering spectra calculated for two Si/WS»/Si3N4/Ag nanocavities (d = 149.6
nm and d = 204.2 nm). (b) Backward scattering spectrum measured for a Si/WS»/Si3N4/Ag nanocavity.
(c) Backward scattering spectrum calculated for a Si/WS/Si3N4+/Ag nanocavity (d = 149.6 nm) (orange

dashed curve) and fit result based on the coupled harmonic oscillator model (blue solid curve). (d) PL
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peak redshift (Aw) observed for Si/WS,/SisN4/Ag nanocavities as a function of the MD resonant

wavelength (Amp) under a CW laser (P = 60 pnW) and a fs laser (P = 30 pW) excitation, respectively.
Supplementary Note 6

In Figure S6a, we present the Raman spectrum measured for a WS> monolayer on a
SisN4/Ag heterostructure. The two peaks observed at 353 and 422 cm™! are attributed to the E’
and A;” modes of the WS, monolayer. Figure S6b presents the PL spectra of the WS:
monolayer on Al2Os3, Au, and SizN4/Ag planar substrates, respectively. One can observe a
broader linewidth of the PL spectrum for the WS»/Si3N4/Ag planar structure as compared with
those of the WS»/AlO3 and WS»/Au planar structures, which is attributed to the substrate

effect of the SisN4/Ag heterostructure.
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Figure S6. (a) Raman spectrum measured for a WS, monolayer on a SisN4/Ag heterostructure. (b) PL
spectra measured for a WS»/Al,03, WS»/Au, and WS»/Si3N4/Ag planar structures under the excitation

of a 488-nm CW laser.
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Supplementary Note 7

The laser wavelength affects the excitation efficiency of the nanocavity, which is
determined by the intrinsic absorption of the materials and the electric field enhancement
induced by the nanocavity resonance at the excitation wavelength. As shown in Figure 3¢ and
Figure S9b, the PL EF's of nanocavities under 503 nm fs laser excitation are larger than those
under 488 nm CW laser excitation. Considering that the imaginary part of the refractive index
of the WS, monolayer (and Si) exhibits no significant difference at 488 nm and 503 nm (and
515 nm), the excitation efficiency is mainly determined by the electric field enhancement
induced by the resonance. Given this experimental constraint, we adopted the alternative
scheme: fixing the respective laser wavelengths (488 nm for the CW laser and 515 nm for the
fs laser) while tuning the resonant wavelength of the nanocavity, as shown in Figure 2 and
Figure S7. Figure S7a shows the backward scattering spectra measured for two
Si/WS,/Si3N4/Ag nanocavities. One can observe that the ED resonances are resonant with 488
nm but detuned from 515 nm. In Figure S7b, we present the PL spectra measured for these
two Si/WS2/Si3Ns/Ag nanocavities and adjacent WS,/SisN4/Ag planar structures under the
excitation of a 488 nm CW laser. It can be observed that the PL intensity is enhanced in both
nanocavities. In addition, Figure S7c presents the PL spectra measured for these two
Si/WS,/Si3sN4/Ag nanocavities and the adjacent WS2/SisN4/Ag planar structures under the
excitation of a 515 nm fs laser. The PL intensities of the two nanocavities are significantly
enhanced. It is evident that the PL enhancements of the two nanocavities excited by the fs
laser are larger than those excited by the CW laser. Therefore, the significant PL. enhancement
observed in nanocavities is primarily attributed to the fs laser excitation, rather than the

resonant excitation of the laser.
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Figure S7. (a) Backward scattering spectra measured for two Si/WS»/Si3N4/Ag nanocavities. (b) PL
spectra measured for these two Si/WS,/SisN4+/Ag nanocavities (orange curves) under the excitation of a
488 nm CW laser. PL spectra of WS,/SisN4/Ag planar structures (gray curves) are also provided for
comparison. (¢) PL spectra measured for these two Si/WS»/SisN4/Ag nanocavities (orange curves)
under the excitation of a 515 nm fs laser. The PL spectra of the WS»/Si3N4/Ag planar structures (gray

curves) are also provided for comparison.
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Supplementary Note 8

The PL enhancement in nanocavities mainly originates from the region (Si) of electron
transfer from a Si nanoparticle to a WS, monolayer. As shown in Figure S8a, the diameter of
the charge transfer region is markedly smaller than that of the laser spot (~1.0 pm), implying
that the actual PL EF is substantially higher than that observed in the experiment. Basically,
one can derive the PL EF of nanocavities under fs laser excitation by using the following
formula:

. ISOI(x,y)dS -1
[RER S

, 3

where 7(x,y) is the spatial intensity profile of the laser beam, Sy is the area corresponding to
the full width at half maximum of /(x,y), and S is the area of the charge transfer region.
This region (S1) is defined as the area within which the electric field intensity decreases from
its peak value to half that maximum. In Figure S8b,c, we present the electric field distribution
(|E|/|Eo|) and the electric field intensity distribution (|E|%/|Eo|?) within a WS> monolayer in the
XY plane for nanocavity B. Based on this analysis, S is estimated to be ~2277 nm?.

According to the formula, the PL EF in nanocavity B is found to be ~13729.
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Figure S8. (a) Schematic showing the size corresponding to the full width at half maximum of /(x,y)
(So) and the region of the electron transfer from a Si nanoparticle to a WS, monolayer (S1). Electric
field distribution (|E|/|Eo|) (b) and electric field intensity distribution (|£|%|Eo|?) (c) within a WS,

monolayer in the XY plane, calculated for nanocavity B (4 = 153.0 nm) at its ED resonance.
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Supplementary Note 9

As shown in Figure S9a, we present the dependence of the relative PL intensity on the

resonant wavelength of the MD resonance ( 4,,,) supported by Si/WS»/SisN4/Ag nanocavities.

For the nanocavities excited by a 488 nm CW laser, the relative PL intensity first increases
and then decreases with increasing Avp. It reaches its maximum value (~5.1) when the MD
resonance is close to the exciton resonance. Additionally, under the excitation of a 515 nm fs
laser, the relative PL intensity shows a similar dependence on the Amp, with a maximum value
of ~54.5 occurring at 630 nm (nanocavity B). Moreover, we present the relative PL intensity
of two Si/WS,/Si3N4/Ag nanocavities as a function of the excitation wavelength of a fs laser,
as shown in Figure S9b. For nanocavity A, we observe a rapid increase in the relative PL
intensity from ~7.5 to ~17.9 as the excitation wavelength increases to 518 nm. Beyond this
wavelength, it quickly decreases to ~12.1 at 536 nm. For nanocavity B, the relative PL
intensity also increases sharply from ~26.7 to a maximum of ~48.3 at Aex = 513 nm, before
falling to ~17.6 at Aex = 536 nm.
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Figure S9. (a) Dependence of the relative PL intensity on the resonant wavelength of the MD

resonance ( A, ) supported by Si/WS,/SisN4/Ag nanocavities at the excitation of a 488 nm CW laser

(orange curve) and a 515 nm fs laser (blue curve), respectively. (b) Relative PL intensity of two
Si/WS,/Si3N4/Ag nanocavities as a function of the fs laser excitation wavelength at a laser power of P

=30 uW.
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