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Exciton polaritons in metallic nanocavities and transition-metal dichalcogenide monolayers has led
to striking discoveries, ranging from Bose-Einstein condensation to slowing light. Although plasmonic
nanocavities offer small mode volumes, the intrinsic losses of plasmonic nanocavities remain an open
challenge in exciton-polariton devices. Consequently, dielectric nanocavities are used as an alternative
candidate due to their low intrinsic losses. However, large mode volumes are a central bottleneck in
dielectric nanocavities. Here, we theoretically propose to use a hybrid dielectric-metallic nanocavity to
enhance light-matter interactions between the excitons of the WS, monolayer and the hybrid nanocavity.
Such a hybrid nanoresonator inherits the advantages of both dielectric and metallic nanocavities, including
ultrasmall mode volume, ultralow losses, and reasonably-high-Q factor. It is demonstrated that the thick-
ness and material of the central gap film together with the thickness of the metallic substrate play vital
roles in governing the coupling strength between 1L-WS, excitons and the cavity. After optimizing the
geometry and material parameters, the Rabi splitting is increased to 113 meV, almost twice that in dielec-
tric metasystems. The significant improvement can be attributed to the greatly enhanced near field and the
ultrasmall mode volume. Furthermore, we show that Rabi splitting can be further boosted to 151 meV by

increasing the number of layers of WS, and /4-BN film in the nanocavity.

DOI: 10.1103/PhysRevApplied.19.054049

I. INTRODUCTION

In recent years, enhancing light-matter interactions
between nanophotonic cavities and excitons (exciton
polaritons) has drawn much attention due to their
widespread applications in strong optical nonlinearity,
Bose-Einstein condensation, and low-threshold lasers
[1-3]. The light-matter interaction falls within a strong-
coupling regime when the decay rates of the optical cav-
ities and excitons are lower than the energy-exchanged
rates between these subsystems [4,5]. Usually, the strong
coupling is characterized by the Rabi splitting between two
polariton branches, which should be larger than the mean
linewidth of both systems [6,7].

One of the most widely used nanophotonic cavities
for the observation of exciton polaritons is the plasmonic
nanocavity due to its ability to confine light in an ultrasmall
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mode volume [2,8—11]. Although exciton polaritons in
metals and various nanosystems, such as J aggre-
gates, molecules, and quantum dots have been reported
[12—14], remarkable challenges still remain for this class of
nanosystem. For instance, many J aggregates or molecules
are needed to observe plexcitons [15], and quantum dots
have low stability [1,5,7].

Recently, two-dimensional transition-metal dichalco-
genides (TMDCs) have been regarded as an excellent
alternative candidate to observe exciton polaritons due
to their large binding energy and large quantum yield at
room temperature when they are reduced to the monolayer
limit [15-20]. Exciton polaritons in the TMDC monolayer
and individual metallic nanoparticles have been reported
by using either a single or an array of metallic nanos-
tructures [18—22]. These studies open the door to study
further strong light-matter interactions between the TMDC
monolayer and various single plasmonic nanoparticles,
including nanoprisms, nanocubes, and nanodisks [2,5,10,
23-27]. However, metal nanocavities themselves suffer
from considerable intrinsic loss, leading to tremendous
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heat generation and degradation of the performance of
the polariton nanodevices [28-31]. Moreover, metallic
nanocavities usually support low-order plasmonic reso-
nances, such as the electric dipolar resonance, and thus,
have a low quality factor [28].

To address material losses in the metallic cavi-
ties, dielectric nanocavities made of high-refractive-index
semiconductors have been used as an alternative candidate
to observe exciton polaritons [32—40]. On one hand, they
have an ultralow material loss. On the other hand, they
support multipolar electric and magnetic Mie resonances,
bringing much freedom in designing high-performance
photonic devices. Accordingly, strong coupling is demon-
strated between the excitons of TMDCs and various dielec-
tric nanocavities, such as a single dielectric nanoparticle,
and photonic crystal slabs [28,41-52]. Although a large
O factor can be achieved in all-dielectric nanostructures,
their large mode volumes prevent researchers from realiz-
ing ultrastrong coupling with a large Rabi splitting, which
may limit applications.

Yet, hybrid nanostructures offer the advantages of both
high-index dielectric nanocavities and plasmonic nanocav-
ities with lower intrinsic losses and small mode vol-
umes. To date, only a few studies have investigated the
exciton polaritons in TMDCs and hybrid nanocavities.
For example, hybrid exciton-cavity plasmonic resonances
are enabled in hybrid structures consisting of multilayer-
grating TMDCs placed on gold substrate [53], which
simultaneously support the Mie resonance and plasmonic
resonance. Besides, a few studies also report the light-
matter interaction between the Mie resonance and plas-
monic resonances in hybrid dielectric-plasmonic nanocav-
ities [41,54-56]. However, only low-Q Mie resonances
are used in these hybrid systems. Thus, combining both
the relatively-high-Q Mie resonances with low loss and
a small mode volume is desired to enhance the strong
coupling between excitons in the TMDC monolayer and
photonic nanocavities.

Here, we theoretically investigate the strong cou-
pling between excitons in monolayer WS, and photonic
nanocavities by leveraging a hybrid dielectric-metallic sys-
tem that consists of a silicon cylinder with finite thickness
sitting on the metallic substrate. Such a hybrid nanores-
onator can be strongly coupled with excitons in the WS,
monolayer with a large Rabi splitting of 79.16 meV, which
is much larger than the Rabi splitting in the dielectric-
resonator—1L-WS, system. The Rabi splitting can be
boosted to 125 meV by optimizing the geometry and mate-
rial parameters, including the thickness and material of
the middle dielectric film and metallic thin film supporting
the dielectric nanostructures. The significant improvement
of the Rabi splitting is ascribed to the increase of the
refractive-index contrast and Purcell factor. Moreover, it
is found that the Rabi splitting can be further improved to
151 meV by varying the number of layers of WS,.

II. RESULTS AND DISCUSSION

The open dielectric-dielectric-metal nanocavity used in
this work consists of a silicon (Si) nanodisk on a sil-
ver (Ag) mirror substrate, between which is the ultrathin
Si0, film, as shown in Fig. 1(a). The structure is cho-
sen to provide high-refractive-index contrast and large
energy confinement in the tiny mode volume of the SiO,
film. Another advantage of this structure stems from the
low losses of the hybrid nanostructure. The parameters of
the Si, SiO;, and Ag materials are extracted from Refs.
[57,58].

To understand the nature of the hybrid resonances of
this structure, plasmonic dispersion relationships of a mul-
tilayer structure of Si/SiO,/Ag are calculated, as shown in
the inset of Fig. 1(b). The permittivity of SiO, is 2.1025,
whereas Ag permittivity is extracted from the Drude model
[57] expressed by & = 0o — (@) /(@ + iyp)), With ex,
wp, and y, being equal to 3.3, 1.35 x 10'® rad/sec, and
3.34 x 101 rad/sec, respectively. The thickness of Si is
identical to the height of the Si nanodisk.

Since the geometry shown in the inset of Fig. 1(b) is
infinite in the y direction and the hybrid mode propagates
in the x direction, it can be observed that the hybrid reso-
nance has no y-field dependence nor TM polarization due
to its plasmonic nature. As a result, the fields E,, E,, and
H,, all have nonzero values. After calculating hybrid mode
solutions by solving Maxwell equations in each layer, the
dispersion relationship in Fig. 1(b) can be obtained as
[59,60]

<E + E) (E + ﬁ) — (/2 _ E) (]2 _ lﬂ) ekl
&€ &3 2% €1 & &3 & €1
(1)

The wave numbers in the three-layered planar nanostruc-
k2 — kg&‘ ,‘,l' =
1,2,and 3, where 7, k, and k¢ are the glass thickness,
propagation constant, and wave number in a vacuum,
respectively. Here, we fix the height of the Si nanodisk as
70 nm but sweep its radius, and the hybrid modes can be
calculated accordingly with Eq. (1). The mode wave num-
ber can be defined by &, = J,n/R, where J,, [57] is the
mth zero of the nth-order Bessel function of the first kind.
The analysis shows that mode (1,1), mode (2,1), and mode
(3,1) are redshifted as the radius increases [see the dashed
lines in Fig. 1(c)]. The results are in good agreement with
numerical simulations carried out with the Lumerical FDTD
package, as shown in the scattering-efficiency mapping in
Fig. 1(c). All the hybrid resonances exhibit a large field
enhancement, ranging from 89-fold to 125-fold, at a small
mode volume in the SiO, film, as presented in the elec-
tric field distributions in Figs. 1(d)—1(f). It can be clearly
seen that the mode profiles of these hybrid resonances are
referred to as mode 11, mode 21, and mode 31.

ture, ky, k,, and k3, are described by k; =
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(a) Schematic drawing of dielectric-metallic nanostructure that consists of Si, SiO,, and Ag. (b) Dispersion curve of three-

layered planar geometry when the Si height is fixed at 70 nm and the SiO, thickness is 2 nm. (¢) Scattering-efficiency map of Si-SiO,-
Ag nanostructure when the nanodisk radius is tuned from 30 to 200 nm. Dashed lines represent analytical calculations of hybrid modes
based on Eq. (1). Electric field distribution of Si-SiO,-Ag nanostructure at x plane, y plane, and z plane at 616 nm for (d) mode 11, (e)

mode 21, and (f) mode 31.

Further calculations are performed to better analyze the
three hybrid resonances by calculating the scattering and
absorption efficiencies at a wavelength of 616 nm, which
corresponds to the exciton resonance wavelength of
the WS, monolayer. In principle, both scattering and
absorption efficiencies are increased as the hybrid-mode
order increases from mode 11 to mode 31, as shown
in Figs. 2(a)-2(c). Multipole decomposition analysis is
performed to reveal the nature of these three hybrid

resonances. It can be found from Figs. 2(d)-2(f) that these
three resonances are dominated by the magnetic dipole
(MD), magnetic dipole-electric dipole, and electric dipole
(ED). Additionally, we also calculate their Purcell factors,
which are used to evaluate the emission rate enhance-
ment of spontaneous emitters placed inside the resonators.
From Figs. 2(g)—2(i), it can be found that modes 11 and
21 have larger Purcell factors than mode 31, suggesting
that the first two modes favor enhancing the light-matter
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FIG. 2. (a)Ac) Scattering- and absorption-efficiency spectra at 616 nm for mode 11, mode 21, and mode 31, respectively. (d)~(f)

Multipole decompaction calculations at 616 nm for mode 11, mode 21, and mode 31, respectively. (g)—i) Calculated Purcell factors
for mode 11, mode 21, and mode 31, respectively. In (g)—(i), red solid lines represent the Purcell factor of Mie resonances. Blue solid

lines represent the enhanced Purcell factor of hybrid resonances.

interaction. To show that the hybrid dielectric-metallic res-
onator indicates better performance in boosting the light-
matter interaction, we also calculate the Purcell factor for
an isolated Si nanodisk and plot it in Figs. 2(g)—2(i) as a
reference. Indeed, all three hybrid resonances have larger
Purcell factors than those of pure Mie resonances by 43-,
35-, and 30-fold for mode 11, mode 21, and mode 31,
respectively.

Except for the large field enhancement and Purcell
factor, the hybrid resonant wavelength can be tuned by
varying the radius of the Si nanodisk, as depicted in
Figs. 3(b)-3(d). When a two-dimensional (2D) TMDC is
placed into the tiny gap between the Si nanoresonator and
silver mirror, strong coupling can be induced between their
excitons and hybrid resonance. Here, we use the WS,

monolayer as an example to illustrate this. The permittivity
of WS, follows the Lorentz oscillator model, as depicted
by the real and imaginary parts in Fig. S1 within the Sup-
plemental Material [61,62]. This interesting nanostructure
is feasible because it can be fabricated as presented in Fig.
S2 within the Supplemental Material [62].

Strong coupling between mode 11 and the exciton in
1L WS, is evidenced by the anticrossing behavior of two
polariton branches, as shown in Fig. 3(f). Resonant tun-
ing via the radius is also plotted as a reference to confirm
that the hybrid resonance indeed crosses the exciton res-
onance. Similarly, both mode 21 and mode 31 exhibit
strong-coupling regimes when WS, is embedded at the
middle-film center, as shown in Figs. 3(g) and 3(h).
By comparing the Rabi splitting of the strong coupling
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(a) Schematic of the Si-SiO,-Ag hybrid structure. (b)}+d) Scattering-efficiency maps of uncoupled mode 11, mode 21, and

mode 31, respectively. (e) Schematic of the Si-SiO,-Ag hybrid structure with WS, embedded in the center of the middle-film SiO,.
(f}~(h) Scattering-efficiency maps of strong coupling between hybrid modes (mode 11, mode 21, and mode 31) and excitons.

between three hybrid modes and the exciton, the strong-
coupling regime in mode 11 shows the largest Rabi split-
ting of 79.16 meV among the three exciton polaritons
because it has the lowest mode volume of 0.6 x 1072* m?
and largest Purcell factor compared with other hybrid
modes. The mode volume of this nanostructure is calcu-
lated using FDTD via [21,63]

JeR)IER)*dv
v= = @)
max[e(R)|E(R)|"]
where €(R) and E(R) are the permittivity and the electric
field of the multilayer planer nanostructure, respectively.
Here, it is worth pointing out that the Rabi splitting
obtained with these three hybrid resonances is much larger

than its counterpart in pure dielectric resonators. In con-
trast to strong coupling between mode 11 and the exciton,
the Rabi splitting for mode 31 is 73.7 meV because it has
a larger mode volume of 2.27 x 1072* m?® and a smaller
Purcell factor. The exciton polariton for mode 21 has
a Rabi splitting of 74.6 meV with a mode volume of
1.4 x 1072 m? and a moderate Purcell factor.

To verify that the system indeed falls within the strong-
coupling regime, the two-oscillator coupled model is
applied:,

(EHM—thHM g >(a)_E<a>
g Ex —ihT'y B ) B )’
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where Eyy and Ey are the hybrid mode and the exci-
ton resonance, respectively. Al'yy and Ay are the half
width at half maximum of the hybrid mode and exciton,
respectively. « and S are the intermixing coefficients of
the generated hybrid states. Fitting the scattering-efficiency
mapping in Fig. 3 to the two-oscillator coupled model
allows us to extract the eigenenergies of the generated
hybrid states and the upper and lower polaritons, with an
apparent anticrossing behavior, as shown in Figs. S3(a),
S3(c), and S3(e) within the Supplemental Material [62].
Moreover, the Hopefield coefficients in Figs. S3(b), S3(d),
and S3(f) within the Supplemental Material [62] show that
hybrid modes and excitons contribute to forming the upper
and lower polaritons.

The interaction between each hybrid mode and exciton
falls within the strong-coupling regime, since they satisfy
the required conditions. These conditions are defined as
follows:

|Al 4y — hlx|
> —_—_—
2

/ (AT0)* + (hTx)?
and g > .

: @

g
Although systems exhibit the strong-coupling regime, the
scattering efficiency is not enough to confirm that the sys-
tems fall within the strong-coupling regime. Consequently,
the absorption efficiency is also calculated, as shown in
Fig. S4 within the Supplemental Material [62].

After establishing that a hybrid dielectric-metal res-
onator can significantly enhance light-matter interactions,
we move to optimize the strong coupling by studying the
effects of the geometric parameters and material param-
eters on the Rabi splitting. We first investigate how the
strong coupling is affected by the radius of the Si nanodisk.
The radius is varied from 45 to 95 nm.

Notably, modes 21 and 31 provide the largest field
enhancements at a nanodisk height of 65 nm compared
with mode 11, as shown in Fig. 4(a). However, mode 11
has the largest Rabi splitting of 80.3 meV at 65 nm among
the three hybrid modes due to its large Purcell factor, as
shown in Figs. 4(b) and 4(c).

The SiO, film thickness has a huge effect on the
strong coupling. As the SiO, thickness decreases, the field
enhancement, Purcell factor, and Rabi splitting increase,
as shown in Figs. 4(d)—4(f). Interestingly, mode 11 shows
a saturated Rabi splitting when the SiO, thickness is less
than 1.75 nm, as presented in Fig. 4(f). Mode 21 has the
largest Rabi splitting (86 meV) with a large Purcell factor
(18 000) and field enhancement (152-fold) for 1-nm-thick
SiO,, while mode 31 exhibits the smallest Rabi splitting
due to its small Purcell factor. Hence, mode 31 is not
considered in this study.

Similarly, the Q factors are calculated for hybrid modes
at various thicknesses of Si nanodisk and SiO, film, as
shown in Fig. S5 within the Supplemental Material [62].
The figure clearly shows that the improvement in O factors
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FIG. 4. (a)~«(c) Calculated electric field enhancement, Purcell
factor, and Rabi splitting when the Si nanodisk height is varied
from 45 to 95 nm. (d)(f) Calculated electric field enhancement,
Purcell factor, and Rabi splitting when the middle-film (SiO,)
thickness is varied from 1 to 4 nm. Blue, red, and green tringle
dots refer to mode 11, mode 21, and mode 31, respectively.

follows the Purcell factor for the uncoupled system and
then improves the strong coupling after integrating a 2D
monolayer with the hybrid structure. Furthermore, Fig. S5
within the Supplemental Material [62] demonstrates that
increasing the SiO, film thickness has a significant effect
on the Q factor.

Since the gap-film thickness has a noticeable effect on
the Rabi splitting, it is interesting to study further the effect
of various materials on the strong coupling between hybrid
modes and excitons. Table I clearly shows that changing
the middle-film material can also increase the Rabi split-
ting of the mode-11—exciton strong coupling from 80.3 to
86.5 meV by using TiO,. This increase in Rabi splitting is
attributed to the increase in the Purcell factor from 4752 to
5487. Similarly, the Rabi splitting for a hybrid system with
mode 21 is found to be 93 meV while the Purcell factor is
23 000.
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TABLEI. Mode 11 is calculated at 65-nm nanodisk height and 2-nm middle-film thickness, whereas mode 21 is calculated at 70-nm
nanodisk height and 1-nm middle-film thickness.

Material Field enhancement Purcell factor Rabi splitting

Mode 11 Mode 21 Mode 11 Mode 21 Mode 11 Mode 21

Middle film Si0, 87 152 4752 18000 80.3 86

TiO, 66 76 5487 23000 86.5 93

Al,O4 78 113 4923 20000 81 92

h-BN 76.3 102 5210 21000 82 92.2
Substrate Ag 87 152 4752 18000 80.3 86

Au 54 33 2291 3000 78 82

Al 32 24 12940 1200 76 60

Although changing the substrate material from Ag to
Au or Al does not further enhance the strong coupling
between hybrid modes and excitons, as shown in Table I,
reducing the silver thickness to 100 nm or even lower can
further enhance the strong coupling between hybrid modes
and excitons. Figure 5(a) shows the effect of reducing
the Ag thickness from 100 to 20 nm. As the Ag thick-
ness decreases, the Rabi splitting of the mode-21 exciton
increases and reaches its maximum of 99 meV for 20-
nm-thick SiO, middle film. Since the middle film shows
an obvious enhancement in coupling strength, the Rabi
splitting is increased to 109 meV and then to 111 meV

(a) 115
e Si0, (1nm)
S 1M0b e+ TiO, (1nm)
E, . * AlL,O, (1 nm)
2 105 [t « h-BN (1 nm)
3 to0f
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FIG. 5.

Scattering Efficiency

when Al,Os; and A#-BN are used as middle-film materi-
als, respectively. Interestingly, TiO, presents the largest
Rabi splitting among all the materials with 125 meV. The
increase of Rabi splitting at various Ag thicknesses can
be seen in the scattering-efficiency spectra in Fig. 5(d).
Electric field enhancement in Fig. 5(b) is calculated with a
I-nm-thick TiO; film for 50- and 20-nm-thick Ag films to
reveal the physics behind it. It can be clearly seen that the
field enhancement in the z plane and y plane is decreased
from 76-fold at 50-nm-thick Ag film to 40-fold at 20-
nm-thick Ag film; however, the field enhancement in the
x plane is increased from 3-fold to 20-fold at 50- and

=3
\c-““\e
<K
660 20 [T

30

(a) Rabi splitting as a function of Ag thickness for various middle-film materials, including SiO; (blue dots), TiO, (green

dots), Al,O3 (red dots), and TiO, (brown dots). (b) Electric field distribution of mode 21 at 20-nm-thick Ag (top panel) and 50-nm-
thick Ag (bottom panel). (c) Scattering-efficiency spectra of the uncoupled modes at various Ag thicknesses when the middle-film
material is TiO;. (d) Scattering-efficiency spectra of coupled modes at various Ag thicknesses when WS; is put in the center of TiO,
thin film.
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(a) Schematic of multilayer 2~-BN/WS, sandwiched between a Si nanodisk and Ag mirror. Each layer consist of a WS,

monolayer placed between two 0.65-nm /-BN films. (b) Rabi splitting versus number layers of 2-BN/WS,; at 200- and 20-nm-thick
Ag. (c) Scattering-efficiency mapping of the strong coupling between hybrid resonance (mode 21) and excitons at seven ~-BN/WS,

layers and Ag thickness of 20 nm.

20-nm-thick Ag film, respectively. One extra reason for
the increase in Rabi splitting is the lower scattering in the
far field because the Ag thickness is smaller, as shown in
Fig. 5(c).

Last, but not least, hexagonal boron nitride (4-BN) is
widely used as the substrate for TMDC materials due to
its high thermal stability, chemical resistance, and elec-
trical insulation. On the other hand, #-BN are also two-
dimensional materials, the surfaces of which are free of
dangling bonds. The atomic surface smoothness ensures
quenched nonradiative recombination due to the lack of
surface defects. The integration of 4A-BN and TMDCs
can significantly improve the performance of optoelec-
tronic devices based on TMDC monolayers. Several stud-
ies demonstrated this improvement by incorporating #-BN
layers as a substrate or spacer in van der Waals heterostruc-
tures of TMDCs [28,64—66]. Thus, it is worthwhile investi-
gating the effect of increasing the number of layers of 2-BN
middle film and WS, monolayer from one to seven layers
on the strong coupling between mode 21 and the exciton,
as shown in the schematic in Fig. 6(a). Each layer of WS,
has a thickness of 0.7 nm encapsulated between two 4-BN
films of 0.65 nm thick placed on 200-nm Ag. For the case
of one layer, the calculated Rabi splitting is 83.4 meV. As
the number of layers increases, the Rabi splitting increases
and then saturates at six and seven layers with a value of
130 meV, as depicted in Fig. 6(b). At seven layers of WS,
in which the WS, monolayer is sandwiched between two
h-BN films, the Si nanodisk is tuned from 90 to 130 nm
to show the anticrossing behavior of the strong coupling
between mode 21 and excitons, as shown in the scattering
efficiency in Fig. S6(a) and dispersion relation calculations
in Fig. S6(c) within the Supplemental Material [62]. These

results are also verified by calculating the absorption effi-
ciency, as shown in Fig. S6(b) within the Supplemental
Material [62]. The increase in the Rabi-splitting value is
related to the rise in the number of excitons involved in
the light-matter interactions between mode 21 and exci-
tons. Similarly, when reducing the Ag thickness from 200
to 20 nm, the Rabi splitting is further boosted to 151 meV,
as presented in Fig. 6(b). The scattering-efficiency map is
calculated with an obvious anticrossing behavior as shown
in Fig. 6(c). The absorption efficiency, dispersion rela-
tionship, and Hopefield coefficients prove these results,
as depicted in Figs. S7(a)-S7(c) within the Supplemental
Material [62].

III. CONCLUSION

We demonstrate an enhanced strong coupling between
excitons in the WS, monolayer and the hybrid dielectric-
metallic nanocavities. By harnessing the advantages of
both dielectrics and metals, the Rabi splitting is as high
as 79.16 meV. Further optimizing the geometric parame-
ters, such as disk height and gap thickness, and choosing
appropriate materials, such as TiO, or 4-BN, significantly
improve the Rabi splitting to 93 meV. We also find that
the thickness of the thin metallic film underneath plays a
vital role in governing the strong coupling. The Rabi split-
ting can be increased to 113 nm for the 20-nm-thick Ag
thin film. Finally, we also find that such a hybrid resonator
can significantly boost the light-matter interactions of mul-
tilayer WS,, where a 151-meV Rabi splitting is observed.
Given that the hybrid resonances have low loss and a small
value, our results may allow us to study nonlinear exciton
polaritons.
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