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Strong coupling and catenary field
enhancement in the hybrid plasmonic
metamaterial cavity and TMDC monolayers
Andergachew Mekonnen Berhe, Khalil As’ham, Ibrahim Al-Ani,
Haroldo T. Hattori and Andrey E. Miroshnichenko*

Strong coupling between resonantly matched surface plasmons of metals and excitons of quantum emitters results in the
formation of new plasmon-exciton hybridized energy states. In plasmon-exciton strong coupling, plasmonic nanocavities
play a significant role due to their ability to confine light in an ultrasmall volume. Additionally, two-dimensional transition
metal dichalcogenides (TMDCs) have a significant exciton binding energy and remain stable at ambient conditions, mak-
ing them an excellent alternative for investigating light-matter interactions. As a result, strong plasmon-exciton coupling
has been reported by introducing a single metallic cavity. However, single nanoparticles have lower spatial confinement
of electromagnetic fields and limited tunability to match the excitonic resonance. Here, we introduce the concept of caten-
ary-shaped optical fields induced by plasmonic metamaterial cavities to scale the strength of plasmon-exciton coupling.
The demonstrated plasmon modes of metallic metamaterial cavities offer high confinement and tunability and can match
with the excitons of TMDCs to exhibit a strong coupling regime by tuning either the size of the cavity gap or thickness.
The calculated Rabi splitting of Au-MoSe2 and Au-WSe2 heterostructures strongly depends on the catenary-like field en-
hancement induced by the Au cavity, resulting in room-temperature Rabi splitting ranging between 77.86 and 320 meV.
These plasmonic metamaterial cavities can pave the way for manipulating excitons in TMDCs and operating active nano-
photonic devices at ambient temperature.
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 Introduction
An optical cavity can control and confine electromagnet-
ic  fields,  inducing  enhanced  light-matter  interactions  at
the nanoscale.  Recently,  researchers  have  dedicated  sig-
nificant  effort  to  plasmon-exciton  coupling,  which  is
based  on  the  strong  coupling  of  plasmons  in  metallic
nanomaterials with excitons in quantum emitters  to de-
velop advanced nanophotonic devices1−4. When the plas-
mon resonance in a metallic cavity strongly couples with

semiconductor  excitons,  a  new  mixed  state  known  as  a
plexciton  is  formed.  Such  strong  coupling  can  be
achieved when the  energy exchange rates  between these
subsystems are  faster  than  the  decay  rates  of  the  plas-
mons  and  excitons5. This  regime  promotes  the  forma-
tion of  hybrid states  that  are  part-light  and part-matter,
which  is  crucial  for  realizing  nanophotonic  devices  that
can  surpass  the  speed  of  semiconductor  electronics  and
the  size  limitations  of  photonic  dielectrics6.  The 
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g ∝ 1/
√
V

coupling  strength  of  the  system  can  be  enhanced  by
high-quality plasmonic  cavities.  To  elucidate  the  pres-
ence of energy exchange between plasmons and excitons,
plasmonic  nanocavities  play  a  significant  role  due  to
their tunability and their ability to confine light in an ul-
trasmall volume7. Hence, by decreasing the effective cav-
ity volume (V), interaction times can be boosted, and the
round trip for photons to return to the same emitter in-
creases the coupling, which scales as , where g
is the coupling energy7,8.

g ∝
√
N

Several groups have reported strong coupling between
plasmons  in  metallic  nanoantenna  and  excitons  in
quantum  emitters  such  as  J-aggregates9,  molecules10,  or
quantum  dots  (QD)  semiconductors3. However,  a  sub-
stantial  number  of  organic  molecules  must  be  included
to achieve  strong  coupling  in  molecular  excitons.  Be-
cause  the  coupling  strength  increases  with  increasing
emitter  numbers,  is  involved  in  the  system11.
Moreover,  controlling  the  electric  field  confinement
around the plasmonic cavity  is  challenging12.  Compared
to QD semiconductors,  TMDC monolayers are stable at
ambient conditions, making them excellent candidates to
observe plasmon-exciton  coupling.  Furthermore,  TM-
DC monolayers have large exciton binding energies with
sharp exciton resonances, making them excellent candid-
ates  for  light–matter  studies  and  beyond13−15. Con-
sequently, the  plasmon  modes  of  individual  nano-
particles  such  as  Au  nanorods16,  silver  (Ag)  nanorods11,
and Ag nanodisks12 demonstrated a strong coupling cri-
terion  with  TMDCs  as  excitonic  modes.  In  the  strong
coupling  of  plexcitons,  active  control  of  an  individual
metal nanoparticle should be demonstrated. Zheng et al.
realized the strong coupling of surface plasmon on an in-
dividual Ag nanorod with excitons in a tungsten diselen-
ide  (WSe2)  monolayer.  However,  this  strong  coupling
was achieved  by  depositing  different  thicknesses  of  alu-
mina  to  produce  plasmon–exciton  detuning,  which  is
not  reversible  with  the  plasmonic  scanning  method11,17.
Moreover, XB Han et al. demonstrated the strong coup-
ling of a plexciton system formed by randomly spraying
silver  nanocubes  onto  the  tungsten  disulfide  (WS2)
monolayer18.  However,  randomly  sprayed  nanoparticles
may not be suitable for integrating complex systems.

To address  this  issue,  we  investigated  a  strong  coup-
ling  of  surface  plasmons  on  metallic  metamaterial
nanocavities  with  excitons  in  TMDC  monolayers.  This
metallic  metamaterial  nanocavity  was  introduced  by
transforming  surface  plasmon  polaritons  (SPP)  with

strong near-field enhancement rather than directly coup-
ling  to  Localized  Surface  Plasmon  Resonance  (LSPR)19.
The  introduced  plasmonic  metamaterial  nanocavity,
hereafter referred to as the Au/Ag cavity, exhibits caten-
ary-shaped optical fields20. These catenary-shaped optic-
al  fields  in  metal-dielectric-metal  (MIM)  structures  can
be  formed  by  coupling  of  surface  plasmons  in  the
cavity21.  The  strength  of  this  catenary-shaped  electric
field  distribution  is  strongly  dependent  on  the  cavity’s
gap. Recently, YJ Huang et al. introduced the concept of
catenary electromagnetic field theory to manipulate elec-
tromagnetic wave  properties  in  metallic  slits  and  con-
firmed that the electric field distribution in metallic slits
takes the form of hyperbolic cosine function. The caten-
ary-shaped optical  field  induced by the  metallic  slit  also
strongly  depends  on  the  slit’s  gap  width22.  In  line  with
metallic  slits,  the  electromagnetic  properties  in  metallic
grating follow  a  hyperbolic  cosine  shape,  as  the  scatter-
ing  fields  at  the  interface  of  the  MIM  structure  are
primarily  evanescent  waves.  The  catenary-shaped  field
distribution  induced  by  the  metallic  gratings  decreases
with  increasing  gap  widths23.  Therefore,  controlling  the
cavity  gap  in  metallic  metamaterials/nanoantennas  is
crucial  for  managing  the  electric  field  confinement.
Thus, higher field confinement in plasmonic cavities is a
necessary condition  for  enhancing  light-matter  interac-
tions. To the best of our knowledge, the strong coupling
between  TMDC  monolayer  excitons  and  a  plasmonic
mode of a metallic metamaterial  cavity has not been in-
vestigated.

Here,  active  control  in  the  Au/Ag  cavity  tunes  the
plasmon  resonance  frequency,  allowing  the  plasmon
mode to match with the excitons of TMDC monolayers.
By  adjusting  the  cavity  gap  and  the  thickness  of  the
nanostructures, the plasmon resonances of Au/Ag cavit-
ies  align  with  the  excitons  of  WSe2, molybdenum disel-
enide (MoSe2), and WS2 monolayers. Moreover, the pro-
posed design  involves  a  complex  nanocavity  with  plas-
mon coupling  properties,  resulting  in  greater  field  en-
hancement  and  exhibiting  striking  properties,  such  as
plasmon hybridization,  which  is  crucial  for  investiga-
tions  into  strong  coupling18.  Consequently,  this  article
mainly  focuses  on  the  Au  cavity  as  the  plasmon  mode
and  MoSe2 and  WSe2 as  the  exciton  modes.  It  is  found
that  plexciton  energies  can  be  realized  by  varying  the
cavity  gap and the thickness  of  the gold nanostructures.
Therefore, a large Rabi splitting ranging from 77.86 and
320  meV  is  achieved  by  Au-MoSe2 and  Au-WSe2
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heterostructures based on highly localized field enhance-
ment in the near field of Au cavity. The proposed hetero-
structures will improve the understanding of the advant-
ages of catenary-shaped optical fields in scaling the Rabi
splitting  of  plexcitons.  Moreover,  this  strong  light-mat-
ter coupling with a large Rabi splitting has the potential
to  enable  the  realization  of  a  single-photon  emitter  by
enhancing  spontaneous  emission.  Besides,  the  designed
plasmonic  metamaterial  cavity  has  relatively  higher Q-
factor  and  can  sustain  electromagnetic  fields  for  longer
durations with lower energy losses. Furthermore, the en-
hanced  interaction  between  the  plasmon−excitons  leads
to the realization of compact and low-threshold laser24,25.
This advancement also applies to the development of op-
toelectronic devices, optical switching, and sensing26−28.

 Results and discussion
The  schematic  structure  shown  in Fig. 1(a) demon-
strates an Au cavity, designed to tune the plasmon reson-
ances.  Au/Ag  cavities  are  employed  as  plasmon  modes
and WSe2,  MoSe2,  and WS2 monolayers are  used as  ex-
citon modes. It is important to note that Au–MoSe2 and
Au–WSe2 heterostructures  were  specifically  investigated
to validate  the presence of  strong coupling under ambi-
ent conditions. The transmission, reflection, and absorp-
tion  spectra  of  the  uncoupled  WSe2,  MoSe2,  and  WS2

were first calculated using Rigorous Coupled-Wave Ana-
lysis  (RCWA).  Their  thickness  was  assumed  to  be  0.7
nm,  and  their  in-plane  permittivity  was  modelled  using
the Lorentz oscillator29: 

ε (E) = εB +
f

E2
exciton − E2 − iΓE

, (1)

εBwhere f is  the  oscillator  strength,  is  the  background
dielectric constant, Eexciton is the exciton energy, and Γ is
the  width  of  the  excitons.  The  optical  values  of  WSe2,
MoSe2,  and  WS2 monolayers  were  taken  from  Ibrahim
A. M. et al.30 and consecutive results were taken for Rabi
splitting  calculations.  Additionally,  the  permittivities  of
Au  and  Ag  were  obtained  from  the  published  data  of
Johnson  and  Christy31.  Then,  numerical  simulations  of
the electromagnetic  properties  of  the  hybrid  nanostruc-
tures  were performed using Finite-Difference Time-Do-
main (FDTD)  Solutions  (by  Lumerical,  Inc.)  with  peri-
odic  boundary  conditions  along  the x and y directions
and perfectly matched layers (PML) in the z-direction. A
plane  wave  source  with  normal  incidence  along  the z-
direction and a wavelength ranging from 600 nm to 900

nm was used as the light source.
A predetermined condition must  be met to systemat-

ically  investigate  the  plasmon-exciton  coupling  in  Au-
MoSe2 and Au-WSe2 heterostructures and verify the tun-
ability  of  the  plasmon  resonance  of  the  Au  cavity.  As
shown  in Fig. 1(b),  the  absorption  mapping  depicts  the
tunability  of  plasmon  resonances  of  the  Au  cavity  by
varying its thickness from 20 nm to 120 nm. Its absorp-
tion peaks shifted from 822 nm to 687 nm with increas-
ing thickness. Figure 1(c) illustrates that the plasmon res-
onance of the uncoupled Au cavity with a thickness of 60
nm overlaps with the exciton energy of the WSe2 mono-
layer. This  design,  which  features  tunable  plasmon  res-
onance and a strong catenary-shaped near-field enhance-
ment, involves controlling the local electromagnetic field
distribution near the surface of the Au cavity. Figure 1(d)
and 1(e) show the  induced  electric  field  profiles  result-
ing  from  the  strong  interaction  between  light  and  free
electrons  in  gold.  As  revealed  in Fig. 1(f),  the  Au  cavity
produces  a  catenary-shaped  electric  field  profile  at  an
air−gold  interface21.  This  catenary-shaped  optical  field
determines the thickness-  and gap-dependent local  field
enhancement,  which  can  be  reduced  with  increasing
thickness  of  the  nanostructure.  This  size-dependent
near-field  enhancement  plays  a  crucial  role  in  studying
the strong coupling.

Furthermore,  the  appropriately  designed  Au  cavity  is
tunable  concerning  the  polarization  angle. Figure 1(g)
reveals polarization-sensitive surface plasmon resonance
(SPR)  in  the  visible  and  near-infrared  wavelengths.  The
plasmon resonance frequency of the Au cavity shifted to
higher energy as the polarisation angle increased from 0°
to  90°  due  to  a  gradual  decrease  in  the  TM mode while
increasing  the  TE  mode.  Additionally, Fig. 1(h) shows
that the near-field enhancement |E/E0| of the Au cavity is
higher at 90° than that of 0°, which has tremendous im-
plications for further strong coupling investigations. Be-
sides,  to  demonstrate  the  effect  of  polarization angle  on
near-field enhancement at two different resonance ener-
gies, 0° and 45° are demonstrated in Fig. S1(a) and S1(b)
in the  Supplementary  information.  For  a  given  excita-
tion wavelength of λ = 859 nm, the TM mode (polariza-
tion  along  the x-axis) exhibits  a  higher  near-field  en-
hancement  |E/E0|  of  20.3  compared  to  45°  with  16.4,
which has both TE and TM components. Conversely, as
the  polarization  angle  increases  from  0°  to  45°,  the  TM
mode's  absorbance  and  near-field  enhancement  |E/E0|
decrease simultaneously due to the increasing TE mode.
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Hence,  for  an  excitation wavelength  of λ =  716  nm,  the
near-field enhancement increases from 3.89 to 15.9 with
increasing  polarization  angle  from  0°  to  45°  (see Fig.
S1(a) and S1(b) in  the  Supplementary  information).
Moreover, the  plasmon  absorbance  band  at  a  polariza-
tion angle of  0°  (TM mode) is  out  of  phase with that  of
90°  (TE  mode),  which  induces  a  tunable  Fano

resonance32.  Additionally,  to  demonstrate  the  effect  of
the period on tuning plasmon resonance of  the Au cav-
ity,  we have performed simulations,  as  shown in Fig.  S2
in the Supplementary information. The period's effect in
tuning the plasmon resonance is found to be almost neg-
ligible.

After  confirming  the  tunability  of  the  plasmon
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Fig. 1 | Plasmon resonances and electric field distribution in Au cavity. (a) Schematic drawing of Au nanostructure with design parameters

of the structure are as follows: W1 = 39 nm, W2 = 33 nm, h =157 nm, g = 108 nm, α = 307 nm, and t = 60 nm. (b) Absorption mapping of un-

coupled Au cavity at a p = 420 nm period. (c) The absorbance of uncoupled Au cavity (red line) and the uncoupled WSe2 monolayers. The Au

cavity's resonance wavelength is designed to resonate with the exciton in WSe2. The electric field is generated at a unit cell of the Au cavity, at

the planes (d) z = 13 nm and (e) y = 70 nm with a polarization along the y-axis.  (f)  The retrieved catenary-shaped near-field enhancement at

air−gold interfaces. (g) The absorption spectra of the Au cavity at different polarisation angles. The thickness of the Au cavity gap was fixed at 60

nm with cavity gaps of W1 = 39 nm and W2 = 33 nm. The polarization angle of 0° is along the x-axis, and 90° is along the y-axis. (h) Near-field

enhancement |E/E0|  with increasing polarisation angle from 0° − 90°. (see (e) for the position). (i) The absorption mapping of Au-WSe2 hetero-

structure at different polarization angles.
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resonance of  the  uncoupled Au cavity,  we also  investig-
ated the polarization-dependent  absorption spectrum of
the  Au-WSe2 heterostructure. Figure 1(i) shows the  ab-
sorption  spectrum  of  the  Au-WSe2 hybrid nanostruc-
ture, with the lower plexciton branch (LPB) blueshifting
with increasing polarization angle while  the upper plex-
citon branch (UPB) remains positioned at  the WSe2 ex-
citon resonances.  This  indicates  the polarization insens-
itivity of  Rabi  splitting.  Furthermore,  the  TE  mode  in-
duces  a  higher  electric  field  enhancement  in  the  cavity,
making it the choice for further strong coupling studies.

The  interaction  between  excitons  of  TMDCs  and  the
plasmon  modes  of  the  Au  cavity  can  be  continuously
tuned by adjusting the size of the Au nanostructure. This
led us to investigate the presence of strong coupling. Fig-
ure 2(a) and 2(d) present the sketched nanostructures of
the  plasmonic  Au  cavity  combined  with  MoSe2 and
WSe2 monolayers, respectively. Their corresponding en-
ergy  resonances  (see Fig. 2(b) and 2(e))  reveal  that  the
plasmon-exciton  coupling  strength  can  be  effectively
tuned  by  varying  the  Au  thickness.  The  LPB  blueshifts
with increasing  Au  thickness  and  approaches  the  ex-
citons of MoSe2 and/or WSe2, while the UPB shifts away
from  the  excitons.  Hence,  the  absorption  spectrum
shows  two  distinct  peaks  energetically  shifted  from  the
uncoupled plasmon and exciton resonances (see Fig. 2(c)
and 2(f)),  indicating  the  presence  of  new  eigenstates.
This confirms the formation of plexciton states in the hy-
brid  nanostructures.  The  frequency  splitting  implies  a
coherent  exchange  of  energy  between  the  plasmon  and
the  exciton  modes33.  Additionally,  as  shown  in Fig.
2(g−i),  in  comparison  with  the  pure  plasmon  mode  of
the Au cavity, Au-WSe2 heterostructures exhibit a high-
er electric field enhancement, providing faster energy ex-
change in the hybrid system.

It's  worth  noting  that  the  difference  in  absorbance
between  the  uncoupled  Au  cavity,  shown  in Fig. 1(c),
and  the  coupled  heterostructures  in Fig. 2(c) and 2(f),
might arise due to the cavity gap width. As illustrated in
Fig.  S3(a) of  the  Supplementary  information,  the  Au-
WSe2 heterostructure  exhibits  higher  absorbance  than
the uncoupled  Au  cavity.  However,  the  near-field  en-
hancement  |E/E0| decreases  from  98.3  to  39.8  with  in-
creasing the cavity gap (W1) increases from 39 nm to 59
nm  (refer  to Figs. 2(h) and S3(c) in  the  Supplementary
information).  Generally,  for  such  complex  geometries,
comparing  absorbance  and  electric  field  enhancement
directly is  not  feasible.  This  is  because  absorbance  rep-

resents the total integration of electromagnetics over the
entire  structure,  while  electric  field  enhancement  is
measured  at  specific  cavity  locations  and  varies  across
different points,  as  shown in Fig.  S3(b) and S3(c) in the
Supplementary information.

Moreover, the demonstrated electric field distribution
in Fig. 2(i) is modelled using the rigorous catenary model22.
 

E (x) = a · cosh (bx) + c , (2)

where, a, b,  and c are  fitting  parameters  that  determine
the shape of the catenary curve. As can be seen from Fig.
1(a), the designed Au cavity has a complex structure, and
can induce multiple catenary-shaped field response. As a
result, Eq. (2) can be deduced to the form:
 

E (x) = a · cosh (b(x±k)) + c , (3)

k

+k x− k

−k
x+ k

where,  is  a  horizontal  translation  factor,  shifting  the
catenary curve left or right horizontally. The electric field
distribution in Fig. 2(i) was extracted from the right side
of Fig. 2(g), resulting in  (i.e., ),  which indicates
that  the  curve  is  shifted  to  the  right  by  133.949  units.
Conversely,  as  shown  in Fig.  S4(b−left) in the  Supple-
mentary information, the extracted electric field distribu-
tion was from the left side of the z plane, resulting in 
(i.e., )  which  indicates  that  the  curve  is  shifted  to
the left  by −127.991 units.  In both conditions,  the near-
field enhancement induced by the Au cavity and its cor-
responding hybrid  structures  follows  the  hyperbolic  co-
sine  function.  This  catenary-shaped  optical  field  is
strongly dependent on the gap width of the cavity, which
is crucial  to  manipulate  coupling  strength  between  ex-
citons of TMDC monolayers and plasmon of metamater-
ial cavities. As mentioned above the current design could
demonstrate strong coupling between the Au cavity and
TMDC monolayers.

E+

The  observed  strong  coupling  of  the  Au-MoSe2 and
Au-WSe2 heterostructures,  dispersion  curves  of  MoSe2

and  WSe2 monolayers,  uncoupled  Au  cavity,  and  their
hybrid heterostructure are calculated by varying the cav-
ity  gap  size  and  the  thickness  of  the  Au  nanostructure.
The  strong  coupling  of  Au-MoSe2 and  Au-WSe2 as re-
vealed in Fig. 2(c) and 2(f) has two distinct resonances: a
higher  energy  mode  ( )  referred  to  as  the  UPB  and  a
lower  energy  mode  (E_) referred  to  as  the  lower  plex-
citon branch (LPB). The observed strong coupling of the
hybrid nanostructure is shown in Fig. 3(a) and 3(c) were
analysed using the coupled oscillator model:34−36
 

Berhe AM et al. Opto-Electron Adv  7, 230181 (2024) https://doi.org/10.29026/oea.2024.230181

230181-5

 

https://doi.org/10.29026/oea.2024.230181
https://doi.org/10.29026/oea.2024.230181
https://doi.org/10.29026/oea.2024.230181
https://doi.org/10.29026/oea.2024.230181
https://doi.org/10.29026/oea.2024.230181


 

Ey

Kz

z
y

x

Mo

Se
MoSe2

Au cavity

Au thickness (nm)

R
e
s
o
n

a
n
c
e
 w

a
v
e

le
n

g
th

 (
n
m

)

A
b
s
o
rb

a
n

c
e

A
b

s
o

rb
a

n
c
e
 (

a
.u

.)

60 80 100 1204020

650

700

750

800

850

700
0.1

0.2

0.3

0.4

750 800 850

900
0.5

0

E+ E−

Au-MoSe2

Wavelength (nm)

Ey

Kz

z
y

x

z

W1

x (nm)

y

x x

W

SeWSe2

Au cavity

Au thickness (nm)

R
e

s
o
n
a

n
c
e
 w

a
v
e

le
n

g
th

 (
n
m

)

A
b
s
o
rb

a
n
c
e

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

60 80 100 1204020

650

700

750

800

850

650

0.1

0.2

0.3

0.4

700 750 800

900

0.5

0

E+ E−

Au-WSe2

Wavelength (nm)

60 80 100

0

20

60

80

40

100

120 140 180160 200

Au-WSe2

39 nm

x (nm)

98.3

0

|E
/E

0
|

|E
/E

0
|

Numerical simulation

Rigorous catenary model

a cb

d fe

g ih

Fig. 2 | Catenary  field  enhancement  and  strong  coupling  in  the  Au-MoSe2 and  Au-WSe2 heterostructure. (a)  Schematic  illustration  of

monolayer MoSe2 on top of Au cavity at normal incidence. (b) Absorption spectrum mapping of Au-MoSe2 as a function of the Au thickness var-

ied from 20 to 120 nm while keeping other parameters constant (W1 = 39 nm, W2 = 33 nm, and period = 450 nm). Light is incident through TM-

DCs monolayers with polarisation along the y-axis. (c) The absorption spectrum of Au-MoSe2 corresponds to (b) with a gold thickness of t = 36.6

nm. Two different hybridized modes, as the UPB (E+), and LPB (E−) are observed in absorption spectra. The demonstrated energy resonances

were taken from the point of matching between excitons in MoSe2 and the plasmon mode of the uncoupled Au cavity. (d) Schematic illustration of

monolayer  WSe2 on top of  Au cavity  at  normal  incidence.  (e)  Absorption mapping of  Au-WSe2 heterostructures by tuning the thickness of  Au

nanostructure with a fixed value of W1 = 39 nm, W2 = 33 nm, h =157 nm, g = 108 nm, α = 307 nm, and p = 420 nm. (f) The absorption spectrum

of Au-WSe2 corresponds to (e) with a gold thickness of t = 60 nm. Electric field distribution at a unit cell of Au-WSe2 nanostructure at the planes

(g) y-plane and (h) z-plane using an excitation wavelength of 758 nm. (i) Catenary-shaped symmetric electric field profile of Au-WSe2 with a cav-

ity gap distance of W1 = 39 nm. The magnitude of the electric field intensity distributions obtained by numerical simulations matched with the rig-

orous catenary model, where a = 7.626×10−9, b = −1.2529, k = 133.949, and c = 9.638 (see Eq. 3).
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(
EP + iℏΓP gPX

gPX EX + iℏΓX

)( α
β

)
= E

( α
β

)
, (4)

gPX
ℏ ℏ

|α|2 + |β|2 = 1

where EP, and EX are the resonance energies of the plas-
mon and exciton modes,  is the coupling strength, and

ΓP and ΓX are  the  half-widths  at  half-maximum
(HWHM) of the plasmon and exciton modes. The eigen-
values E are the corresponding energies of the new quasi-
particles, and α and β are eigenvector components of the
upper and  lower  hybrid  states  that  illustrate  the  inter-
mixing  behaviour  and  satisfy  depicted  in
Fig. 3(b) and 3(d).  The eigenvalues E shown in Fig. 3(a)
and 3(c) are also calculated as
 

E± =
1
2
[(EX + EP]) + i(ℏΓX + ℏΓP )]

±
√
g2PX −

1
4
[EX − EP + i (ℏΓX − ℏΓP)]

2
, (5)

ℏThe  Rabi  splitting  ( ΩPX) of  the  plexciton  is  also  ex-
tracted  from  the  absorbance  mapping  data  of Fig. 2(b)
and 2(e) at the anticrossing point (detuning) where EP =
EX, and Eq. (5) becomes:
 

ℏΩPX = 2
√
g2PX −

1
4
(ℏΓX − ℏΓP)2 . (6)

Additionally,  it  can  be  calculated  by  substituting  the
values  of  the  HWHM  of  the  uncoupled  plasmon  mode
and  uncoupled  MoSe2 and  WSe2 exciton  modes.
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gPX

Consequently, the Rabi splitting is extracted from the fit-
ting  of Fig. 3(a) and 3(c) for  Au-MoSe2 and  Au-WSe2,
respectively.  The calculated Rabi splitting for Au-MoSe2

is 133.61 meV. In this calculation, the HWHM of MoSe2

and  WSe2, as  well  as  their  exciton  resonance,  are  as-
sumed  to  remain  constant  throughout37.  Subsequently,
the coupling strength ( ) is calculated as 

gPX =

√
ℏΩ2

PX + (ℏΓP − ℏΓX)
2

2
, (7)

ℏΓP = 33.42
ℏΓX = 16.05 meV

gPX
ℏΓP

ℏΓX,

gPX >
|ℏΓP − ℏΓX|

2
=

|33.42− 16.05|
2

=

8.68 meV gPX >

√
1
2
(ℏΓP)

2
+

1
2
(ℏΓX)

2√
1
2
(33.42)2 +

1
2
(16.05)2 26.21 meV

and  it’s  67.25  meV.  Where,  meV,  and
 are  HWHM  of  uncoupled  Au  cavity

and MoSe2 respectively. This coupling strength ( ) ex-
ceeds both the cavity loss rate, , and the exciton scat-
tering  rate,  resulting  in  energy  cycling  back  and
forth  between  matter  and  light  components.  Hence,  to
interact  with  light  and matter  continuously,  the  strong
coupling  of  the  system  should  satisfy  two  conditions,

namely 

, and  =

 = .  As  a  result,  the

calculated values reveal for being the Rabi splitting of the
system is nonvanishing and can be experimentally meas-
ured34. Besides, we have calculated the coupling strength
between the plasmon mode of the Au cavity and the ex-
citons of WSe2 monolayer and enter the strong coupling
regime.  The  Au-WSe2 nanostructure  resulted  in  a  Rabi
splitting  of  77.86  meV and a  coupling  strength  of  47.08
meV at the detuning of Fig. 3(c).

ℏΓP = 44.64 ℏΓX = 7.745 meV

Analogous to Au-MoSe2 nanostructure, the calculated
Rabi  splitting  of  Au-WSe2 nanostructure is  nonvanish-
ing  and  can  be  observed  experimentally.  Here,  to  verify
that  the  system  is  nonvanishing,  we  substituted  the
HWHM  of  the  uncoupled  plasmon  and  WSe2 exciton
modes  with  meV  and .
The fitted data of the UPB and LPBs in Fig. 3(a) and 3(c)
are  matched  well  with  the  absorption  mapping  of  Au-
MoSe2 and Au-WSe2 in Fig. 2(b) and 2(e), respectively.

The geometry of the Au nanostructures influences the
Rabi  splitting  of  Au-WSe2 heterostructures. Figure 4(d)
and 4(e) illustrate  the  Rabi  splitting  Au-WSe2 decreases
with increasing  thickness  and  cavity  gap  of  Au  nano-
structure. This variation may be attributed to changes in
the  skin  depth  of  the  plasmonic  Au  cavity.  The  skin
depth of the Au cavity is estimated as the point where the

1
e
|E0|

δ =
√

2
ωμσ

σAu = 4.1× 107

ω = 2πf
μAu ∼ μ0 = 4π× 10−7

Rabi  splitting  of  Au-WSe2 nanostructures  saturates,  at
which the incident electric field (E0) can be decreased by
a value of 1/e. Hence, the electric field travelled inside the

gold  film  to  a  certain  distance  of  is  called  skin

depth  (δ),  is  given  by ,  where σ is the  con-

ductivity  of  gold  with  Siemens/meter
(S/m), ω is angular frequency of the incident electromag-
netic  wave  ( ),  and μ magnetic  permeability  of
gold,  Henry/meter  (H/m)38.  The
frequency was set to the resonance frequency of the plas-
mon oscillation of the uncoupled Au cavity,  assumed to
match the  frequency  of  the  incident  light  (see Fig. 4(f)).
As a  result,  the calculated skin depth (δ)  for  a  thickness
of 80 nm at a cavity gap of 39 nm is 3.80 nm, and for a
thickness of  90 nm at a cavity gap of 42 nm is  3.82 nm.
So, the  electromagnetic  fields  that  can  penetrate  are  al-
most saturated at these points and result in similar Rabi
splitting  with  their  corresponding  larger  size  and  wider
cavity gap (see Fig. 4(d) and 4(e)). Furthermore, the skin
depth of  electromagnetic  waves  in  the  Au  cavity  de-
creases  as  the  thickness  of  the  nanostructure  decreases
due to  increased  scattering  and  interactions  at  the  sur-
faces.  This  leads  to  higher  confinement  and  larger  Rabi
splitting,  which is  consistent with our results.  As can be
seen from Fig. 4(b), the Au cavity with a thickness of 50
nm has  higher  near-field  enhancement  than  its  corres-
ponding with 90 nm. It is worth mentioning that the hy-
brid nanostructure of Au-WSe2 revealed in Fig. 4(c) res-
ulted an |E/E0| of 118 compared to that of Au cavity with
28.  Therefore,  plasmon-exciton  coupling  with  a  small
gold  skin  depth  promotes  the  formation  of  hybridized
states and stronger coupling.

In addition to investigating the effect of the thickness
of the Au cavity on the strong coupling of Au-WSe2 het-
erostructure, we examined the impact of the cavity gap at
a fixed  thickness.  Specifically,  we  considered  an  un-
coupled Au cavity  thickness  of t =  90 nm while  varying
the other parameters (W1 = 22−58 nm, W2 = 16−52 nm,
g =  98.5−116.5  nm, α =  290−326  nm,  and h =
148.5−166.5  nm). Figures  S6(b) and S6(c) showed  that
altering  the  cavity  gap  of  the  Au nanostructure  resulted
in  a  tunable  plasmon  resonance  that  could  match  with
excitons of uncoupled WSe2. Furthermore, Fig. S6(b) re-
vealed  a  significant  redshift  in  the  absorption  spectrum
with  a  decreasing  cavity  gap,  indicating  the  presence  of
strong  plasmon  coupling20,32. Figure 4(b) and 4(c)
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confirmed that a cavity gap of W1 = 22 nm has a higher
near-field  enhancement  than  that  of W1 =  58  nm  (see
Fig.  S5(a–d) in  the  Supplementary  information).  The
catenary-shaped  field  enhancement  scales  the  plasmon
coupling  and  its  corresponding  strong  plasmon-exciton
coupling.  As  seen  in Fig. 4(e),  the  Rabi  splitting  of  the
Au-WSe2 heterostructure  decreases  from  211  to  82.7
meV with an increasing cavity gap distance (W1) from 22
to 58  nm.  Both  Rabi  splitting  and  near-field  enhance-
ment  of  Au-WSe2 consistently decreased  with  an  in-
creasing  cavity  gap  (see Fig. 4(c) and S5(d)).  Increasing
the  cavity  gap  distance  leads  to  lower  confinement.  It's
important  to  note  that  the  Rabi  splitting  shown  in Fig.
4(e) is  extracted  from Fig. 5(d) shows two  different  hy-
bridized modes resulting from the cavity-gap-dependent
strong  coupling  of  Au-WSe2.  Increasing  the  cavity  gap
caused the lower branch to gradually shift  to higher en-
ergy wavelengths and cross the excitons of WSe2,  which

depicts the strong coupling regime (see Fig. S7(b) in the
Supplementary information).

To further validate the effect of the cavity gap on near-
field  coupling,  we  demonstrated  an  Ag  cavity  with  a
thickness of  50  nm.  The calculated catenary-shaped op-
tical  fields  decrease  with  increasing  cavity  gap  distance
(see Fig. S8(a−c) in the Supplementary information). The
calculated catenary-shaped field enhancement of  the Ag
cavity  is  broadly similar  to that  of  its  corresponding Au
cavity.  Varying  the  cavity  gap  (W1)  from  22  to  58  nm
lowered the |E/E0| from 59.6 to 27.6.

Moreover,  in  investigations  of  strong  plasmon-ex-
citon coupling,  the  plasmonic  cavity's  quality  factor  (Q-
factor) plays  a  significant  role  by  confining  photons  in-
side  the  cavity.  G  Zengin  et  al.  calculated  a Q-factor  of
20.2 for single isolated silver nanoprisms, which were ap-
plied in  strong  plasmon-exciton  coupling  under  ambi-
ent  conditions37.  In  contrast,  the  introduced  plasmonic
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metamaterial Au cavity  possesses  a  higher  Q-factor,  ap-
proximately  35,  due  to  the  increased  confinement  of
near-field enhancement within the cavity  (see Fig. 5(c)).
The  higher Q factor ~35  means  that  the  plasmon  sur-
vives in  the  cavity  for  35  cycles  before  dephasing,  lead-
ing  to  lower  energy  losses  and  intensifying  the  strength
of plasmon-exciton coupling.  Moreover,  these plasmon-
ic cavities can be easily hybridized with photonic cavities
to  enhance  the  performance  of  advanced  quantum
technologies39.

In addition, we investigated the effect of the substrate
on  the  Rabi  splitting  of  Au-MoSe2 and  Au-WSe2 nano-
structures  (see Fig. 5(a) and 5(b) for the design).  To ex-
amine  the  substrate's  impact  on  Rabi  splitting,  we  used
SiO2 with  a  refractive  index  of  1.45,  while  adjusting  the

Au cavity  gap  (W1)  from 22  nm to  58  nm,  with  a  fixed
thickness  of t =  90  nm. Figure 5(e) and 5(f) reveal  that
nanostructures with a cavity gap of 22 nm exhibit a high-
er energy splitting of the UPB and LPB than those with a
58 nm gap. Besides, Fig. 5(e) shows that the LPB of Au-
WSe2/SiO2 has shifted to a lower energy level compared
to  Au-WSe2 in  the  air  (see Fig. 5(d)),  which  is  expected
to induce a redshift in the plasmon resonance due to the
dielectric screening effect40. As seen in Fig. 5(e) and 5(f),
both Au-WSe2 and Au-MoSe2 on the substrate cross the
energy levels of excitons, which is crucial for further ex-
perimental fabrication and practical applications. This is
because  the  plasmonic  resonance  of  the  Au  cavity  has
higher confinement  with  a  small  mode  volume,  indu-
cing faster energy exchange in the plexcitons.
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Finally, we compare the feasibility and performance of
our  plasmonic  metamaterial  cavity  structure  with  those
of previously  reported  plasmonic  modes  based  on  indi-
vidual  plasmonic  nanoantennas. Table 1 briefly com-
pares Rabi  splitting  in  plasmon-exciton  hybrid  nano-
structures from  previous  studies  to  our  work.  In  addi-
tion  to  investigating  strong  coupling  in  Au-MoSe2 and
Au-WSe2 heterostructures,  we  also  calculated  the  Rabi
splitting  for  Ag-WSe2 and  Ag-WS2. To  align  the  plas-
mon resonance induced by Ag metamaterial cavities with
the excitons of WS2 and WSe2, we varied the period and
cavity  gap  (see Fig.  S9(a) and S9(b) in the  Supplement-
ary information). Here, variations in the nanostructure's
cavity  gap  and/or  thickness  can  result  in  different  Rabi
splitting values (see Fig. 4(d) and 4(e)). Thus, increasing
cavity  gap  distance  weakens  the  near-field  interaction
between  the  surface  plasmons  and  excitons  in  TMDC,
thereby  reducing  the  coupling  strength  (see Fig. 4(e)).
On top of  that,  it's  worth  mentioning that  the  currently
necessity of higher field confinement41. This strong con-
finement leads to more intense light-matter interactions.
Additionally, unlike  vertical  nano-resonators,  the  elec-
tromagnetic field in metamaterial cavities can be aligned
with  the  orientation  dipole  moment  of  TMDCs33.  This
alignment facilitates efficient energy transfer between the
cavity's  plasmons  and  the  TMDC  monolayers' excitons,
resulting in significant Rabi-splitting.

Lastly, it is noteworthy to explain the practical feasibil-
ity of our design. Such a metal-TMDCs hybrid structure
can be fabricated using a standard nanofabrication facil-
ity. Firstly, the metamaterial structures can be fabricated
by depositing  a  thin  gold  or  silver  film  on  a  glass  sub-

strate. After the film is prepared, focused ion beam (FIB)
milling  can  be  employed  to  etch  the  film  to  a  certain
depth32. Then,  the  thin  film TMDC monolayer  is  trans-
ferred  onto  the  Au/Ag  cavity42.  The  strong  coupling  in
the hybrid system can be confirmed by measuring it us-
ing photoluminescence measurements33.

 Conclusion
In summary, we have successfully demonstrated that the
catenary-shaped  near-field  enhancement  of  metallic
metamaterial cavities results in a large Rabi splitting un-
der  ambient  conditions.  By tuning the  size  of  the  cavity
gap and thickness of the plasmonic Ag/Au cavities, anti-
crossing behavior of the plasmon-exciton polaritonic hy-
brid states (Plexciton) with a Rabi splitting ranging from
77.86  to  320  meV  is  observed.  The  resulting  Plexcitons
are  analyzed  using  Hopfield  coefficients,  which  can  be
calculated using a two-coupled oscillator model. The cal-
culated  Rabi  splitting  for  the  Au-WSe2 and  Au-MoSe2

nanostructures is  nonvanishing  and can be  experiment-
ally measured. The results obtained in our study and the
proposed  plasmonic  metamaterial  cavity,  along  with  its
heterostructures,  will  pave  the  way  for  improving  our
understanding  of  the  effect  of  catenary-shaped  optical
fields on  strong  plasmon−exciton  coupling.  The  plas-
monic Au cavity has a quality factor of ~35, and its het-
erostructures have the potential to enable the realization
of a  single-photon  emitter.  Besides,  the  enhanced  inter-
action between the plasmon-excitons leads to the realiza-
tion  of  compact  and low-threshold  lasers,  as  well  as  the
advancement of optoelectronic devices.

 
Table 1 | Shows the Rabi splitting of plasmonic metal nanocavities with excitons in TMDCs. To align the uncoupled Ag plasmon reson-
ances with TMDC excitons, we varied the period of the cavity slits while keeping the Ag thickness fixed at 50 nm. For additional geo-
metric parameters of the hybrid nanostructures of Ag-WSe2 and Ag-WS2, please refer to Fig. S9(a) in the Supplementary information.
 

Excitonic TMDC
(monolayer)

Previous studies
Rabi-splitting in our

work [meV]

Hybrid structure Rabi splitting in [meV] Ref.

MoSe2
MoSe2 Monolayer withgold bowtie nanoantenna 130 ref.43

Au cavity−MoSe2 monolayer − 84−253.6

WS2

Ag cavity−WS2 monolayer − 95.5

Individual plasmonic gold nanorod on WS2 monolayer 106 ref.44

Single Au@Ag nanocavity and WS2 monolayer 110 ref.45

WSe2

Single silver nanorod on WSe2 monolayer 49.5 ref.11

Ag cavity−WSe2 monolayer − 97.7
Plasmonic nanocavities−WSe2 (i.e., detuning is shown

with 7 layers of WSe2)
135 ref.46

Au cavity−WSe2 monolayer − 77.86−320
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