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ABSTRACT: We demonstrate room temperature coherent hybridization of the A-
and B-excitons in few-layer MoS2, mediated by simultaneous strong coupling to
surface plasmon polaritons. Few-layer MoS2 was placed on a tunable plasmonic
structure and the system’s dispersion was measured by tuning the plasmon energy
across the exciton energies. Strong coupling was observed as double Rabi splitting at
the A- and B-excitons of 81 and 93 meV, respectively. A coupled harmonic oscillator
model sheds light on the nature of the interaction, revealing a quantum superposition
of the A- and B-excitons, mediated by the plasmon interaction. This observation
suggests the possibility of room temperature intra- or intervalley quantum information
transport and/or spin entanglement. The experiment confirms a previous theoretical
prediction of room temperature exciton−exciton hybridization in two-dimensional
MoS2. Further, through modeling we find that room temperature strong coupling is a general phenomenon among two-dimensional
transition metal dichalcogenide exciton−plasmon systems.
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Two-dimensional transition metal dichalcogenides (2D
TMDCs) are under intense study for their optical,

electronic, and catalytic properties.1−4 In particular, 2D
TMDCs are a prime platform for studying coherent light−
matter interactions, exhibiting strong room temperature
exciton−polariton coupling due to their sharp excitonic
transitions. Further, their nanometer thickness is suited for
coupling to plasmon polaritons, being thinner than the
plasmon optical near-field. While most strong coupling work
has focused on coupling the A-exciton of monolayer TMDCs
to polaritons, we find that simultaneous coupling to the B-
exciton is possible at room temperature in few-layer MoS2,
allowing for hybridization of the two excitons.
Exciton−polariton strong coupling5 has been studied in the

field of cavity quantum electrodynamics for over three
decades.6 The field has produced many exciting observations
such as thresholdless lasing,7,8 room temperature condensa-
tion,8 and other quantum coherent phenomena,9 with
potential applications in quantum information.10−12 Strong
coupling occurs between an electronic transition and an optical
mode of equal energy when the coupling strength between the
two is similar to or greater than their average decay.10,13

Distinct from the weak coupling regime, where the Purcell
effect14 can modify the spontaneous emission rate, the energy
band splitting that occurs under strong coupling conditions
implies fundamentally new optoelectronic and chemical
properties.15 The band reconfiguration under strong coupling

has been used to modify decay pathways and control chemical
reaction rates in light-sensitive organic molecules.15−17

In 1974, Agranovich and Malshukov18 predicted and in 1978
Pockrand and Swalen19 demonstrated that the cavity polar-
itons can be replaced by surface plasmon polaritons to create
exciton−plasmon strong coupling, opening up a new platform
for strong coupling investigations. A wide array of plasmonic
thin films and nanostructures is available to experimentalists20

and allows for the excitonic system to be incorporated in a
convenient open planar geometry. To date, most exciton−
plasmon strong coupling has been demonstrated with organic
dye molecules or quantum dots13,20−22 due to their sharply
defined exciton transitions, which survive at room temperature,
and the ability to create thin films in the plasmon near field.
Conventional inorganic semiconductors have exciton binding
energies of ∼10 meV in the bulk23 and a few times higher in
two-dimensions,24 near the thermal energy at room temper-
ature of 26 meV and thus are generally cooled to observe
strong coupling. More recently, 2D TMDCs have emerged as a
new class of inorganic semiconductors with large binding
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energies of ∼100s of meV at mono- to few-layer thickness,1

allowing strong coupling to be observed up to room
temperature.25 Further, their large absorption coefficients
allow nanometer films to absorb tens of percent of incident
light,1 suitable for placement within the plasmon penetration
depth, allowing for strong coupling studies with plasmon
polaritons in addition to the conventional cavity polar-
itons.25−29

In this article, we demonstrate room temperature exciton−
plasmon polariton strong coupling of the A- and B-excitons
and A−B exciton−exciton hybridization in few-layer MoS2
(FL-MoS2) on thin Ag films. The observations of room
temperature exciton−polariton strong coupling of the B-
exciton in MoS2 and room temperature exciton−exciton
hybridization in any 2D TMDC has not been previously
reported. Evidence for the strong coupling is found as double
Rabi splitting at the A- and B-excitons in the experimental
dispersion relation of 81 and 93 meV, respectively. A coupled
harmonic oscillator model sheds light on the nature of the
interaction and reveals a coherent quantum superposition of
the A- and B-excitons, mediated by the plasmon interaction.
We also show that room temperature strong coupling appears
to be a general phenomenon in 2D TMDC exciton−plasmon
systems by calculating dispersion plots for many systems in the
Kretschmann-Raether configuration. Further, this is the first
work to apply the Kretschmann-Raether configuration to
strong plasmon coupling in the 2D TMDCs. The results
obtained are important to the understanding of the properties
of MoS2 and other 2D TMDCs and could have implications in
the design of polaritonic and valleytronic devices.
To study FL-MoS2−Ag strong coupling, we employed the

simple Kretschmann-Raether configuration, shown in Figure
1a, used in the pioneering exciton−plasmon coupling experi-
ments.19,30,31 The Kretschmann-Raether method32 for exciting
surface plasmons in a planar thin film offers a simple method to
incorporate a tunable plasmon resonance and observe strong
coupling. Detuning of the coupling (i.e., probing the
interaction at energies away from that of maximum coupling)
is achieved by simply varying the incident angle of light
through the prism, allowing dispersion plots to be obtained in
a straightforward manner. Transfer matrix simulations33 used
to find target values for the thickness of the Ag and MoS2
layers showed that similar plasmon and exciton peak sizes are
needed to optimize strong coupling;34 ∼40 nm Ag and few-
layer-thick MoS2 were found to be most favorable. The studied
sample consisted of 15 nm CVD-grown FL-MoS2 on 40 nm Ag
on a glass prism. Further details of the fabrication and
simulations are provided in the Supporting Information.
Evidence for strong coupling can be found as anticrossing, or

Rabi splitting,10 of the coupled modes in energy-momentum
dispersion plots. Dispersion plots were constructed by
collecting angle-resolved reflectance spectra in the Kretsch-
mann-Raether configuration (Figure 1a) using an ellipsometer.
Figure 1b shows the reflectance at a few incident angles, θe =
45°, 52°, and 60°. The plasmon energy blue shifts with
increasing angle, dominating the spectrum at the largest and
smallest angles and completely hybridizing with the excitons at
the intermediate angle. Color dispersion plots were con-
structed by plotting absorptivity, A, as a function of incident
photon energy, E, and in-plane wavevector, k∥. Absorptivity
was calculated as A = 1 − R, where R is reflectance.
Transmission was assumed zero as incident light in the prism
undergoes total internal reflection. Although the reflectance

data is collected as a function of angle, the in-plane wavevector
is the appropriate basis to use when studying strong coupling;
using energy-angle dispersion plots results in an overestimation
of the Rabi splitting energy.13,35 The in-plane wavevector is
calculated as k∥ = (2π/λ)ngsin(θi), where λ is the incident
photon wavelength, ng is the index of refraction of the prism,
and θi is the incident angle of light inside the prism. All
measurements were performed at room temperature in air.
Further details of the measurement method are provided in the
Supporting Information.
The experimentally determined dispersion of the few-layer

MoS2−Ag system is presented in Figure 2a. Avoided crossing
and thus Rabi splitting is evident at both the uncoupled A- and
B-exciton energies of 1.86 and 2.01 eV, respectively, indicating
strong coupling between the surface plasmon and each exciton.
The uncoupled exciton energies were determined from dips in
the reflection spectrum taken from the air side of the prism,
where coupling to the surface plasmon is disallowed. Among
the 2D TMDC exciton−plasmon strong coupling literature,
there has been limited work with MoS2 at room temper-
ature.28,36 Liu et al. showed exciton−plasmon strong coupling
in monolayer MoS2 for both the A- and B-excitons at 77 K and
for the A-exciton only at room temperature using a Ag
nanodisk array.28 Vasilevskiy et al. predicted strong room

Figure 1. Plasmon excitation and angle-resolved reflectance using the
Kretschmann-Raether method: (a) The plasmon is excited via p-
polarized white light incident on the FL-MoS2−Ag thin film through
the backside of the glass prism. (b) Reflectance data at a few incident
angles. The vertical gray lines mark positions of the uncoupled A- and
B-excitons. At θe = 45° the plasmon is resonant at 760 nm and the
exciton positions are slightly blue-shifted. In the vicinity of the exciton
energies (θe = 52°), the plasmon completely hybridizes with the
excitons. At θe = 60° the plasmon is resonant at 560 nm and the
exciton positions are slightly red-shifted.
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temperature coupling of the A- and B-excitons in both MoS2
and WS2 monolayers in cavities.37 To the best of our
knowledge, room temperature exciton−plasmon strong cou-
pling of the B-exciton in MoS2 has not been previously
reported.
In Figure 2b, a transfer matrix model33 shows good

agreement with the data presented in Figure 2a. The thickness
and complex refractive index of the Ag and MoS2 thin films
were measured with ellipsometry from the air side of a Ag
control and the actual sample, respectively, and used in the
model (see Supporting Information for further details of the
model). In Figure 2a,b, the lack of data (white space) is a
consequence of converting the dispersion plots from energy-
angle to energy-momentum space, where k∥ ∼ λ−1 ∼ E, where
E is the incident photon energy. The anticrossings do not quite
go to zero because of an absorption background as well as
overlap of the plasmon and exciton spectral shapes.
The strong coupling results in a dispersion with three

branches with each branch representing a new hybrid exciton−
plasmon mode, retaining some character of each of its
constituent parts. It is expected that the new quasiparticles,
which are discovered by their new optical properties, should
also possess altered electrical and chemical behavior. Study of
such properties is the subject of ongoing study. To gain further
insight into the character of the three optical modes, we fit the
data to a semiclassical coupled oscillator model and extracted
the exciton and plasmon fraction of each mode.

The Hamiltonian representing the system in the coupled
oscillator model is shown in eq 1.
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The semiclassical coupled oscillator model treats the
problem as a three-level quantized system of classical fields
where a full quantum model would use quantized fields. Both
models give the same result for the Rabi splitting.13 Loss is
neglected and coupling between the A- and B-excitons is
assumed zero (off diagonal zeros). The diagonal elements ΩA
and ΩB are the Rabi splitting energies at the A- and B-excitons,
equal to twice the coupling strength, Ω = 2g. EA and EB are the
uncoupled exciton energies. To fit the model to the data in
Figure 2a, the peak positions of the three branches were found
by fitting the absorptivity A(E) at each k∥ to three Lorentzians,
represented by the black data in Figure 3. For the fit, ΩA, ΩB,

EA, and EB are set as fit parameters. As such, the only input into
eq 1 is ESPP(k∥), the uncoupled plasmon energy. However, the
plasmon dispersion from a control sample with no MoS2 does
not accurately represent the uncoupled plasmon energy of a
sample with MoS2 because the media on both sides of the
metal thin film influence the behavior of the surface plasmon.
Particularly, the real part of the MoS2 refractive index controls
the behavior of the plasmon in the same way the addition of a
lossless dielectric thin film would. The imaginary part is
responsible for the exchange of energy and thus controls the
coupling. To this end, the transfer matrix model from Figure
2b is solved again, but with the imaginary part of the MoS2
refractive index set to zero. This simulated bare plasmon

Figure 2. Dispersion of FL-MoS2−Ag: (a) Experimental energy vs
transverse wavevector dispersion obtained from angle-resolved
reflectance. Rabi splitting of 81 and 93 meV is evident at the A-
and B-exciton energies of 1.86 and 2.01 eV, respectively. (b) Modeled
dispersion of the sample measured in panel a, calculated using the
transfer matrix method. See main text for calculation of k∥ and other
quantities.

Figure 3. Semiclassical coupled oscillator model fit: Black data are
peaks of the three hybrid modes taken from the experimental
dispersion. Red data are peaks from the modeled uncoupled plasmon.
Orange lines are the coupled harmonic oscillator fit to the black data.
The gray lines labeled EA and EB are the uncoupled exciton positions,
as fit by the model. Anticrossing of the three hybrid modes is a clear
indication of a strongly coupled system.
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dispersion is fitted to a single Lorentzian at each k-point and
the peak value represents ESPP(k∥) in the Hamiltonian and is
plotted in Figure 3 as the red curve. See Figure S5 for a
comparison between the experimental dispersion of the control
Ag and the modeled dispersion with lossless MoS2.
The three k-dependent eigenvalues of the Hamiltonian

represent the three coupled modes of the system and thus the
three branches of the dispersion. A least-squares fitting routine
is used to fit these eigenvalues to the experimental data (in
black), shown as the orange lines in Figure 3. The best fit Rabi
splittings are 65 and 72 meV at the A- and B-exciton energy
positions, respectively, which underestimate the experimentally
observed values of 81 and 93 meV. The fit A- and B-exciton
energies are 1.85 and 2.00 eV, in good agreement with the
experimentally determined values of 1.86 and 2.01 eV.
Each of the three coupled modes is a quantum superposition

of the uncoupled modes, each coherently exchanging energy at
the Rabi frequency. The three eigenvectors, |ϕ⟩k, of eq 1 can be
expressed in the basis of the uncoupled plasmon, |SPP⟩, A-
exciton, |A⟩, and B-exciton, |B⟩, modes, shown in eq 2, with the
square modulus of their respective coefficients, |cn|

2, giving the
contribution of each uncoupled mode to the final state. Figure
4a shows the Hopfield38 coefficients for each of the three
branches.

ϕ| ⟩ = | ⟩ + | ⟩ + | ⟩c c cSPP A Bk 1 2 3 (2)

At the limits of low energy and k∥ (lower branch) and high
energy and k∥ (upper branch), the modes are purely plasmonic
in nature, as the energies are far from the exciton energies. In
the lower and upper branches at the crossing points of the
uncoupled plasmon and exciton momenta, the modes are half
plasmonic, half excitonic in nature. The lower branch contains
no contribution from the B-exciton and the upper branch none
from the A. Interestingly, the middle branch contains non-
negligible contributions from both the A- and B-excitons (15%
each at their intersection), indicating the excitons and plasmon
are coherently hybridized and this hybridization is mediated by
the plasmon. Such polariton-mediated exciton−exciton hybrid-
ization has been previously observed in cavities coupled with
organic molecules39 or to multiple material systems.40,41 More
recently polariton-mediated exciton−exciton and exciton−
trion hybridization has been shown in the TMDCs at

cryogenic temperatures.28,42,43 Vasilevskiy et al. predicted
room temperature hybridization of the A- and B-excitons in
both MoS2 and WS2 (monolayers in photonic cavities).37 Our
observation confirms the predictions of Vasilevskiy et al. in
MoS2 and is the first at room temperature in any of the 2D
TMDCs.
The coherent exciton−exciton hybridization presents an

interesting question: how do the hybridized excitons influence
the properties of the valley-polarized carriers in MoS2?
Monolayer, odd numbers of FL-MoS2, and electrically gated
even numbers of FL-MoS2 exhibit broken inversion symmetry
that leads to energy-degenerate spin-polarized valleys in the
corners of the first Brillouin zone for both A- and B-
excitons.44−46 The valley-polarization lifetime of the A-exciton
is enhanced under strong coupling, where the coherent
exchange between A-exciton and polariton modes outcompetes
decoherent scattering through mechanisms such as the
Coulombic electron−hole exchange interaction.44,47,48 Tok-
man et al. proposed that intervalley A-exciton entanglement
should be possible by coupling linearly polarized single
photons to exciton−polaritons in TMDCs.49 The additional
degree of freedom provided by the B-exciton motivates further
study of the valley physics of the 2D TMDCs under strong
coupling.
Finally, the transfer matrix method was used to study

exciton−plasmon coupling combinatorially in the exciton−
plasmon MX2−P system, where M = (Mo, W), X = (S, Se),
and P = (Ag, Au, Al, Cu). In Figure 5, Rabi splitting is clearly

seen in each system, with the exception of Al. In Al, the
plasmonic tuneability is limited to energies greater than ∼1.8
eV and sharp resonances only available at higher energies,
limiting strong coupling in the TMDCs studied here. The
TMDCs were modeled with few-layer thickness, which as
noted above, is necessary to achieve large Rabi splitting at the
A- and B-excitons.
The results in Figure 5 show that the Kretschmann-Raether

method can be a useful platform for studies under strong

Figure 4. (a) Mixing coefficients for each of the three hybrid mode
dispersion branches, as a function of transverse wavevector. The
coefficients are obtained from the coupled harmonic oscillator model.
(b) Mixing coefficients of the middle branch showing overlap of A-
and B-excitons, implying coherent quantum superposition of the two
modes, mediated by strong coupling to the plasmon.

Figure 5. Generalized strong plasmonic coupling in 2D TMDC
systems. A transfer matrix model is used and the thickness of each film
is tuned to give the largest splitting. Rabi splitting is evident for each
system except those with Al, where interpretation is more difficult.
The axes are scaled to show the major features of the coupling near
the A-exciton. Axis values are omitted for clarity; Figure S4 is fully
labeled.
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coupling conditions while varying other properties. For
example, optical, electronic, and catalytic properties can be
tuned by exchanging one metal or TMDC for another, while
maintaining strong coupling. See the Supporting Information
for details of the model and axis values.
In summary, we have reported room temperature strong

coupling of the A- and B-excitons of MoS2 with plasmons as
well as exciton−exciton hybridization. Our room temperature
findings represent an important advance in the field of strong
coupling as they point to a new possible platform for studies
on room temperature thresholdless lasing and quantum
information processing. The reported A- and B-exciton
hybridization motivates further study with possible applica-
tions such as intra- or intervalley quantum information
transport and entanglement via exciton−exciton hybridization,
controlled in an active strong coupling50 device. Further, we
demonstrate that the 2D TMDCs are a great platform for
strong coupling studies in the Kretschmann-Raether config-
uration, allowing researchers wide latitude in their choice of
plasmonic metal or TMDC. The Kretschmann-Raether
method, with its open geometry, is conducive to biological
and photoelectrochemical studies as well. While there has been
much work on plasmonic biosensors, there has been little
application of strong coupling to biology or chemistry, either of
which could provide many opportunities for novel research.

■ METHODS
Sample Preparation. To fabricate the sample shown

schematically in Figure 1a, Ag (40 nm) with a thin Ti adhesion
layer (∼1 nm) was deposited on the hypotenuse of a right-
angle glass prism (Edmund Optics) via electron beam
deposition. FL-MoS2 (∼5 nm) grown by chemical vapor
deposition was transferred three consecutive times on top of
the Ag for a total thickness of ∼15 nm.
Angle-Resolved Photoreflectance. The experimental

dispersion curves were constructed from angle-resolved p-
polarized reflectance spectra, taken through the glass side of
the prism, as shown in Figure 1a. An ellipsometer (J. A.
Woollam M-2000) was used to collect the data. The reflected
light intensity was normalized to that of a control sample with
200 nm Ag on an identical prism, taken in the same manner.
Thus, reflectance was calculated as R(λ,θ) = I(λ,θ)/IC(λ,θ),
where the intensity of the reflected light from the sample is I
and from the control is IC, and all data was taken
spectroscopically at many angles.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00233.

Sample preparation, measurement techniques, and
modeling (PDF)
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