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ABSTRACT: Strong coupling between emitters and cavities
underlies many of the current strategies aiming at generating and
controlling quantum states at room temperature. Recent experi-
ments reveal strong coupling between two-dimensional transition
metal dichalcogenides (TMDCs) and individual plasmonic
structures; however, the coupling strength is quite limited (<200
meV), and the active control of the coupling strength is
challenging. Here, we demonstrate the active tuning of plexcitonic
coupling in monolayer WS2 coupled to a plasmonic nanocavity by
immersing into a mixed solution of dichloromethane (DCM) and
ethanol. By adjusting the mixture ratio, continuous tuning of the
Rabi splitting energy ranged from 183 meV (in ethanol) to 273
meV (in DCM) is achieved. The results are mainly attributed to
the remarkable increase of the neutral exciton density in monolayer WS2 as the concentration of DCM is increased. It offers an
important stepping stone toward a further study on plexcitonic coupling in layered materials, along with potential applications in
quantum information processing and nonlinear optical materials.
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1. INTRODUCTION

Light−matter interactions are essential to many contemporary
scientific disciplines.1−3 A special interaction regime called
strong coupling4−7 is achieved when the rate of coherent
energy exchange between an emitter and a cavity exceeds their
intrinsic dissipation rates. Layered materials, in particular, two-
dimensional transition metal dichalcogenides (TMDCs)
possessing a huge dipole moment, attract much interest in
the research of strong light−matter interactions.8 Recently,
several studies demonstrate strong plasmon−exciton (plexci-
tonic) coupling between TMDCs and plasmonic nanostruc-
tures. Although TMDCs provide a better platform for realizing
strong coupling at room temperature than quantum dots
(QDs) and J-aggregates, the observed Rabi splitting (RS)
energy is quite limited (<200 meV).9−17 The largest RS
energies are obtained to be 163 and 175 meV in mono-16 and
multilayer TMDCs,17 respectively, coupled to plasmonic
nanostructures, which are still smaller than that in the J-
aggregate system (typical value ∼400 meV).18,19 Therefore, it
is essential to enhance plexcitonic coupling strength in
TMDCs/plasmonic nanocavity.
On the other hand, the continuous control of the strong

coupling strength is highly desirable for a versatile coupling
system with precisely tailored optical responses.20 As recently
reported, it has been demonstrated in TMDCs/plasmonic

nanocavity with electric tuning.21,22 However, the reported
strong coupling strength is limited to ∼60 meV, while it can
only be turned down to the weak coupling regime. Therefore,
it is quite a challenging task to tune the plexcitonic coupling
with enhanced coupling strength in TMDCs/plasmonic
nanostructures. In general, it is the neutral exciton that
interacts with the surface plasmon for strong coupling.9−17

Excitingly, excitons in TMDCs are proved to be reversibly
converted from trions in TMDCs by chemical doping23 and
solvent effects.24,25 Furthermore, the transition dipole moment
in solvent-immersed TMDCs is also increased, which is
conducive to enhancing the strong coupling strength. There-
fore, it is expected to enhance and tune the coupling strength
by manipulating excitons in TMDCs under immersion in
different solvents.
In this work, we demonstrate exciton manipulation of

plexcitonic coupling in a monolayer WS2-Ag nanocavity by
immersing into the mixed solution of dichloromethane
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(DCM) and ethanol. By increasing the concentration of DCM,
the RS energy is tuned from 183 meV (in ethanol) to 273 meV
(in DCM) continuously, which is mainly attributed to the
remarkable increase of the neutral exciton density in
monolayer WS2 as the concentration of DCM is increased.
To the best of our knowledge, it shows the largest RS energy
value up to 273 meV with a tuning width of 90 meV in layered
TMDCs/plasmonic nanocavity. In addition, this method is a

very simple and convenient technique with high reversibility. It
may have potential applications in quantum information
processing and manipulating chemical reactions.

2. RESULTS AND DISCUSSION

2.1. Sample Characterization. The schematic diagram of
the WS2-Ag nanocavity is shown in the inset of Figure 1a. The

Figure 1. (a) Experimental setup for measuring single hybrids. BS indicates beam splitting. Inset: scheme of a WS2-Ag nanocavity immersed in a
solvent. (b, c) Bright-field and DF images of the hybrids. Inset of (b): TEM image of the Ag nanocube. The white dash line in (c) marks the edge
of WS2. (d) AFM image of a WS2 flake grown on the sapphire substrate. Inset: AFM height profile indicated by the blue line. (e) Measured
absorption spectrum of monolayer WS2 on the sapphire in air (black curve). The red curve is the single-peak Lorentz fit.

Figure 2. (a) PL spectrum of monolayer WS2 (orange curve) and scattering spectrum of a plasmonic nanocavity (green curve) in air. (b, c, d) DF
scattering spectra of three representative WS2-Ag nanocavities with different colors. Inset: DF scattering image. Scale bars are 1 μm. Gray dots show
the measured scattering response. Blue dashed lines show the individual Lorentzian fits and red solid lines show the combined fits.
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plasmonic nanocavity belongs to a highly confined nano-
particle over mirror (NPoM) geometry, which consists of a
single Ag nanocube and an Ag film. The surface plasmon
resonance (SPR) of the plasmonic nanocavity can be tuned by
the nanogap thickness and nanocube size. A 9 nm thick spacer
film (Al2O3) and monolayer WS2 were inserted into the
nanogap. The dark-field (DF) scattering spectra and photo-
luminescence (PL) spectra of single hybrids were measured
with an optical microscope (Olympus, BX 53), as schemati-
cally shown in Figure 1a. Figure 1b shows an optical image of
the WS2-Ag nanocavity. The dark yellow area presents a WS2
flake and red dots present single Ag nanocubes. The
transmission electron microscopy (TEM) image in the inset
shows a Ag nanocube with an edge length of ∼75 nm. The
corresponding DF scattering image is shown in Figure 1c. The
white dashed curve indicates the edges of WS2 and the bright
spots present single nanocubes. Different colors correspond to

the Ag nanocubes with varied sizes, indicating the resonant
position of the nanocavity. In Figure 1d, the atomic force
microscopy (AFM) image shows a triangular WS2 flake. The
height profile (inset) indicates that monolayer WS2 with a
thickness of ∼0.7 nm is used. Figure 1e shows the absorption
of monolayer WS2 on the sapphire, displaying three peaks
corresponding to neutral A-, B-, and C-excitons. A-exciton is
fitted by a Lorentzian shape with parameters: E0 = 2.036 eV
and γ = 0.08 eV.
The orange curve shown in Figure 2a is the PL spectrum of

monolayer WS2. The green curve is the scattering spectrum of
the plasmonic nanocavity in air, which is tuned to overlap the
PL peak by adjusting the thickness of the Al2O3 film. The
quality factor, Q, of the nanocavity in air is calculated to be
∼10. Then, the scattering spectra of the hybrids with different
colors shown in Figure 1c are measured. Three representative
scattering spectra of yellow, red, and green spots are shown in

Figure 3. (a, c, e) Scattering spectra from hybrids with different sizes of Ag nanocubes in air, ethanol, and DCM, respectively. The detuning energy
(meV) of each spectrum is listed on the left. The blue band marks the neutral exciton position in the bare WS2 monolayer. (b, d, f) Dispersions of
the hybrid states in air, ethanol, and DCM, respectively. It is extracted from the experimental data (red and blue dots) and calculated using eq 1
(red and blue lines). The black dashed lines represent the uncoupled exciton transition energy and plasmon resonance energy.
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Figure 2b−d, respectively. Clearly, the scattering spectra reveal
the resonance mode splitting. It arises from strong plasmon−
exciton coupling, that is, the formation of plexcitons, as will be
demonstrated later. It is worth noting that the WS2 monolayer
has large values for the real and imaginary parts of its dielectric
permittivity (absorption coefficient: α = 3.6 × 105 cm−1).26

Thus, exciton absorption has an important influence on the
scattering spectra of hybrids. For fitting the scattering spectra, a
three-Lorentzian model is developed. As shown in Figure 2b−
d, each blue dashed line shows the individual Lorentzian shape
fit. Specifically, the fitting of the positive amplitude is used to
fit the two peaks, and the negative amplitude is added by
taking into account the effect of the exciton absorption of the
WS2 monolayer. During fitting, the Lorentz parameters of the
negative amplitude come from the absorption spectrum shown
in Figure 1e (see the Supporting Information (SI) for the
fitting details). It can be seen that the numerical fittings (red
curves) are in good agreement with the experimental data
(gray dots).
2.2. Enhancement of Coupling Strength in Solvents.

Figure 3a presents the scattering spectra of the WS2-Ag
nanocavity with different Ag nanocube sizes in air (see Figure
S1 in the SI). It is observed that the mode splittings are shifted
at different detuning energies. The energy peaks higher (or
lower) than the exciton energy are defined as the high (or low)
energy branch (HEB or LEB). The values of HEB and LEB are
extracted from the scattering spectra by fitting with the three-
Lorentzian model. Then, the energy peaks as a function of
detuning can be traced out, showing an anticrossing curve in
Figure 3b. It can be fitted with the semiclassical coupled
oscillator model (SCCOM)

δ= + ± +±E E E g
1
2

( 4 )SP 0
2 2

(1)

where E± are the eigen energies of the hybrid system, δ = ESP −
E0 is the detuning energy between uncoupled surface plasmon
energy (Esp) and neutral exciton energy (E0), Esp is obtained by
ESP = E+ + E− − E0, and g is the coupling strength. The two
hybrid states exhibit plasmon−exciton dispersion character-
istics with an RS energy of ℏΩ = 2g = 142 meV, at Esp = E0.
Figure 3c,e presents the measured multiple scattering spectra
in ethanol and DCM, respectively, and extracted anticrossing
curves are shown in Figure 3d,f, respectively. Specifically, the
weak scattering peaks at ∼1.8 and ∼2.6 eV are originated from
the Al2O3/Ag/Si substrate and the edge of the WS2 monolayer,
respectively (see the SI for details). The RS energies are
calculated to be 183 and 273 meV for ethanol- and DCM-
immersed hybrid systems, respectively. Obviously, the coupling
strengths in solvent-immersed hybrids are both enhanced in
comparison to that in air. It is worth noting that the line widths
of the exciton and the surface plasmon (in air), γ0 and γsp, are
extracted to be ∼50 and ∼214 meV from Figure 2a. In
addition, the line widths of the surface plasmon, γsp, in ethanol
and in DCM are extracted as ∼238 and ∼263 meV (see Figure
S2 in the SI). The polariton line widths,

γ γ+
2

SP 0 , are calculated

to be 132 meV (in air), 144 meV (in ethanol), and 156 meV
(in DCM). Therefore, the strong coupling is achieved in our
experiment because the polariton line widths are smaller than
the corresponding RS energies.27−29

For analyzing the enhancement mechanism of coupling
strength in different solvents, we first study the solvent effect
on the PL property from monolayer WS2. Figure 4a shows the
PL spectra of WS2 in air or immersed in different solvents
under excitation of a continuous-wave laser at 473 nm. In

Figure 4. (a) PL spectra of monolayer WS2 on an Al2O3−Ag film. Inset: normalized PL spectra. (b−d) PL spectra of pristine and solvent-immersed
WS2 (dashed black) deconvoluted into the exciton (∼615 nm; purple area) and trion (∼626 nm; green area) peaks. The convoluted PL spectra are
shown in red. The spectral weights of the exciton and trion peaks are (b) 81 and 19%, (c) 59 and 41%, and (d) nearly 100% exciton, respectively.
Insets of (b and c): artist view on electron transfer between WS2 and solvents.
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general, it is observed that PL intensities are enhanced and
quenched in DCM and ethanol solvents compared to that in
air, respectively. The inset shows the normalized PL spectra at
the same peak position with quite different spectral profiles.
Specifically, an extra peak is observed in ethanol-immersed
WS2. In Figure 4b,c, the spectra are analyzed by deconvoluting
into two Lorentzian profiles of the exciton (X at ∼615 nm)
and trion (X− at ∼626 nm) peaks.30 The spectral weights of
the exciton and the trion in monolayer WS2 in air (Figure 4b)
are fitted to be 81 and 19%, respectively. The trion emission
originates from the transition of two electrons bound to one
hole, on account of abundant electrons in n-type WS2.

23 In
ethanol-immersed WS2 (Figure 4c), the exciton weight is
decreased to 59%, the trion weight is increased to 41%. In
contrast, DCM-immersed WS2 (Figure 4d) displays the
opposite behavior. The fitting result shows that only the
neutral exciton spectrum is observed (∼100%). The variation
of the exciton/trion ratio in solvent-immersed WS2 is
attributed to the electron transfer between solvents and WS2.

24

For any two interacting molecules, the difference in
electronegativity drives electron transfer and determines the
electron flow direction. Electronegativity (χ) characterizes the
ability of an atom to attract electrons in a material, which is
defined as31

χ = +1
2

IP EA
(2)

where IP is the ionization potential and EA is the electron
affinity. Thus, the electronegativity value of ethanol and DCM
are calculated to be 2.49 and 5.05 eV, respectively.31−34 The
electronegativity of TMDCs can be expressed as35,36

χ = + −E E E0.55TMDC VBM e g (3)

where EVBM is the potential of the valence band maximum
(VBM) against a normal hydrogen electrode (NHE), Ee is the
standard electrode potential on the NHE scale, and Eg is the
band gap. The electronegativity value of monolayer WS2 is
calculated to be ∼4.83 eV,37,38 which is smaller than that of
DCM. Therefore, monolayer WS2 loses residual electrons in
the DCM solvent, and the spectral weight of the exciton is
increased up to nearly 100%. On the contrary, monolayer WS2
in ethanol attracts electrons, and the exciton weight is
decreased to 59%. In the experiment, the exciton weight in
DCM-immersed WS2 is increased by ∼1.2 times, while in
ethanol-immersed one, it is decreased by ∼0.7 times.
Therefore, it inspires us to control the coupling strength by
tuning the exciton number in a mixed solution of DCM/
ethanol.

2.3. Continuous Tuning of Coupling Strength. Figure
5a exhibits the RS energy as a function of molar ratio. The
molar ratio is defined as the mole fraction of DCM in a mixed
solution of DCM/ethanol, denoted m. Figure 5b shows the
exciton weight (blue dots) and relative PL intensity (red dots)
averaged in several monolayer WS2. As the molar ratio is
increased from 0 to 0.12, the proportion of neutral excitons in
the monolayer WS2 is increased from 50 to 95%, and the
measured RS energy is increased rapidly from 183 to 230 meV
accordingly. Therefore, the increased exciton number due to
electron transfer is the dominating reason for the coupling
enhancement in the molar ratio (0−0.12). As the molar ratio is
further increased (0.12−0.4), the measured RS energy shows a
slight decrease to 210 meV. Since the exciton weight and the
PL intensity show a small variation, the decrease of RS energy
may be attributed to the fact that the transition dipole moment
of DCM is smaller than that of ethanol. As the molar ratio is
increased from 0.4 to 1.0, the measured RS energy is increased
from 210 to 273 meV. Figure 5b shows that the PL intensity is

Figure 5. (a) RS energy in a WS2-Ag nanocavity as a function of molar ratio. (b) Measured exciton weight (blue dots) and the relative PL intensity
(red dot) in monolayer WS2 as a function of molar ratio. The blue and red curves indicate the numerical fitting results.

Figure 6. (a−c) PL decay results (green dots) for bare WS2 on the Al2O3/Ag film in DCM/ethanol mixed solvents with molar ratios of 0.48, 0.73,
and 1.0, respectively. The red curves indicate the fitted results with a biexponential decay function.
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increased, while the exciton weight is stable, implying that the
enhanced PL intensity is not due to charge transfer.
Furthermore, the PL lifetime of monolayer WS2 in the mixed
solution at different molar ratios is shown in Figure 6. The red
curves show the numerical fittings with a biexponential decay
function, which consists of a fast component (τ1) and a slow
component (τ2). As the molar ratio is increased from 0.48 to 1,
τ1 is increased from 47 to 73 ps, while τ2 keeps a constant of
∼250 ps. Generally, the fast component represents the
nonradiative recombination related to the defect states. The
increased τ1 indicates that the defects in WS2 are repaired by
DCM.39 Thus, the exciton number in the molar ratio (0.4−
1.0) is significantly increased.
Following is the detailed analysis of RS energy tuning. The

coupling strength between the exciton and the surface plasmon
is given by27,40,41

μ
π
λεε

μ= ∝g
h Nc

V
N V

4
/bar

0 (4)

where μ is the exciton transition dipole moment of monolayer
WS2,

9 N and λ are the number and wavelength of the exciton, ε
is the dielectric function, and V is the effective mode volume of
the nanocavity. According to the definition of the effective
mode volume of the optical cavity,42 the mode volume of the
Ag nanocavity is calculated to be around V = 0.001(λ/n)3,43

where n is the effective refractive index in the nanocavity. Since
the nanogap is surrounded by the solvent, Al2O3, and
poly(vinylpyrrolidone) (PVP), the value of n can be calculated
by n ≈ (nsolvent + nAl2O3

+ nPVP)/3. The refractive indices of
ethanol and DCM are 1.36 and 1.42, respectively. Thus, the
refractive index of the plasmonic nanocavity is calculated to be
1.42 in air, 1.54 in ethanol, and 1.56 in DCM. The mode
volume is 82 × 103 nm3 in air, 64 × 103 nm3 in ethanol, and 62
× 103 nm3 in DCM. Since the refractive index of the
nanocavity shows a low variation of 1.3% in ethanol/DCM, V
can be regarded as a constant for calculating the coupling
strength.
According to static screening approximation, the relative

exciton transition dipole moment of TMDCs in solvents can
be estimated by μ μ ε≈/solvent air eff ,

44 where εeff is the effective
dielectric constant. εeff of the monolayer WS2-Ag nanocavity
can be estimated as εeff ≈ (εsolvent + εAl2O3

+ εPVP)/3, where

εsolvent is the static dielectric constant of the solvent. εAl2O3
= 4.5

and εPVP = 2.37 are the dielectric constants of Al2O3 and PVP,
respectively. The static dielectric constants of ethanol and
DCM are 25.3 and 8.93, respectively. For the hybrid in ethanol
and DCM, it is obtained that μethanol/μair = 2.02 and μDCM/μair
= 1.41, respectively. Thus, the relative μ(m) as a function of
molar ratio is written as

μ μ μ μ μ= + −

= −

m m m

m

( ) / (1 ) /

2.02 0.61
DCM air ethanol air

(5)

For calculating the exciton number, both the exciton weight
and PL intensity in the mixed solvent are considered. In Figure
5b, the exciton weightW(m) and the relative PL intensity I(m)
as a function of the molar ratio of DCM/ethanol are
numerically fitted by

= − −W m( ) (1 0.4e )m25 2 (6)

= +I m m( ) 5 20 3 (7)

PL intensity is proportional to the square of the exciton
transition dipole moment and is also proportional to the
exciton number. The exciton number (N) (Figure S3) in
monolayer WS2 can be calculated by

μ= +N m N W m I m m( ) ( ) ( )/ ( )0
2

(8)

where N0 is the intrinsic exciton number of monolayer WS2.
According to eqs 4, 5, and 8, the RS energy can be fitted as
shown in Figure 5a (red curve), which is in good agreement
with the experimental data. It indicates that the tuning of
coupling strength in solvents is mainly ascribed to the electron
transfer and defect passivation, as well as the variation of the
transition dipole moment. In addition, the calculated scattering
spectra in air, ethanol, and DCM are shown in Figure S8 by
Comsol Multiphysics. By tuning the oscillator strength value of
monolayer WS2, a similar RS energy is obtained. We thus
conclude that changing the dielectric environment of a coupled
plasmon−exciton system comprising an Ag nanocube and
monolayer WS2 is very useful for tuning the coupling strength.

3. CONCLUSIONS
In summary, we demonstrate active exciton manipulation of
plexcitonic coupling in a monolayer WS2-Ag nanocavity by
immersing in a mixed DCM/ethanol solution. An RS energy
up to 273 meV is obtained by immersing in the DCM solvent,
which is, to the best of our knowledge, the largest value
reported for the layered TMDCs/plasmonic nanocavity. More
importantly, the RS energy can be tuned from 142 meV (in
air) to 273 meV (in DCM) by adjusting the solvent with
different mixture ratios, indicating a large tuning width of 131
meV. It is mainly attributed to the remarkable increase of the
neutral exciton density in monolayer WS2 as the concentration
of DCM is increased. This method is very simple and
convenient with high reversibility. Thus, it may open a new
avenue within the area of engineering strong coupling with
enhanced coupling strength in the layered TMDCs/plasmonic
cavity, which has potential applications in quantum informa-
tion processing and nonlinear optical materials.

4. METHODS
4.1. Sample Preparation. The plasmonic nanocavity was

fabricated with a self-assembly method. First, a Ti/Ag thin film with
a thickness of ∼10/80 nm was coated on silicon wafers using electron
beam evaporation. Then, the Al2O3 spacer film was deposited on the
Ag-coated substrate by atomic layer deposition (ALD) at 100 °C.
WS2 flakes (Sixcarbon Tech. Shenzhen) were grown on sapphires by
the chemical vapor deposition (CVD) method. To avoid introducing
dust, we transferred WS2 flakes from the sapphire to the Al2O3−Ag
film with polydimethylsiloxane (PDMS).45 Finally, the Ag nanocubes
with a PVP layer (nanoComposix, size of 65−95 nm) were drop-
coated onto the WS2 monolayer and were rinsed off with deionized
water to remove excess nanocubes. The sample was then blow-dried
using nitrogen gas. Ag nanocubes were monodispersed on the Al2O3−
Ag film uniformly. To avoid coupling among Ag nanocubes, a proper
distribution of nanocubes is necessary. For preparing the solvent-
immersed hybrids, about 10 μL of the solution was dropped on the
sample, forming a thin film with a thickness of ∼100 μm under a
coverslip. The sample surfaces were cleaned with pure ethanol before
changing the solvent. Typically, it takes about 1 min to clean and
prepare samples. All experiments were performed at room temper-
ature.

4.2. Optical Measurements. For DF scattering measurements,
the sample was illuminated by a 100-W halogen lamp through a BD
objective (Olympus, 100×, NA = 0.9, MPLFL N). Scattered light was
collected by the same objective and focused by a lens. A pinhole (100
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μm) was placed on the focus plane to select a specific nanoparticle.
The scattered signal was focused by another lens and analyzed with a
CCD (Qimaging, QICAM B series) or a spectrometer (Andor,
SR303i). PL signals were excited by a continuous laser at 473 nm and
detected by a spectrometer. Time-resolved PL measurements were
performed using a 400 nm pulsed laser (Coherent, Ti:sapphire, a
repetition rate of 80 MHz). The laser was focused by a 20× objective
(Olympus, NA = 0.4) at an excitation power of ∼1 kW cm−2. The PL
signal was detected using a time-corrected single-photon counting
module (Pico-Harp 300, PicoQuant, detector: PD-100-CTC). All of
the experiments were performed at room temperature.
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