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ABSTRACT: Strong light−matter coupling, characterized by
a coherent exchange of energy between an emitter and cavity,
plays an important role in, for example, quantum information
science and thresholdless lasing. To achieve strong coupling,
precise spatial and spectral overlap between the emitter and
cavity is required, presenting a significant challenge to move
from individually strongly coupled cavities to a large number
of cavity-coupled systems, as required for future practical
applications. Here we demonstrate a versatile platform for
realizing strong coupling that scales uniformly from individual
nanocavities up to millimeter-scale metasurfaces, while the
coupling strength can be tuned dynamically. Fluorescent dye
molecules are sandwiched between silver nanocubes and a metallic film creating a plasmonic cavity with a mode volume of only
∼0.002 (λ/n)3. A prominent anticrossing behavior is observed which corresponds to a large Rabi splitting energy of 152 meV.
The plasmon resonance can be tuned up to 45 nm (∼210 meV) enabling real-time control of the Rabi splitting as well as tuning
from the weak to the strong coupling regime. This scalable, easily fabricated structure opens the door for use in integrated on-
chip nanophotonic devices.
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Probing the interaction between quantum emitters and an
optical cavity is crucial to both fundamental studies in

cavity-quantum electrodynamics,1 as well as for potential
applications such as thresholdless polariton lasing,2,3 quantum
information storage,4−6 and ultrafast single-photon switches.7,8

Strong coupling occurs when a quantum emitter and an optical
cavity exchange energy much faster than other competing
dissipation rates in the system, enabling coherent and reversible
energy transfer between the emitter and the cavity.9−11

Consequently, this light−matter strong coupling leads to the
generation of two new hybrid eigenstates separated by the so-
called Rabi splitting, which can be observed in the optical spectra
of the hybrid structure (Figure 1a). While the square root of the
ratio of the quality factor, Q, and the mode volume, V, is
proportional to the coupling strength of the cavity, Q V/ ,11−13

the dimensions of conventional optical cavities9,14 are restricted
by the diffraction limit to around half the wavelength of the
interacting photons. Thus, for conventional cavities with a
modest mode volume, a large quality factor is required to attain
strong coupling corresponding to narrow cavity line widths. This
makes it challenging to overlap the dipole transition with a
particular cavity resonance and often requires extreme
experimental conditions such as cryogenics and ultranarrow
frequency light sources,12 which proves even more challenging
for a large number of cavity-coupled systems. Alternatively,
plasmonic nanocavities enable tiny mode volumes by concen-

trating electromagnetic fields to deep subwavelength regions by
the excitation of surface plasmons.15−18 While these cavities are
intrinsically lossy, the mode volumes can be orders of magnitude
smaller than for conventional dielectric cavities, making them
intriguing systems for strong coupling. To date, strong coupling
has been demonstrated in a number of different plasmonic
nanocavities coupled to fluorescent molecules,13,19−23 quantum
dots,12 two-dimensional materials,11,24−28 and other nanostruc-
tures.29 Active control of the coupling strength has been
demonstrated with photoswitchable molecules,30−33 polar-
ization-dependent coupling between J-aggregates and gold
dimers,19,34 as well as electrostatic gating and thermal tuning
of monolayer transition metal dichalcogenides.11,35−38 How-
ever, extensive nanofabrication was required for precise
alignment of the emitters with the cavity, limiting the
demonstrations to either single or few cavities.39

Here, we demonstrate a straightforward, easily fabricated
design that can be tailored to achieve any desired coupling
strength up to 152 meV. Furthermore, active thermal tuning is
also demonstrated of the cavity-dipole coupling by modification
of the plasmon resonance of up to 210 meV. The plasmonic
structure used here enables a mode volume of only ∼0.002 (λ/
n)3 by sandwiching an anionic fluorescent dye (Atto 532)
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embedded in alternately charged polyelectrolyte (PE) layers
between colloidally synthesized silver nanocubes and a
template-stripped silver film (Figure 1b). Given the charged
nature of the PE layers and dye, the dipole orientation of the dye
is likely close to normal to the surface.40,41 The absorption of the
fluorescent dye at 532 nm and emission at 560 nm are spectrally
close (top panel, Figure 1c), enabling a single mode of the
plasmonic cavity to overlap with and enhance both processes. A
dense metasurface of these gap-plasmon resonators42 was
fabricated over a 12 mm diameter area with an average spacing
of 194 nm between nanocubes. For a 7 nm PE spacer layer and
60 nm cubes, the plasmonic cavity shows a fundamental
resonance at 550 nm, overlapping with both the absorption and
emission of the dye (middle panel, Figure 1c). When the dye
molecules are coupled to the cavity, a mode splitting is observed
in the spectra as seen in the bottom panel of Figure 1c.
To verify that the observed mode splitting indeed arises from

strong coupling between the dye molecules and the cavity,
reflectance spectra were measured from ten metasurfaces with

different resonances. By varying the nanocube size and the gap
thickness, the plasmon resonance was tuned across the
transition energy of the dye molecule while the dye
concentration (5 mM) was unchanged (Figure 2a). For dye-
coupled cavities, two prominent hybrid modes were observed in
all reflectance spectra; however, the strength of each mode was
highly dependent on the detuning between the cavity resonance
and the dye absorption. When the plasmonic cavity was blue-
detuned from the dye transition energy, the higher energy mode
(blue) dominated, whereas when the cavity resonance was red-
detuned from the dye transition energy, the lower energy mode
(red) was more prominent. At zero-detuning, the intensities of
the two hybrid modes are comparable. The fundamental
plasmon resonance of the metasurfaces was verified by
photobleaching the dye molecules in each sample using a
high-power laser (∼1 kW/cm2, 532 nm), as shown in Figure 2a.
Furthermore, as depicted more clearly in Figure 2b, the cavity
detuning also modifies the spectral positions of the hybrid
modes. As the plasmon resonance is varied across the dye
absorption transition energy, the strongly coupled system
exhibits a distinct avoided crossing at zero-detuning. This
anticrossing behavior, a hallmark of strong coupling, can be
fitted using a coupled harmonic oscillator model, whose energy
eigenmodes are defined by17,26,43
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where ℏωabs and ℏωcav are the energies for the dye absorption
and the cavity resonance, respectively, while γabs and γcav are the
half-width at half-maximum (HWHM) line widths of these
resonances, and G is the coupling strength between the dye
absorption and the plasmonic cavity. Whenωabs =ωcav, the Rabi
splitting is given by

γ γℏΩ = − ℏ −G2 ( /4)( )R
2 2
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2

As depicted in the solid lines in Figure 2b, themodel shows good
agreement with the experimental data, providing a fitted
coupling strength, G, of approximately 107 meV and a Rabi
splitting energy of 152 meV. Given the HWHM line widths of
the dye absorption and plasmonic cavity resonances of 65 and
215 meV, respectively, this satisfies the condition of 2G > ℏ|γcav
− γabs| for strong coupling.43 Although this is the standard
criterion for strong coupling, it is not the only benchmark. An

Figure 1. Sample schematic and characterization. (a) Schematic energy
diagram of strong coupling between an emitter and an optical cavity,
leading to the formation of two new hybrid states separated by the Rabi
splitting, ℏΩR. (b) Schematics of the plasmonic structure, which
consists of silver nanocubes placed over a silver film and separated by a
nanoscale spacer layer consisting of dye molecules and polymer. (c)
Top: absorption and emission spectra of the dye molecule Atto 532;
middle: reflectance spectrum showing the fundamental resonance of
the cavity when the dye molecules are uncoupled; bottom: a clear mode
splitting can be seen in the reflectance spectrum when the dye
molecules are coupled to the plasmonic cavity.

Figure 2. Strong coupling and anticrossing behavior. (a) Reflectance spectra for dye coupled and uncoupled to the plasmonic cavity at varying plasmon
resonances. The resonance is tuned by either varying the nanocube size or the gap thickness. The dye was uncoupled from the cavity by photobleaching
it via a 1 min exposure with a focused 532 nm laser. (b) A clear anticrossing behavior is observed, which agrees well with both full-wave electrodynamic
simulations performed by COMSOL Multiphysics (dashed) and coupled harmonic oscillator model fits (solid), as defined in eq 1. The horizontal
dashed line represents the absorption energy of the dye. The tilted dashed line represents the plasmon resonance (c) Scattering from an individual
plasmonic cavity and reflectance from a millimeter-scale area of the metasurface, both showing strong coupling mode splitting.
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alternative approach compares the Rabi splitting energy with the
average full-width at half-maximum (fwhm) of themodes, which
for this system are 152 and 280 meV, respectively. While
typically the Rabi splitting should be greater than the average
fwhm of the line widths, given that the parameters are on the
same order of magnitude, this is still within the strong coupling
regime. For this instead to be a Fano-resonance, there would
need to be a greater mismatch by at least an order of magnitude
between the dye and the cavity line widths. These aspects in
conjunction with the large coupling strength of 107 meV and
satisfying the standard definition confirms that the splitting
observed in our experiment is due to strong coupling between
the dye molecules and the plasmonic cavity mode.
Additionally, full-wave simulations of the electrodynamics

were performed using a finite-element method (COMSOL
Multiphysics) and are shown in the dashed curves in Figure 2b.
For these simulations, the effective oscillator strength was tuned
to achieve good agreement with experiment, whereas other
parameters such as the geometry of the structure and optical
properties of the constituent materials utilized measured or
known values. These results, when fitted with the coupled
oscillator model, reveal a coupling strength, G, and a Rabi
splitting of 94 and 162 meV, respectively, in good agreement to
the experimental fittings. Overall, there is good agreement
between the coupled-oscillator model, the full-wave simulations
performed by COMSOL Multiphysics, and the experimental
data confirming the presence of strong coupling. It should be
noted that the line widths of the two hybrid modes are broader
when measured from a metasurface versus from an individual
nanocavity, as depicted in Figure 2c. This is likely due to slight
variations in the thickness of the gap and nanocube size, both of
which modify the plasmon resonance measured from a
metasurface. Further details on the simulations can be found
in the Supporting Information.

To confirm if the strong coupling observed for metasurfaces
scales down to single nanoscale plasmonic cavities, dark-field
scattering measurements were performed. A representative
measurement shown in Figure 2c demonstrates that strong
coupling can indeed be measured from single nanocavities and
occurs at approximately the same Rabi splitting energy as seen
for the large-area metasurface. Thus, this system exhibits a
uniform coupling strength that scales from the individual
nanometer-scale cavity up to a region of several millimeters.
In addition to the dimensions of the nanocavity and detuning

of the plasmon resonance, the coupling strength also depends on
the number of coupled molecules, N, as follows:11,13

μ π
λεε

= ℏ
G

Nc
V

4
m

0 (2)

where μm is the transition dipole moment of the molecules, V is
the mode volume of the cavity, ε is the dielectric function, and λ
is the wavelength. Thus, for a plasmonic cavity with fixed
dimensions and type of emitters, the coupling strength, G,
should be linearly dependent on N . To gain more insight into
the relationship between the coupling strength and the number
of molecules, we investigate the reflectance spectra of the
coupled system as a function of dye concentration while
maintaining the same plasmon resonance and nanocavity
dimensions. The results depicted in Figure 3a demonstrate
that as the dye concentration increases, the Rabi energy splitting
also increases where the high- and low-energy modes blue- and
red-shift, respectively. The symmetrical shifting of both modes is
largely due to the zero detuning of the cavity resonance at 550
nmwith the dye absorption (Figure 3b). For a more quantitative
understanding of the coupling strength, we extract the energy
splitting between the hybrid modes in each spectrum and fit
them as a function of the square root of the dye concentration

Figure 3. Tuning of dye concentration. (a) Reflectance spectra of dye coupled to the plasmonic cavity for varying dye concentrations. The splitting
becomes larger as the dye concentration increases. (b) Reflectance spectra of dye uncoupled to the plasmonic cavity, showing a fundamental resonance
at 541 nm. (c) The extracted peak splitting energy as a function of the square root of the dye concentration. The solid line is a fit to eq 2.
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using eq 2. As seen in Figure 3c, a linear relationship is obtained,
which is consistent with the theory showing ∝G N . Based on
prior studies,44 we estimate that less than 5% of the dye is
adsorbed on the surface, which for a concentration of 75 μM,
corresponds to less than 500 dye molecules underneath each
cube at an average spacing of approximately 5 nm. Using eq 2 in
conjunction with the fitted coupling strength of G = 107 meV,
the calculated dipole moment μm,

45 an estimate of the cavity
mode volume V ∼ 0.002 (λ/n)3 based on the dimensions of the
gap volume, and the index of refraction of PAH/PSS (∼1.48),46
the estimated number of dipoles,N, is approximately 450. This is
in close agreement with the estimate based on dye adsorption.
Furthermore, returning to the fitted coupling strength from the
full-wave simulations performed by COMSOL Multiphysics, G
= 93 meV, we can use the approximate value for N to estimate
the dipole moment, μm, to be 7.2 D. This estimate is in good
qualitative agreement with the theoretical 8.2 D value derived
from manufacturer-provided emission lifetime in solution.45 It
should be noted that eq 2 does not account for the spatial
variation of the electric field enhancement. While this would
alter the estimated number of emitters, N, it would also alter the
estimated mode volume, V, because the few emitters which
strongly contribute to the Rabi splitting in the highest field
enhancement only occupy a subsection of the volume in the gap.
Given that the dye distribution, (N/V), is likely fairly uniform,
we expect that our use of a uniform field enhancement and the
total gap volume as V, provides a close estimate that shows good
qualitative agreement with known parameters. Furthermore, it is
assumed that the dipole orientation of the anionic dye is
oriented normal to the surface,40,41 any angular deviation will

change the estimated N. While accounting for these aspects
could potentially improve the accuracy of the estimates, eq 2
provides an intuitive, general understanding of the coupling
strength in the plasmonic cavity.
Next, we demonstrate active tuning of the plasmon resonance

of the metasurface and, in turn, the coupling strength. In
particular, we designed the metasurface with a 9 nm gap
thickness and a nanocube size of 55 nm such that the plasmon
resonance at 510 nm is blue-detuned from the dye absorption.
Themetasurface was actively heated/cooled over a 120 °C range
to achieve dynamic control of the coupling strength by spectral
detuning of the plasmon resonance over 45 nm (∼210 meV), as
seen in Figure 4a. In this system, the detuning changes due to the
temperature sensitivity of the PE polymer spacer layers, leading
to the shift in the plasmon resonances. Furthermore, the light−
matter coupling also changes arising from the temperature
tuning of the absorption properties of the dye molecules. As
determined by ellipsometry measurements shown in Figure 4b,
the thickness of the PE spacer layer, that is, PAH and PSS
polymers, is highly dependent on the temperature, which in turn
modifies the nanocavity resonance.47 Specifically, an increase in
the temperature decreases the relative humidity, which results in
a thinning of the spacer layers and an increase in the index of
refraction,46 which subsequently causes the plasmon resonance
to red-shift; similarly, a decrease in the temperature leads to a
blue-shifted cavity resonance. This change in film thickness is
likely due to the removal of water from the film and subsequent
reentry during heating and cooling, respectively.48 In contrast to
the plasmon resonance, the spectral absorption of the dye
molecule blue-shifts and weakens with increasing temperature,

Figure 4.Temperature tuning of strong coupling. (a) Reflectance spectra when the temperature is tuned from 20 to 140 °C for a dye concentration of 5
mM. The resonance is red-shifted as the temperature increases. The resonance is tuned up to 45 nm (210 meV), though the coupling strength
decreases. (b) Temperature dependence of the thickness of the polymer spacer layer (9 PAH and PSS layers) measured by ellipsometer for both
heating (purple circles) and cooling (green squares). As the temperature increases, the thickness decreases due to water removal and reentry during
heating and cooling, respectively. (c) Temperature dependence of the dye absorption. As the temperature increases, the dye absorption intensity
decreases, while the absorption blue-shifts.
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as seen in Figure 4c. Given the opposite temperature responses
and weakening absorption with increasing temperature, it is
possible to tune the coupled system out of the strong coupling
regime and revert to simply a single mode defined by the
fundamental plasmon resonance. This is depicted clearly in
Figure 4a, where the low-energy hybrid mode becomes less
prominent as the temperature increases. We should also note
that there is some hysteresis for the dynamic thermal tuning such
that if the metasurface has been heated or cooled and then
allowed to revert to its original temperature, the resulting
reflectance spectrum is spectrally shifted by a few nanometers
from the original spectrum. This hysteresis disappears if the
sample is allowed to sit for a few hours resulting in full reversal
back to the originally observed reflectance spectrum. This
dynamic tuning approach is in contrast to other demonstrations
in that the tuning is mainly the result of shifting the plasmon
resonance instead of the coupled dipole,30 with only a slight
temperature variation in the dipole absorption.
In summary, we have demonstrated real-time tunable Rabi

splittings up to 152 meV between fluorescent dye molecules and
nanogap plasmonic cavities. This strong coupling scales
uniformly from the nanoscale with individual deep subwave-
length cavities up to macroscopic areas using self-assembled
metasurfaces. The plasmon resonance was dynamically tuned
over a 45 nm range (∼210 meV) enabling the coupling strength
between the nanocavities and dye molecules to be tuned from
the strong to the weak coupling regime. This points toward
future applications of strongly coupled systems with tailored
optical properties, including controlled light absorption,
scattering or emission. Given the active tuning, ease and
simplicity of fabrication, and scalability of the metasurface, these
results could lead to novel nanophotonic devices, including
modulators, switches, and sensors.
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(2) Christopoulos, S.; Von Högersthal, G. B. H.; Grundy, A. J. D.;
Lagoudakis, P. G.; Kavokin, A. V.; Baumberg, J. J.; Christmann, G.;
Butte,́ R.; Feltin, E.; Carlin, J. F.; et al. Room-Temperature Polariton
Lasing in Semiconductor Microcavities. Phys. Rev. Lett. 2007, 98,
126405.
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