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ABSTRACT: Electronic light−matter strong coupling has been limited to
solid molecular films due to the challenge of preparing optical cavities with
nanoscale dimensions. Here we report a technique to fabricate such Fabry−
Peŕot nanocavities in which solutions can be introduced such that light−
molecule interactions can be studied at will in the liquid phase. We illustrate
the versatility of these cavities by studying the emission properties of
Chlorin e6 solutions in both the weak and strong coupling regimes as a
function of cavity detuning. Liquid nanocavities will broaden the
investigation of strong coupling to many solution-based molecular
processes.
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In the past years, studies have shown that light−matter strong
coupling and the associated formation of hybrid light−

matter states (Figure 1a) give rise to molecular and material
properties that are different than those of the original
constituents, i.e., the light mode and the molecule undergoing
the coupling. The modified spectra and relaxation processes of
organic molecules in the strong coupling (SC) regime have
been explored in detail in several experimental configura-
tions1−17 and studied theoretically by many groups.18−25 Many
processes and properties are modified under strong coupling,
such as the rate of nonradiative energy transfer,26 the
conductivity and work function of semiconducting materi-
als,27,28 the nonlinear response,29−31 and the rate of chemical
reactions.32,33 These works have been explored in the solid
state, even though the photonic nanostructure/molecular film
may be suspended in liquid34,35 or interact with a gas phase.36

In the presence of this growing interest in studying strongly
coupled materials, there is a need to explore SC of molecules in
liquid solutions since that it is the natural condition of many
molecular processes. Experiments in liquid solutions have only
been achieved for vibrational strong coupling (VSC), which is
facilitated by the fact that the vibrational modes are in the IR,
which allows one to use microfluidic Fabry−Peŕot (FP) cavities
(e.g., spacing 1−10 μm).15,32,37−42 In contrast, electronic strong
coupling (ESC) of molecules in the liquid form has not been
reported yet for the simple reason that the cavity length in the
visible is on the order of 100 nm, which is technically very
challenging. Among other things, the nanofluidic FP cavity
mirrors (Figure 1b) need to be uniformly flat on a scale much
smaller than the cavity length and the cavity must be accessible
to the solution.

Here we report the fabrication of nanofluidic FP cavities
tunable over a wide range of visible wavelengths that can be
filled with liquids. To illustrate the potential of such cavities, we
study the photophysical properties of a chlorophyll analogue,
Chlorin e6 (Ce6), shown in Figure 1c, in both the weak and
strong coupling regimes. In particular, we compare the emission
quantum yield and the radiative rate constant as a function of
detuning in both regimes, which highlights the distinct features
of the strong coupling condition.
We recall that when a material with a well-defined transition

dipole moment is placed in an electromagnetic (EM)
environment with eigenmodes, such as a FP cavity, that are
resonant with the material’s transition energy, they may interact
by exchanging energy through successive absorption−emission
events. If the energy exchange rate is faster than any dissipation
in the system, the interaction will give rise to two new light−
matter hybrid or polaritonic states, and the system is said to be
in the strong coupling regime.43 The two new states, P+ and P−,
shown in Figure 1a, are separated by an energy called the Rabi
splitting (ℏΩR), which is directly proportional to the scalar
product of the electric field E⃗ of the photonic mode and the
transition dipole moment d⃗ of the material and is given by the
following equation:
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where ε0 is the permittivity of free space, V is the volume of the
confined mode, and nph is the number of photons in the system.
It can be seen from eq 1 that when the number of photons in
the system goes to zero, the Rabi splitting still has a finite value.
This is due to the interaction of the material with the zero-point
energy fluctuations of the confined mode. In this case, the

system is in the vacuum Rabi regime, the conditions of all our
experiments in this work. For a system with N molecules
coupled to a resonant mode, the Rabi splitting is directly
proportional to the square root of the concentration of

molecules coupled to the field since ℏΩ ∝ =N V C/R . So
as we will show later, decreasing the concentration is one way

Figure 1. (a) Schematic representation of the coupling of a molecular transition of energy ℏωm and an optical resonance of energy ℏωph forming the
hybrid states P+ and P− separated by the Rabi splitting energy ℏΩR. (b) Schematic illustration of the amplitude of the first and second Fabry−Peŕot
(FP) cavity modes confined between two metallic mirrors. (c) Absorbance and emission spectra of Chlorin e6 solution in DMF (4.5 × 10−5 M) and
its molecular structure.

Figure 2. (a) Fabrication stages of nanocavities of thickness d, starting by milling through the Ag layer and glass substrate (stage 1), then Ag
evaporation on the milled channels (stage 2), and finally cold-welding both substrates under high pressure (stage 3). (b) Optical micrographs
showing white light transmission through the nanofluidic FP cavities before and after filling them with toluene. The colored rectangles represent FP
cavities of varying thickness along one single channel, with the corresponding wavelength shift of the confined light mode. (c) Schematic
representation of the top view of samples used for our emission experiments in which long channels of a single thickness were milled in a parallel
configuration. Each cavity is represented by a colored line based on its optical mode energy detuning relative to the molecule’s absorption transition
at 664 nm (i.e., cavities with photonic modes in neat DMF at 567 nm (light blue), 631 nm (blue), 665 nm (black), 678 nm (orange), and 733 nm
(red)). The areas with neither top nor bottom mirror that act as reservoirs for liquid to enter the cavity are labeled “glass”. The green horizontal
rectangle is an area with only one mirror. (d) Transmission spectra through empty nanocavities, showing the photonic mode resonance as a function
of cavity path length between 200 and 350 nm fabricated by varying the number of FIB milling repeats.
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to bring the system from the strong to the weak coupling
regime.
Chlorin e6 has a sharp absorption peak (Q-band) at 664 nm

and fluoresces with a small Stokes shift at 674 nm (Figure 1c).
In addition to these spectral features, which are very suitable for
studying light−matter interactions, it is characterized by high
solubility in many solvents without forming aggregates.44 In
dilute conditions, it has a reasonably long fluorescence lifetime
(4.4 ns) and a good emission quantum yield (∼15% in
ethanol).45,46 These characteristics make Ce6 a good candidate
among organic molecules for exploring liquid phase photo-
emission and relaxation processes under both strong and weak
coupling regimes.
To prepare the nanofluidic FP cavity having two parallel

metallic mirrors separated by a distance d on the order of 100
nm, we developed the following technique (see Supporting
Information for full details). The sample preparation starts by
evaporating a 50 nm thick Ag layer on a 2.5 cm × 2.5 cm glass
substrate. The sample is then introduced in a Zeiss Auriga
focused ion beam (FIB) apparatus, and a ca. 10−20 μm × 120
μm rectangular area is milled through the Ag layer and into the
glass substrate to create the nanofluidic channel (Figure 2a).
After the milling, another 30 nm of Ag is evaporated on the

substrate to act as the cavity’s bottom mirror. Another identical
glass substrate with a Ag layer acting as the cavity’s top mirror is
also prepared. Then the two substrates are cold-welded by high
pressure (∼1.6 tons/cm2) using a press normally employed for
preparing pellets for IR measurements (Figure 2a). Cold-
welding has already been used successfully to make solid state
cavities.47,48 A first set of cavities with increasing depth were
milled along a line in the middle of the sample, connected
between each other by a very small overlap area resulting in a
few millimeters long channel as shown in Figure 2b with and
without solvent. The thickness of the top mirror layer depends
on the required measurements. For instance, we used a 30 nm
top Ag mirror when probing the cavities in transmission mode
(as illustrated in Figure 2b) and 200 nm when characterizing
the spectra in reflection mode. It is important to note that a 2
nm Cr film layer is always present between the glass substrate
and the Ag film in order to ensure strong adhesion.
Finally, to introduce the molecules into the nanofluidic

channels, the sample is simply dipped into the liquid solution,
which is drawn in by capillary force. We have verified that many
solvents including water wet the channels and therefore are
spontaneously pulled in. However, we found that the drawing
up of liquid was easiest in nanofluidic FP cavities of single

Figure 3. Angle-resolved dispersion reflection spectra from high concentration (strong coupling regime) (a) and low concentration (weak coupling
regime) (b) Ce6/DMF solution-filled cavities resonant with the Ce6 transition energy (black dashed lines). The emission dispersion curves from the
same cavities are shown in (c) and (d) with normal incidence excitation at 532 nm. The white dashed line in (c) and (d) represents the emission
from uncoupled molecules. Note that the dispersion of the emission could only be collected over a limited angle due to the sidewalls of the cavities;
this is visible in (c) at high k∥ values.
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optical path length, and so we prepared cavities with different
resonances in parallel as illustrated in Figure 2c for the
experiments in this work. Here areas at both ends of the cavity
channels were masked during metal evaporation to form a
metal-free space acting as a reservoir for the liquid to fill the
channels. In addition, a mask was placed over parts of the
milled channels (illustrated by the green rectangle in Figure 2c)
before evaporating the bottom mirror to create in each channel
one-sided mirror areas in order to provide a noncavity reference
for the same solution.
The thickness of the nanofluidic FP cavity was controlled by

milling different depths in the bottom substrate. High control
over the cavity mode resonance is achieved by programming a
large number of repeats on the Zeiss Auriga FIB to mill a given
thickness. This enables very flat surfaces (less than a few nm
variations over 5 μm) on which the mirror can then be
deposited (see SI). In Figure 2d, the transmission resonance of
various channels is shown as a function of ion beam milling
repeats. Under our milling conditions, the peak position moves
by ca. 20 nm for every 1000 repeats, reflecting the change in FP
path length d, as also can be seen in the colors of Figure 2b.
The color changes again upon introduction of a solvent (here
toluene) due to the increased medium refractive index inside
the channel. The Q-factor of such cavities ranges between 20
and 60, depending on the type of metal (e.g., the imaginary part
of the dielectric constant) and the mode used. In this regard, we
were also able to reproduce similar cavities with Au mirrors. It
should be noted that the choice of metal depends on the
wavelength of interest; for example, Ag yields a smaller fwhm

than Au in the visible due to the smaller value of the imaginary
part ε″ of its dielectric constant. The ability to mill FP
nanocavities of 100s of micrometers lateral extent with a
desired shape, in different metals, and with very high control of
cavity thickness, is an outstanding point of our fabrication
method, making these nanofluidic structures ideal for studying
molecules in solutions in the weak and strong coupling regimes.
To study the properties of Ce6 under weak and strong

coupling regimes in liquid solution, samples with parallel FP
cavities, such as in Figure 2c, were prepared with a thick top
mirror so that the spectroscopic measurements could be
recorded in reflection mode. This has no particular
consequence on the Q-factor.
Solutions of Ce6 in dimethylformamide (DMF) at high (0.18

M) and low concentrations (3.6 mM) were introduced into the
nanocavities by capillarity. In Figure 3a and b respectively are
shown reflection dispersion spectra for FP cavities with Ce6
solutions at two concentrations corresponding to the weak and
strong coupling regime, respectively. The cavities are thickness-
tuned such that their λ mode (Figure 1b) sweeps through the
Ce6 absorption peak at 664 nm as a function of angle of
interrogation. In Figure 3a, a mode splitting can be seen due to
the strength of the interaction between the mode and molecular
transition (represented by the dashed line in Figure 3b). The
splitting has a value of ca. 110 meV, which is larger than the full
width at half-maximum (fwhm) of both the molecular
absorption peak (67 meV) and the FP resonance (62 meV).
The system is therefore clearly in the strong coupling regime.
The polaritonic states are dispersive due to the photonic

Figure 4. (a and b) Emission quantum yields (±10%) as a function of cavity mode detuning in the strong and weak coupling regimes, respectively,
for Ce6 in DMF solution; (c and d) corresponding decays for the same cavities as in (a) and (b), respectively. Each cavity is represented by a colored
cylinder based on its optical mode energy detuning relative to the molecule’s absorption transition at 664 nm (i.e., cavities with photonic modes in
neat DMF at 567 nm (light blue), 631 nm (blue), 665 nm (black), 678 nm (orange), and 733 nm (red)). The resonant case is in black. The green
lines in (a) and (b) correspond to the emission quantum yields of the bare molecule at the same concentrations.
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character they inherit from the FP mode. As discussed in the
introduction, the Rabi splitting depends on the square root of
the Ce6 concentration (see Figure S2 in the SI), and at a
certain threshold when the Rabi splitting becomes smaller than
the fwhm of the original components, the system is no longer
in the strong coupling regime. This is the case when the
concentration is decreased by a factor of ca. 50, such as in
Figure 3b. The FP mode then displays the normal parabolic
dispersive shape and the system is in the weak coupling regime
with no avoided crossing at the molecular absorption.
The emission dispersions in the strong and weak coupling

regimes at resonance are displayed in Figure 3c and d. The
emission of P− in the strong coupling case (Figure 3c) is at
slightly lower energies than the Ce6 emission in the weak
coupling regime, and only the reflection dispersion curves
reveal unambiguously whether the system is in the weak or
strong coupling regimes. For ease of comparison, black and
white dashed lines were added in Figure 3c and d and
correspond respectively to the absorption and emission maxima
of the bare molecule. As can be seen, in the weak coupling limit,
the emission is out-coupled through the cavity mode where the
local density of optical states is highest. As we will see next, the
effects of the coupling regime on the emission quantum yield
and radiative lifetimes are quite distinct.
The emission quantum yield Φ values were determined

relative to that of dilute solutions of the bare Ce6, using the
following equation:49
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where A is the fractional absorption (1−10−Absorbance) at the
excitation wavelength, E the integral of emission counts, and n
the index of refraction of the solvent at the emission
wavelength. Indices c and R represent the cavity and the
reference molecule (Ce6), respectively. The quantum yield
values for cavity emission were obtained through a procedure
that is explained in detail in the SI. Importantly, the quantum
yields were referenced to Ce6 in dilute ethanol,45,46 and transfer
matrix simulations were used to determine the absorption in
the Ce6/DMF layer in each cavity. Note that at high
concentration, excimer emission is apparent at long wave-
lengths, >740 nm, for highly concentrated solutions, and we
excluded this from the analysis as explained in the Experimental
Methods section. Reabsorption of the emission is minimal
(<0.5%) even at the highest concentration used for strong
coupling due to the extremely short path length.
Figure 4a and b show the variation of the emission quantum

yield as a function of cavity mode detuning in the strong and
weak coupling regimes, respectively. While the absolute values
of Φ are determined within ±10%, the relative values between
different detunings are accurate up to the signal-to-noise ratio
of the spectroscopic equipment. First, we observe that the
emission quantum yields in the strong coupling case are always
much lower than those in the weak coupling case due to self-
quenching at high Ce6 concentration, discussed further down.
In the strong coupling regime, the maximal quantum yield is
achieved for the resonant cavity and decreases when the cavity
is blue or red detuned. The yield at resonance is much higher
than that of the bare molecule at the same concentration
(dashed line in Figure 4a). This likely reflects the enhanced
radiative nature of the collective polaritonic state, and indeed
the radiative rate constant kr (extracted from the emission

lifetimes (τ) (Figures 4c,d) and the quantum yield as kr = Φ/τ)
follows the same trend as the quantum yield for different
detunings (see Table 1). Other studies have found both

enhanced and suppressed emission quantum yields under
strong coupling.4,5,10 Such variations, which depend on the
coupled molecules and the experimental conditions, reflect
most likely differences in the nonradiative channels available for
decay and the fact that Φ is dominated by knr

4,5,10 (e.g., values
in Table 1).
However, a different trend was observed in the weak

coupling case; here the emission quantum yield is maximum
when the cavity mode overlaps with the Ce6 fluorescence
(orange bar in Figure 4b). Again this correlates with the
extracted radiative rate (Table 1) and is the trend one would
expect from a Purcell effect on the radiative decay rate of the
molecule. It should however be noted that the emission
quantum yield does not exceed that of the bare molecule in
solution, perhaps because we are observing an averaging effect
across the mode amplitude, with some molecules experiencing
very high mode density but others being at the central node or
near the mirrors (Figure 1b). Additionally, subpopulations of
molecules within a few nanometers of the metal mirrors might
be quenched, influencing the average result.
In contrast to the quantum yields, the emission lifetimes

measured from the cavities are nearly invariant as a function of
detuning in both the weak and strong coupling regime. This is
because the nonradiative rate constant knr dominates kr in both
weak and strong coupling regimes (Table 1). In the weak
coupling limit (3.6 mM Ce6), knr is determined mainly by the
internal vibrational relaxation and intersystem crossing, as its
lifetime of ∼4.3 ns is similar to that in 10−5 M solutions, where
interactions between Ce6 molecules within the excited state
lifetime are unlikely. In the strong coupling limit (0.18 M Ce6),
excited Ce6 can also be quenched efficiently by interaction with
surrounding Ce6 molecules in the ground state (self-
quenching), increasing knr by an order of magnitude. For

Table 1. Measured Fluorescence Quantum Yield (Φ),
Fluorescence Lifetime (τ), and Calculated Radiative Rate
Constant (kr) and Nonradiative Rate Constant (knr) for
DMF Solutions of Chlorin e6 of 0.18 M Concentration
(Strong Coupling Regime) and 3.6 mM Concentration
(Weak Coupling Regime) in Fabry−Peŕot Nanocavities with
Optical Modes of Various Detunings (the on-Resonance
Mode is Highlighted in Italics) Relative to the Chlorin e6
Absorption at 664 nm

Strong Coupling

cavity resonance Φ τ (ns) kr (s
−1) knr (s

−1)

567 nm 1.4 × 10−3 0.40 3.4 × 106 2.5 × 109

631 nm 8.9 × 10−3 0.42 2.1 × 107 2.4 × 109

665 nm 3.0 × 10−2 0.42 7.1 × 107 2.3 × 109

678 nm 2.7 × 10−2 0.42 6.3 × 107 2.3 × 109

733 nm 6.0 × 10−03 0.43 1.4 × 107 2.3 × 109

Weak Coupling

cavity resonance Φ τ (ns) kr (s
−1) knr (s

−1)

567 nm 5.9 × 10−2 4.0 1.5 × 107 2.3 × 108

631 nm 9.5 × 10−2 4.4 2.2 × 107 2.1 × 108

665 nm 1.5 × 10−1 4.5 3.3 × 107 1.9 × 108

678 nm 1.7 × 10−1 4.2 4.1 × 107 2.0 × 108

733 nm 4.2 × 10−2 4.2 1.0 × 107 2.3 × 108
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instance, if we assume a diffusion-limited rate constant for the
encounter between an excited Ce6 and a ground state Ce6, e.g.,
1010 M−1 s−1, and multiply it by the concentration of Ce6 in the
strong coupling case (0.18 M), the rate is 1.8 × 109 s−1, a value
very close to the knr under strong coupling of ca. 2.3 × 109 s−1

(Table 1).
In summary, we have succeeded in preparing nanoscale

liquid Fabry−Peŕot nanocavities that have the excellent optical
qualities necessary to observe strong coupling effects for
molecular solutions. In particular we demonstrate the enhanced
radiative nature of polaritonic states generated from concen-
trated DMF solutions of Chlorin e6. Our fabrication method
allows for the facile preparation of FP nanocavities of any
desired lateral shape and lateral extent up to the millimeter
scale, but with exquisite control over the nanoscale thickness.
Thus, samples can be customized to various geometries and
length scales for different experimental purposes. While these
FP nanocavities were made with Ag mirrors, we have tested
that the same approach can be used for other metals such as Au.
Furthermore, many solvents including water are easily taken up
by our cavities such that studies of biological systems in their
native solvation environment become possible. The observation
of light−matter strong coupling of electronic transitions in the
liquid state opens the possibility to study other molecular
processes in this regime where diffusion and orientation play a
role, such as chemistry, with potential to broaden the scope of
this field immensely.

■ EXPERIMENTAL METHODS
Reflection Dispersion Measurements. A home-built

microscopy setup was used for the dispersive reflection and
emission spectra. It consists of a microscope lens that focuses a
broad band white light source (DH-2000-BAL, Ocean Optics)
onto the cavity of interest. The reflected light was imaged on
the slit of a monochromator (Princeton Instruments), couple to
a charge-coupled device (CCD, Pixis, Princeton Instruments)
detector to register the spectra. By using a Fourier lens with an
F-number of 0.5 (5 cm diameter, 10 cm focal length), the
angle-resolved reflection spectra could be obtained. The
reflection dispersion spectra were acquired for each cavity
thickness, for solutions of both high concentration (strong
coupling regime) and low concentration (weak coupling
regime). The same microscopy setup was used to obtain the
angle-resolved emission from each cavity. The system was
excited at 532 nm using a continuous wave diode laser (Oxxius)
with a focal spot of ∼1.2 μm diameter and ∼160 μW power. It
should be noted that the emission properties are independent
of excitation wavelength.
Emission Spectra Measurements at Normal Incidence.

The emission spectra of the samples were collected in reflection
mode using a Nikon Eclipse TE200 light microscope, with a
Nikon 40× objective having a 0.6 numerical aperture (NA) and
3.7−2.7 mm working distance (WD). After focusing at a point
in the filled cavity, the system was excited in epi configuration
by UV light produced by a mercury short arc HBO lamp
(OSRAM). The excitation light was filtered by a Semrock
bandpass filter centered at 365 nm. The emitted light from the
cavities was collected by a spectrograph/CCD camera (Acton
SP-300i/Roper ST133) coupled to the microscope. The
emission spectrum was also recorded from the same channels
in a region with only one mirror, the latter representing
emission from the bare molecules. Emission spectra recorded
for different cavity thicknesses recorded at normal incidence are

shown in Figure S3. As can be seen in Figure S3a, when the
cavity is strongly red-detuned, a large emission peak appears.
This is especially apparent at high concentrations of Ce6 (0.18
M) used to achieve strong coupling and is attributed to excimer
emission, peaking outside the cavity at ca. 745 nm (inset, Figure
S3a). The fluorescence lifetime of the emission at 740 nm is
longer than that observed for monomeric Ce6, while the
excitation spectrum of this emission matches that of
monomeric Ce6, perfectly in keeping with the emission
properties of an excimer. This red-shifted emission of >740
nm was thus excluded from the quantum yield determinations.

Lifetime Measurements. The emission lifetimes were
measured using the time-correlated single photon counting
technique on a Nikon Eclipse Ti confocal microscope coupled
to a PicoQuant PicoHarp 300 pulse correlator. A 40× objective
with 0.6 NA and 3.7−2.7 WD was employed. The excitation
source was a picosecond pulsed diode laser (PicoQuant PDL
800-D) at 640 nm, with an instrument response-limited pulse
width of 83 ps, repetition rate of 80 MHz, and average power of
9 mW. The emitted photons were detected by a single-photon
avalanche diode detector. A 685 ± 10 nm bandpass filter was
placed before the detector in order to measure emission only
from monomeric Ce6−cavity interactions. The emission decay
lifetimes could be well fit by single-exponential decay profiles in
all cases using PicoQuant SymphoTime64 software.
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(30) Plumhof, J. D.; Stöferle, T.; Mai, L.; Scherf, U.; Mahrt, R. F.
Room-Temperature Bose−Einstein Condensation of Cavity Exciton−
polaritons in a Polymer. Nat. Mater. 2013, 13, 247−252.
(31) Daskalakis, K. S.; Maier, S. a; Murray, R.; Keńa-Cohen, S.
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