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ABSTRACT: The formation of hybrid light−matter states in
optical structures, manifested as a Rabi splitting of the
eigenenergies of a coupled system, is one of the key effects in
quantum optics. The hybrid states (exciton polaritons) have
unique chemical and physical properties and can be viewed as
a linear combination of light and matter. The optical
properties of the exciton polaritons are dispersive by nature,
a property inherited from the photonic contribution to the
polariton. On the other hand, the polariton lifetime in organic
molecular systems has recently been highly debated. The
photonic contribution to the polariton would suggest a
lifetime on the femtosecond time scale, much shorter than
experimentally observed. Here, we increase the insights of light−mater states by showing that the polariton emission lifetime is
nondispersive. A perylene derivative was strongly coupled to the vacuum field by incorporating the molecule into a Fabry−Peŕot
cavity. The polariton emission from the cavity was shown to be dispersive, but the emission lifetime was nondispersive and on
the time scale of the bare exciton. The results were rationalized by the exciton reservoir model, giving experimental evidence to
currently used theories, thus improving our understanding of strong coupling phenomena in molecules.

■ INTRODUCTION

Strong exciton−photon coupling has manifested itself in recent
years as a unique method for tuning chemical, physical, and
optical properties of organic molecules as well as inorganic
compounds. Vacuum fluctuations in surface plasmons or
Fabry−Peŕot (FP) cavities provide a large enough electro-
magnetic field to enter the strong exciton−photon coupling
regime without an external electromagnetic field needed,
resulting in a myriad of possible applications. When a
molecular exciton couples strongly to the vacuum field, new
hybrid polaritonic states are formed.1−4 The physical and
chemical properties of the formed hybrid states can be radically
different from those of the uncoupled molecules. A vast variety
of molecules have been coupled to vacuum fluctuations, e.g., J-
aggregates,5,6 crystals,7 two-dimensional materials,8,9 carbon
nanotubes,10,11 liquid crystals,12 single molecule,13 nanofluidic
cavity,14 nanowires,15 proteins,16 and even living bacteria.17

Applications of strongly coupled systems have previously been
focused on polaritonic lasing,18 Bose−Einstein condensates,19

quantum computing,20 higher-order harmonic generation,21

organic light-emitting diode devices,22 and quantum fluids of
light.23 Recent investigations have shown changes in trans-
port,24,25 coherence length,26 chemical rate constant,27

reactivity landscapes,28 rate constants of energy transfer,29−31

phase transition,32 quantum yield,33 photo-oxidation,34 IR
emission,35 and selective manipulation of excited states,36

showing an incredible scope of possible uses of the
phenomena. Furthermore, recent theoretical investigations

have shown possible changes in photochemical reactions,37

charge transport,38 singlet fission,39 and chemical reac-
tions.40,41

A characteristic feature of polaritons is their dispersive
behavior. The properties of polaritons are inherited from the
molecular exciton and the cavity (Fabry−Peŕot or plasmonic)
used to create the polariton. In fact, the dispersivity of the
system is often used to prove that the strong coupling regime is
reached, and to determine the photonic/excitonic contribution
to the polariton. The energy of the molecular exciton (Eexc) is
inherently nondispersive, whereas the energy of the cavity
resonance (Ec) depends on the angle of incidence (θ) and can
be expressed as42
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where E0 is the energy of the cavity at normal incidence and neff
is the effective refractive index. The dispersive behavior of the
cavity resonance is inherited by the polaritonic states, and can
be modeled by a coupled harmonic oscillator Hamiltonian. In
this study, a molecule exhibiting two vibronic energy levels is
coupled to a single cavity mode. The used Hamiltonian
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therefore contains two excitonic terms and one photonic
term43
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where α, β, and γ are the mixing coefficients of the system
(Hopfield coefficients) and V1, V2 are the interaction potentials
(the coupling strength divided by 2), which are proportional to
the transition dipole moment of the coupled exciton and the
square root of the molecular concentration. Solving the
eigenvalues of the Hamiltonian yields the energy of each
polaritonic branch, and solving the eigenvectors yields the
photonic (|α|2) and excitonic (|β|2, |γ|2) weights for each
branch.
In eq 2, the energy of the cavity is angle dependent; thus, the

energy of the formed polaritonic states is also angle dependent.
Consequently, both the magnitude and the envelope of
absorption/emission of polaritons are strongly angle depend-
ent, which has been verified on a number of occasions.44,45

However, less effort has been made toward examining the
dispersivity of polariton lifetimes. Hitherto, only one report
exists that examines the angular dependence of the polaritonic
emission lifetime, arising from molecular excitons strongly
coupled to the vacuum field. Using cyanine J-aggregates
strongly coupled to the vacuum field in a significantly
negatively detuned cavity at 20 K, no angular dependence of
the polaritonic emission lifetime was detected. Theoretically,
the lifetime of the polariton (τLP) is dispersive and can be
expressed as a superposition of the lifetime of the electronically
excited state of the molecule (τexc) and the lifetime of the
photon inside the cavity (τc) weighted by the Hopfield
coefficients
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At resonance, eq 3 suggests that the polariton lifetime is on the
same time scale as the shortest component, i.e., the cavity
(about 10 fs for the cavities used in this study). However,
experimental results indicate a much longer lived polariton.33,46

A model in which the kinetics of populating the emissive lower
polaritonic state is slower compared to the emission from the
lower polaritonic state has explained this observation.47 The
so-called exciton bath theory, where internal relaxation rather
than the emissive properties of the lower polaritonic state
govern the observed emission kinetics, suggests that the
lifetime of emission cannot be calculated a priori. Having this
picture in mind, eq 3 poorly captures the process and no angle
dependence on the lifetime of emission is expected.
Here, we demonstrate experimentally that the lifetime of

polaritonic emission is independent of the angle of emission,
irrespective of cavity tuning. To do so, a Fabry−Peŕot (FP)
cavity consisting of two silver mirrors sandwiching a tetra-tert-
butylperylene (ttb-perylene) containing polystyrene (PS) layer
was constructed. We start by showing that the strong coupling
regime is reached by examining the dispersive behavior of the
transmission and steady-state emission of the cavities.
Subsequently, the polaritonic emission lifetime as a function
of emission angle was investigated, showing no dependence on
the angle. Finally, time-resolved emission spectra (TRES) were
recorded to prove that all emissive processes are captured, thus

showing that the time resolution of our setup is high enough to
capture the process. The experimentally shown independence
of the polaritonic emission lifetime on emission angle is an
important experimental verification of the current theoretical
model, in which the bottleneck of polariton emission is the rate
of polariton population.47

■ MATERIALS AND METHODS

Cavity Preparation. The cavities were prepared on glass
substrates, which were cleaned by sonicating them first in an
alkaline solution (0.5% Hellmanex in distilled water) for 15
min and afterward in water and in ethanol for 1 h. After oven-
drying, a silver mirror was deposited on the glass substrates by
vacuum sputtering deposition (HEX, Korvus Technologies).
To prepare the active polymer layer, a stock solution (20 mg/
mL) of tetra-tert-butylperylene in toluene and a stock solution
(40 mg/mL) of polystyrene (Sigma-Aldrich,Mw 280 000) were
mixed together having a tetra-tert-butylperylene/polystyrene
ratio of 1:4. The resulting solution was afterward spin-coated
(Laurell Technologies WS-650) onto the silver mirror for 45 s
at different speeds for varying the thickness. As the last step, a
second sliver mirror was deposited on top of the polymer layer
by vacuum sputtering deposition. The fabricated cavity was
kept under nitrogen in the dark to avoid any oxidation of the
silver mirrors or aging of the sample.

Optical Spectroscopy. The dispersive steady-state trans-
mission spectra were recorded by a standard spectropho-
tometer (Lambda 650, PerkinElmer) having a variable angle
accessory. The angle-dependent steady-state emission and
emission lifetimes were measured using two liquid light guides
connected to a spectrofluorometer (FLS 1000, Edinburgh
Instruments). The light from the fiber guiding the excitation
light was focused on the sample, and the emitted light was
focused on the entrance of the second fiber, which was placed
at different angles and was used to guide the light back to the
detector of the spectrofluorometer. For the emission lifetime
measurements, a pulsed laser diode (Edinburgh Instruments)
was used having an excitation wavelength of 405 nm.

■ RESULTS AND DISCUSSION

For the investigation of the angle-dependent emission lifetime
in the strong coupling regime, the choice of chromophore is of
high importance. To enter the strong coupling regime, the
interaction between the molecular exciton and the electro-
magnetic field needs to be sufficiently large. In a Fabry−Peŕot
(FP) cavity having a predefined mode volume, the coupling
strength is determined by the magnitude of the transition
dipole moment of the molecular transition and the
concentration of the molecule inside the cavity (eq 2).
Furthermore, to probe the emission lifetime, the excited state
of the molecule needs to be significantly long. In this study,
tetra-tert-butylperylene (ttb-perylene) was chosen because of
the following reasons: (1) It is a strong chromophore with an
emission spectrum mirror imaging the absorbance spectrum
(Figure 1). Hence, no big conformal changes occur in the
excited state and the transition dipole moments of emission
and absorption are therefore of similar magnitude. (2) A high
concentration in a polymer matrix can be gained without
showing excimer emission (which is present in unsubstituted
perylene) because of the steric hindrance of the four tert-butyl
groups. Thus, exciton−exciton coupling among molecules is
negligible and is therefore absent in eq 2. A Fabry−Peŕot cavity
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was constructed, containing ttb-perylene dissolved in poly-
styrene (PS) in a mass ratio of 1:4, sandwiched by two Ag
mirrors. The chosen mass ratio was regarded as an optimum
between a high concentration and as low as possible
aggregation-induced quenching, which occurs at very high

concentrations (Figure S1). At this concentration, the system
is well within the strong coupling regime, and the excited state
lifetime is long enough to be recorded using time-correlated
single photon counting. Thus, ttb-perylene is an excellent
chromophore for studying the angle dependence of the
polaritonic lifetime.
In the strong exciton−photon coupling regime, the

molecular exciton is hybridized with a cavity mode, forming
the polaritonic states. The energy matching between the
exciton and the cavity mode governs the relative photonic/
excitonic contribution to the formed polaritonic states (eq 2).
Tuning of the cavity mode can thus be used to shape the
properties of the polariton. Figure 2a−c shows the trans-
mission as a function of angle for three cavities with varying
thickness of the ttb-perylene/PS layer (for individual spectra of
the cavity c, see Figure S2). As the thickness changes, the
resonance also changes and thus the tuning of the cavities
(Figure 2d). With a red tuned cavity, the photonic
contribution to the lower polaritonic state (P−) is larger as
compared to the excitonic contribution and vice versa. The
coupled-oscillator model was used to determine the photonic
contribution to P− (the Hopfield coefficients) from the
dispersion plots in Figure 2a−c. Because the absorption

Figure 1. Absorption and emission spectra of tetra-tert-butylperylene
(ttb-perylene) in a polystyrene matrix, at a mass ratio of 1:4 at room
temperature. The inset shows the molecular structure of ttb-perylene.

Figure 2. (a−c) Dispersion plot of the tetra-tert-butylperylene-loaded cavities having different tunings. The dots represent the measurement data
having different colors depending on the calculated Hopfield coefficients, where red stands for excitonic contribution and blue for photonic
contribution. The lines are the fits for the different branches. (d) Jablonski diagram representing the transition of a molecule, having two equally
strong vibronic transitions strongly coupled to the cavity mode, leading to the formation of three new hybrid states P+, Pm, and P−. The tunings of
cavities a, b, and c are indicated in the diagram.
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spectrum of ttb-perylene (Figure 1) contains two equally
strong vibronic peaks, we modeled the system using three
coupled harmonic oscillators (eq 2). The photonic contribu-
tions to P− were calculated to be 0.19, 0.32, and 0.60 for
cavities a, b and c, respectively. Furthermore, the Rabi splitting
was considerably larger than the full width at half-maximum
value of the exciton for all cavities (Table S1). Thus, three
cavities, all well into the strong coupling regime, having
different photonic contributions (which contributes to the
dispersivity of the system) to the emissive P− state were
constructed.
The polariton transmission exhibits a dispersive behavior

and so does the polariton emission. Cavities a−c have a
photonic contribution to the emissive P− state going from low
to high (0.19, 0.32, and 0.60) at normal incidence. Emission
from the cavity originates both from the lower polariton and
from the bare exciton. As the angle of emission increases, the
cavity resonance is blue tuned and the intensity of emission
lowers; thus, the relative contribution of ttb-perylene emission
increases. Figure 3 shows normalized cavity emission (when

exciting at normal incidence) at different angles of emission.
For all cases, at normal incidence the emission is sharp and
overlaps in wavelength with the transmission spectrum of P−

(Figure S3). Thus, the bandwidth of polaritonic emission is
considerably narrower as compared to the vibronically
structured emission from a bare ttb-perylene film (Figure 1).
As the angle of emission increases, the intensity of the emission

decreases (Figure S4) and is either blue- or red-shifted.
Perhaps more interestingly, the intensity resembles more and
more that of uncoupled ttb-perylene at large angles. This is
most clearly seen at longer wavelengths (λ > 490 nm), where a
perfect match between cavity and bare film emission can be
seen (Figure S5). Thus, this indicates that the emission at
longer wavelengths is due to a substantial light leakage of
excimer emission through the cavity mirrors rather than the
finite width of the lower polariton branch. Furthermore, the
similarity with uncoupled ttb-perylene emission is the highest
for cavity a, which has the lowest photonic contribution to P−.
In summary, irrespective of tuning, the polariton emission is
angle dependent, going from a strong sharp emission at normal
incidence to a weak broad more excitonic-like emission at
larger angles.
Both the emission and the transmittance of the polaritonic

states show a dispersive behavior. Therefore, it is of interest to
experimentally determine whether the lifetime of the
polaritonic states also exhibits an angle dependence. According
to eq 3, the emission lifetime should depend on the angle of
emission. However, the exciton bath theory suggests that
internal relaxation is the rate-limiting step in the emission
process,47 thus predicting an emission lifetime independent of
emission angle, even though the emission spectrum is not.
Figure 4 shows the polariton emission (recorded at 460 nm) as
a function of time for cavities a−c, at varying detection angles.
No change in the lifetime with regard to detection angle can be

Figure 3. Normalized emission spectra of the three (a−c) tetra-tert-
butylperylene-loaded cavities at different angles (between 0° (red
line) and 60° (blue line)) showing a shifting polaritonic emission
peak at around 460 nm and an excitonic emission peak at 490 nm
staying at the same position when varying the detection angle.

Figure 4. Emission lifetime traces of tetra-tert-butylperylene-loaded
cavities (a−c) measured at different angles between 10 and 60° and
the internal machine response (black). The decays show no change of
fitted lifetime within the same cavity when varying the detection
angle.
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observed. The polaritonic average lifetimes for cavities a, b, and
c being 0.38 ± 0.02, 0.46 ± 0.03, and 0.41 ± 0.01 ns,
respectively, indicate no substantial change in polariton
lifetime with varying photonic/excitonic contribution to P−.
To compare, time-resolved emission decays were also recorded
at 490 nm, where the envelope of emission is more excitonic
like (Figure S6, Tables S2−S7). Also here, no angular
dependence can be seen, even though a slight increase in
excited state lifetime is observed. Thus, the emission lifetime
from the uncoupled molecules is also angle independent.
Furthermore, the emission lifetime of a bare film of ttb-
perylene was determined to be 0.21 ns, considerably shorter as
compared to the polaritonic lifetime. To observe whether the
bare exciton can be thermally populated by the lower
polaritonic state, the relative ratio of the polaritonic and
excitonic emissions at different temperatures was determined.
No temperature dependence could be found. In summary, the
lifetime of polariton emission is independent of the emission
angle and the photonic contribution to the P− state. Thus, eq 3
does not capture the nature of polaritonic emission well.
Instead, the polariton is either much more exciton like than
predicted by eq 3 or the kinetics of populating the polariton is
slow, as predicted by the exciton bath theory.
According to eq 3, the lifetime of the lower polaritonic state

should be short, about 20 fs (assuming a photonic Hopfield
coefficient of 0.5). Longer observed lifetimes can instead be
viewed as a bottleneck for populating the emissive P− state
from the exciton bath (dark states in energy in between the
upper and lower polaritonic states). Nevertheless, when
probing a complicated system such as this, it is important to
ensure that the time resolution of the setup is high enough to
capture the polariton emission. Time-resolved emission spectra
(TRES, Figure S7) were used to observe whether all emissive
processes were captured during the emission lifetime experi-
ments. In a TRES experiment, an emission decay is measured
for each emission wavelength, covering the whole emission
profile. Each decay was integrated over the measurement time,
and the resulting spectral envelope was compared to the one of
the steady-state emissions at the specific angle of emission
(Figures 5 and S8). If the time resolution of the system is too
low, a deviation between these two spectra is expected.
However, from the overlay shown in Figure 5, a perfect match
between the steady-state data and the integrated TRES decays
is observed, irrespective of the emission angle. Therefore, the
time resolution of the system is high enough and the
conclusion that the emission lifetime of polaritonic states is
angle independent is valid.

■ CONCLUSIONS

We have shown that the lifetime of polariton emission is angle
independent, irrespective of cavity tuning. To do this, a
Fabry−Peŕot cavity was constructed containing ttb-perylene
strongly coupled to the vacuum field. Transmission through
the cavity as well as the steady-state emission exhibited a
strongly dispersive behavior, whereas the emission lifetime was
constant and on the subnanosecond time scale. The long and
nondispersive lifetime of polariton emission is not compatible
with a pure exciton/photon superposition. However, it is
compatible with the exciton bath theory, thus validating that
the present theoretical models capture the nature of polaritonic
states.
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