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We study the microscopic processes that determine the dynamics of polaritons in strongly-coupled organic-
semiconductor microcavities. Using a quantum kinetic theory, we show that resonant couplings and interac-
tions between cavity photons, excitons, and localized molecular vibrations strongly affect the polariton reso-
nance line shapes in J-aggregate microcavities. We use our many-body calculation to reproduce the measured
polariton emission at exciton-photon resonance which is determined as a function of the Rabi-splitting energy.
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I. INTRODUCTION

Low-dimensional semiconductor microcavities operating
in the strong-coupling regime have proved a fascinating sys-
tem for studying and manipulating the coupling of light with
matter.1,2 Photons confined within the microcavity couple
strongly with excitons, the elementary electronic excitations
of semiconductors. This light-matter coupling results in the
formation of new states termed cavity-polaritons.3 Due to
their small effective mass, cavity-polaritons have a small
density of states, which permits macroscopic occupancy at
relatively low excitation densities.4 This effect has led to the
observation of macroscopic quantum-mechanical phenom-
ena, such as nonlinear stimulated scattering5,6 and the iden-
tification of a Bose-Einstein condensate.7

So far, the majority of research has focused on strongly-
coupled microcavities containing III–V �InGaAs/GaAs
�Refs. 4 and 6� or GaN �Refs. 8 and 9�� and II–VI inorganic
semiconductors.10 Organic semiconductor microcavities have
the potential of demonstrating effects not yet achievable with
such inorganic semiconductors.11,12 For example, Rabi-
splitting energies in excess of 300 meV �Ref. 13� can be
realized, while typical values in III–V semiconductor
quantum-well microcavities do not exceed �10 meV. Or-
ganic microcavities also offer the advantage of tunability of
parameters such as the Rabi-splitting energy.11,13 Further-
more, excitonic emission can be generated from organic light
emitting diodes driven under high current stress14 without
charge-carrier screening effects becoming dominant; an ef-
fect resulting from the large ��0.5 eV� binding energy11 of
Frenkel excitons. Thus while both organic15 and
inorganic16–18 semiconductor microcavities operating in the
strong-coupling regime have been shown to emit polariton
luminescence following electrical injection, it is possible that
a larger population of polaritons could be generated in a
strongly-coupled organic-based system via electrical injec-
tion without the system reverting to the weak-coupling limit.

It is clear however that a number of questions remain
unanswered regarding the fundamental processes that occur
in strongly-coupled organic microcavities; namely, whether
the use of organic materials results in fundamentally new
physical effects, and whether stimulated scattering can be

generated. This second issue is of both fundamental and
technological interest, as stimulated scattering has been pro-
posed as a means of creating ultrafast optical switches,19

optical-parametric amplifiers,6 and polariton lasers.20 It is
known that new interactions are likely to be important in
organic-based microcavities. For example, a special charac-
teristic of organic systems is the strong coupling between
localized Frenkel excitons �Xs� and discrete molecular vibra-
tional modes �VMs�. Previous work argued that such inter-
actions are likely to play a key role in polariton
relaxation.21–24 Such effects are analogous to the increase of
the polariton relaxation rate due to interactions with LO
phonons demonstrated in II–VI semiconductor-based
microcavities.25 Very recently, the photoluminescence �PL�
emission from a strongly-coupled organic microcavity was
described by a model that includes scattering with a thermal
bath of vibrational modes having a continuous energy
spectrum.26 This semiclassical model reproduces the depen-
dence of the relative PL emission intensities of the upper and
lower polariton branch resonances �UPB and LPB� on the
temperature, in qualitative agreement with experiment.27

In this paper we demonstrate that the polariton resonances
in strongly-coupled organic microcavities are strongly af-
fected by resonant exciton-molecular phonon �X−VM� cou-
plings, which we control by tuning the Rabi energy. We de-
scribe the cavity PL spectrum with a quantum-kinetic
density-matrix calculation that employs a correlation expan-
sion in order to treat nonperturbatively the dynamical inter-
actions between the photons, excitons, and localized discrete
vibrational modes. Importantly, the inclusion in our model of
a number of discreet localized VMs �whose energies we de-
termine from experiment� goes beyond the simplifying
assumption26 of a continuous VM distribution. In particular,
we show that in addition to semiclassical relaxation effects,
the resonant interactions among the discrete elementary ex-
citations of the organic system lead to polariton normal
modes consisting of a superposition of Xs, VMs, and pho-
tons. Such quantum-mechanical effects manifest themselves
in the line shapes of the UPB and LPB resonances. Our
calculations suggest that, when the UPB−X energy separa-
tion approaches the energy of a discrete VM, the coupling
between the UPB−X+VM and X−LPB+VM states becomes
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strong and modifies the polariton eigenstates and normal-
mode energies �polaronic effects�. We pinpoint the impor-
tance of this fundamental many-body process by studying
the dependence of the relative PL emission intensity of the
UPB and LPB on the Rabi-splitting energy, measured by
comparing a series of organic microcavities. We find a sup-
pression of the UPB and enhancement of the LPB PL reso-
nance whose dependence on the Rabi-splitting energy is re-
produced well by the theory.

II. EXPERIMENTAL METHODS

The cavities that we have studied are based on a thin film
of a J-aggregated molecular dye which is positioned between
a dielectric mirror �nine repeat pairs of SiO2 /SixNy� and a
metallic mirror consisting of a silver film deposited via ther-
mal evaporation. Typical cavities had a Q factor of around
80—a value typical of microcavities that utilize at least one
metallic mirror.11 The molecular dye used in the cavities was
supplied by FEW Chemicals GmbH, catalog reference S0046
and henceforth referred to as F1. To process dye F1 into a
thin film and generate J aggregates, it was dissolved at a
concentration between 1 and 4 mg/ml in a 5% water solution
of gelatine and then spin cast into thin films having a thick-
ness of 200 nm. Unlike in inorganic systems, here the Rabi-
splitting energy can be tuned almost continuously by control-
ling the dye concentration and thus the effective oscillator
strength of the organic film within the cavity.13,28 Figure 1�a�

shows the absorption and photoluminescence of a thin film
of F1 J aggregates without the cavity. This spectrum is domi-
nated by the strong absorption of the exciton J band at 2.11
eV; there is a Stokes shift of 3.9 meV between absorption
and PL.

The vibrational modes of the F1 aggregates were charac-
terized by Raman spectroscopy using a Renishaw Raman
imaging microscope �operating at 633 nm�. Control measure-
ments demonstrated that the Raman-scattered modes origi-
nated from the J aggregates and not the matrix material.
Figure 1�b� shows a typical Raman spectrum of J aggregates
of F1 in gelatine; it is dominated by discrete peaks due to
local molecular vibrations.

III. EXPERIMENTAL RESULTS

Figure 2�a� shows a series of white-light reflectivity spec-
tra from a typical cavity. By plotting the energy of the dips in
the reflectivity, we construct the dispersion curve of Fig.
2�b�. Anticrossing is clearly observed, with �in this case� a
Rabi-splitting energy of 70 meV �determined at an external
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FIG. 1. �a� PL and absorption spectra of thin control film of J
aggregates. �b� Raman spectrum of J aggregates of dye F1 dis-
persed in gelatine.
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FIG. 2. Angle-resolved white-light reflectivity spectra from a
microcavity with Rabi splitting of 70 meV. Thicker line: spectrum
at resonance �35°�. �b� Polariton dispersion extracted from �a�.
Solid line: best fit to a standard two-level model.
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viewing angle defined with respect to the cavity normal of
35°�. We fitted the energy of the polariton peaks in Fig. 2�a�
to a standard two-level model4 and identified the external
viewing angle at which exciton-photon resonance occurs.

We now turn to the PL spectrum and its evolution with the
Rabi-splitting energy. PL was generated following nonreso-
nant excitation at normal incidence using the 408 nm line
from a GaN laser diode focused to a 150 �m diameter spot
on the cavity surface at a power density of 140 kW /m2, and
then collected over a solid angle of 0.022 sr using a lens and
delivered into a charge coupled device spectrograph via an
optical fiber. Figure 3�a� shows a series of experimental PL
spectra from different microcavities, all recorded at exciton-
photon resonance �corresponding to external viewing angles
typically between 32.5° and 37.5°�. These cavities differ in
their Rabi-splitting energies �58, 70, 110, and 137 meV�.
With the X and the cavity photon in resonance �zero detun-
ing�, the UPB and LPB polaritons both contain the same
cavity photon fraction, and are simultaneously sensitive to
their interactions with the vibrational modes, which occur via
their excitonic component.

Figure 3�a� demonstrates that, for low Rabi-splitting en-
ergies ��60 meV� as determined from the reflectivity, the
cavity PL emission is dominated by an asymmetric reso-
nance with a high energy shoulder. For larger Rabi splittings,
there are two resolvable emission peaks. For the highest Rabi
energy measured �137 meV�, a third peak is visible. This
corresponds to the PL peak of the J aggregate without the
cavity and originates from Xs uncoupled to the cavity pho-
ton. Due to the disorder, the majority of states in organic
cavities are Xs that do not couple significantly to this photon
and form an X reservoir.21 We identify the UPB with the
dashed line in Fig. 3�a�. For cavities where there is a small
Rabi-splitting energy �where only one asymmetric PL peak is
observed in emission� it is difficult to unambiguously iden-
tify the energy of the upper polariton branch. We have there-
fore used the energy of the upper polariton branch deter-
mined from reflectivity to estimate the position and intensity
of the unresolved upper polariton in the PL emission spec-
trum as shown in Fig. 3�a�. For these cavities, the Rabi-
splitting energy is estimated from the energy separation be-
tween UPB and LPB determined from reflectivity. For larger
Rabi-splitting energies, where both polariton branches are
resolvable in the PL emission spectrum, we identified their
position from the emission spectrum following a fit with two
Lorentzian functions. The Rabi-splitting energy was then
identified with the separation between the two polariton
peaks in the PL spectrum.

IV. THEORY

The many-body processes induced by the interplay be-
tween X−VM and X-photon interactions were described with
a quantum-mechanical theory based on density-matrix equa-
tions of motion.29,30 We adopted the quasimode approxima-
tion, which considers external �emitted� photons coupled to
cavity photons with the same in-plane vector and polariza-
tion, and used the simplest Hamiltonian21 that describes the
interactions between cavity photons, molecular phonons, and

molecular excitons. aq
† creates the lowest cavity photon, with

in-plane momentum q and energy �q,21 Bm
† creates a molecu-

lar exciton, with energy �X, and cm
† creates an intramolecular

phonon, with energy �ph, localized on the mth molecule.
Given the peaks in the Raman spectra of Fig. 1�b�, we in-
cluded up to two discrete VMs in our calculation, whose
energies are within the range of Rabi splittings studied in our
experiments. The population of emitted photons can be ob-
tained in terms of the density matrices �aq

†aq��, �Bm
† Bn�, and

�aq
†Bn�, which satisfy the equations of motion
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i�t�aq
†aq�� = ��q� − �q��aq

†aq��

+ �
m

�Tmq��aq
†Bm� − Tqm�Bm

† aq�� , �1�

i�t�aq
†Bm� = ��X − �q��aq

†Bm� + �
q�

Tq�m�aq
†aq��

− �
n

Tqn�Bn
†Bm� + 	�aq

†Bm�cm
† + cm�� , �2�

i�t�Bm
† Bn� = i
mnPm + �

q
�Tqn�Bm

† aq� − Tmq�aq
†Bn��

+ 	��Bm
† Bn�cn

† + cn�� − �Bm
† Bn�cm

† + cm��� . �3�

In the above equations, 	 denotes the X-phonon interac-
tion constant, Tqm describes the X-photon coupling,21 Pm is
the pumping rate, and we include photon and X lifetimes.
Unlike the semiclassical approximation, we describe the
X-phonon interaction effects via phonon-assisted density ma-
trices �last terms on the right-hand side of Eqs. �2� and �3��,
which are determined by their own equations of motion.
These equations couple to higher density matrices, primarily
of the forms �B†Bc†c� and �a†Bc†c�. The latter density ma-
trices are decomposed into a factorizable part, where the
phonon occupation number �c†c� is substituted by a thermal
distribution, and a nonfactorizable contribution determined
by its equation of motion. We truncated the infinite density-
matrix hierarchy by neglecting the coupling to higher density
matrices describing multiphonon correlations. We expect that
the disorder fluctuations suppress these multi-VM correla-
tions in organic systems. The semiclassical treatment of the
X−VM scattering, which leads to a master equation for the
populations, is recovered by solving the equations of motion
of the single-phonon density matrices in the adiabatic limit.30

Here however we treat polaronic contributions to the PL
spectra, due to the hybrid X, photon, and phonon nature of
the polariton eigenstates, by solving the above system of
equations and their coupling to the external photons numeri-
cally in the steady state, assuming an initial X population
�Bm

† Bm�. More details will be presented elsewhere.

V. DISCUSSION

Figure 3�b� shows the trends in the PL spectra, calculated
for zero exciton-photon detuning and zero temperature, as
function of Rabi energy. The free parameters �	 and relax-
ation rates� were fixed by fitting to the details of the experi-
mental PL line shape for one Rabi energy; they were then
kept constant for all other Rabi energies. The VM energies
were extracted from the Raman spectra. The theory repro-
duces very well the experimental trends with Rabi energy
tuning. The UPB is suppressed and broadened asymmetri-
cally �non-Lorentzian line shape� by the X-phonon interac-
tion, which also enhances the LPB resonance. In fact, due to
the polaronic effects and the coupling of the X+VM and
UPB states, we can even obtain two split UPB peaks, which
however merge into a single broad resonance due to the
rather large damping rates. Importantly, the above effects

depend on the relative values of the discrete molecular vibra-
tion frequencies as compared to the energy splitting of the
polariton states. In particular, the contribution to the normal
modes coming from the coupling of Xs and VMs diminishes
as the X+VM and polariton energies get out of resonance.
These energy differences can be tuned by changing the Rabi
energy, which thus controls the PL line shape.

In Fig. 3�c� we plot the experimental ratio of the UPB to
LPB intensity as a function of Rabi-splitting energy �solid
points�. In each case, the measurement was repeated on at
least three independent microcavities. It is clear that the rela-
tive intensity UPB/LPB decreases strongly with increasing
Rabi-splitting energy. This trend can already be seen from
the PL resonance line shapes in Fig. 3�a� and does not de-
pend on our fitting procedure. Our calculation gives good
agreement with this experimental result if we include the two
dominant molecular vibrations in the Raman spectrum, at 40
and 83 meV �Fig. 1�b��, whose energy is within the range of
Rabi energies considered here. If our model only includes a
single VM, the theory predicts a minimum in the UPB/LPB
intensity ratio as the Rabi splitting approaches about twice of
the VM energy. Note that we exclude interactions with the
higher lying VMs �at 148, 170, 183, and 196 meV� for the
sake of simplicity since such modes are out of resonance
with the X-polariton energy difference. Indeed, over the
range of Rabi-splitting energies explored here �30–140
meV�, the role of such high energy phonons on the relaxation
from the UPB to the reservoir will be minimal, as their en-
ergy is more than twice that of the energy separation between
the UPB �at maximum Rabi splitting� and the X reservoir
states.

In Fig. 3�c�, we also compare the Boltzmann distribution
for T=300 K �as in the experiment� with the UPB/LPB ratio
as function of Rabi-splitting energy. The clear discrepancy
between the two curves shows that the two polariton
branches are not in thermal equilibrium. Instead, we find that
we can approximately describe the measured Rabi energy
dependence of the UPB/LPB peak ratio by a Boltzmann dis-
tribution with excitation energy � 1

2.45 of the Rabi splitting.
Since this energy is comparable to the splitting between the
UPB and X reservoir states, we can infer that the UPB popu-
lation has a component determined by the thermal population
of UPB states via X reservoir states. Indeed, the X reservoir
can reach quasiequilibrium very rapidly,24 and thus the in-
crease in temperature creates a thermal VM population that
enhances X scattering to the UPB. This picture is also sup-
ported by temperature dependent PL emission measurements
on the intensity emission ratio of the UPB and LPB made on
F1 dye containing microcavities.27 In contrast, the LPB lies
below the X reservoir energy and its population is mainly
determined by the nonthermal part of the density matrices.
Such temperature effects can be described with our theory by
substituting a phonon population �cm

† cm� in the density-
matrix equations of motion.

VI. CONCLUSIONS

In summary, by combining a comprehensive experimental
study of the PL spectrum of J-aggregate microcavities in the
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strong-coupling regime with tunable Rabi energy and a quan-
tum kinetic many-body calculation, we have demonstrated
the crucial role played by resonant exciton-molecular vibra-
tion interactions in organic microcavities. Our results high-
light the suggestion24 that, if the energy separation between
the exciton reservoir and the minimum of the lower-branch
polariton energies can be tuned to be resonant with the en-
ergy of a vibrational mode, rapid and efficient macroscopic
occupancies of this LPB state may be achieved following
nonresonant exciton excitation, potentially leading to
stimulated-scattering effects in organic microcavities. Fur-
thermore recent theoretical work suggests that polariton-
polariton kinematic interactions in organic microcavities can
result in a range of nonlinear effects, such as parametric

scattering.31 It is however likely that the generation of such
nonlinear effects will only be possible in structures having a
significantly higher Q factor �which is directly related to the
cavity photon lifetime� than those studied here. Such in-
creases in cavity Q factor can be readily achieved by creating
structures based on two distributed Bragg reflectors,32 or by
creating microcavities based on a micropillar-type
geometry.33
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