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We demonstrate strong exciton-photon coupling and photon-mediated hybridization between the Frenkel and
Wannier-Mott excitons of an organic-inorganic hybrid optical microcavity. Hybridization occurs between the
Frenkel excitons of the small molecular weight organic tetraphenylporphyrin and the Wannier-Mott excitons of
InGaP quantum wells. This mixed state consists of 10% Frenkel and Wannier-Mott exciton and 80% cavity
photon character, and persists up to temperatures of 100 K.
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I. INTRODUCTION

The absorption of light in a semiconductor can lead to the
creation of a bound electron-hole pair, known as an exciton.
Frenkel-type excitons are commonly found in organic semi-
conductors and have large binding energies ��1 eV� and
small Bohr radii ��1 nm�. In contrast, W annier-Mott exci-
tons are associated with inorganic semiconductors and are
weakly bound ��10 meV� with large Bohr radii ��10 nm�.
An exciton placed in an optical microcavity can interact with
the photon mode of the cavity.1 If the resonance leads to a
splitting �anticrossing� between the coupled exciton and
cavity-photon eigenstates, the system is identified as
“strongly coupled.”2 Furthermore, when multiple excitons of
a single type �either Frenkel or Wannier-Mott� are confined
within the microcavity, they may hybridize by each strongly
coupling to the cavity photon field.3–7 The eigenstates of the
strongly coupled exciton-photon system are called microcav-
ity polaritons.2,8

Microcavity polaritons were first reported in inorganic
�GaAs-based� semiconductor structures at low temperature.2

Observations of the strongly coupled state are generally lim-
ited to low temperature in inorganic materials as a result of
thermal linewidth broadening and the small Wannier-Mott
oscillator strength. In contrast, the study of strong coupling
in organic materials has only recently received attention. Or-
ganic materials are interesting in this context due to their
large exciton oscillator strengths and binding energies. These
properties lead to a stronger interaction with the cavity
mode, and a stable, strongly coupled state at room tempera-
ture. Strong coupling has been reported in a variety of spun-
cast and solution-processed organic materials,9–13 as well as
in thermally evaporated thin films.4,14

When multiple excitonic resonances are coupled using a
single cavity mode, the excitons are said to be hybridized �or
mixed�. In inorganic semiconductors, exciton hybridization
has been explored by coupling quantum wells of varying
thicknesses to a cavity,6 and also by simultaneously coupling
the light and heavy-hole excitonic transitions of a single
quantum well �QW� to a common cavity photon mode.15

Hybridization has been observed in organic materials be-
tween detuned molecular absorbers in a cavity,5,16 and be-
tween the neighboring vibronic transitions of a single mo-
lecular material.4

In addition, the existence of a hybrid Frenkel/Wannier-
Mott polariton state has been predicted theoretically and is
expected to exhibit unique nonlinear optical properties.17,18

The study of hybrid cavity polaritons can also lead to an
improved understanding of energy transfer between semicon-
ductor systems with vastly different properties. However, to
our knowledge, prior to this work there has not been an
experimental demonstration of hybridization between the
Frenkel exciton resonance of an organic material and the
Wannier-Mott exciton resonance of an inorganic QW. In con-
trast to earlier work with polaritonic states, this state would
involve the coupling of two fundamentally different exci-
tonic oscillators.

Here, we provide evidence for coupling between an exci-
ton in tetraphenylporphyrin �TPP�, a red absorbing, small
molecular weight organic material, and that in the QWs of
In0.52Ga0.48P via a common optical cavity mode. The poor
intermolecular overlap present in small molecular weight or-
ganic materials such as TPP leads to the formation of Frenkel
excitons upon optical excitation. In a Group III–V inorganic
semiconductor such as InGaP, optical excitation leads to the
formation of highly delocalized Wannier-Mott excitons due
to the large-scale order and periodicity of the crystal lattice.

This paper is organized as follows. Section II contains the
experimental details describing the fabrication of various mi-
crocavity structures. The experimental results are presented
in Sec. III. The theoretical framework for interpreting the
results followed by a discussion of the results is given in Sec.
IV. Conclusions are presented in Sec. V.

II. EXPERIMENTAL

The device structure is shown in Fig. 1 and consists of
two optically active semiconductor regions �an InGaP QW
structure and a film of the fluorescent organic TPP� sand-
wiched between dielectric and semiconductor distributed
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Bragg reflectors �DBRs�. The QWs were placed in sets of
three at the electric field antinodes of the structure to maxi-
mize the interaction between the cavity photon and the QW
exciton. The bottom DBR mirror consists of a 24-pair DBR
composed of undoped Al0.46Ga0.54As �nAlGaAs=3.45� and
AlAs �nAlAs=3.04�, grown by gas source molecular beam
epitaxy �GSMBE�, on a �100� GaAs substrate. Following
this, nine 12-nm-thick In0.52Ga0.48P QWs with 12.5-nm-thick
�Al0.4Ga0.6�In0.5P barriers were similarly grown to form the
inorganic active region. A 320-nm-thick layer of TPP was
deposited on a room temperature substrate onto the
�AlGa�InP spacer layer by vacuum thermal sublimation in a
chamber with a base pressure of approximately 10−7 Torr.
The deposition conditions result in highly polycrystalline
films. The �AlGa�InP spacer thickness �75 nm� is sufficient
to prevent Förster energy transfer between the QWs and
TPP.19 To complete the structure, a 5.5 pair DBR consisting
of TiO2 �nTiO2

=2.30� and SiO2 �nSiO2
=1.46� was deposited

on top of the TPP by rf magnetron sputtering. Angularly
resolved reflectivity spectra for the full organic-inorganic mi-
crocavity were collected as a function of temperature under
white light excitation through the TiO2/SiO2 DBR stack.20

The refractive index profile and the spatial variation of the
optical field intensity within the microcavity are shown in
Fig. 2. The spacing and placement of the InGaP quantum
well sets were optimized to provide maximum overlap be-
tween the QWs and the optical field profile.

To understand the nature of the Wannier-Mott polariton
states, an inorganic microcavity was also fabricated by first
growing the AlGaAs/GaAs DBR, followed by the InGaP
MQW structure. The sample was capped by depositing a
dielectric mirror �seven pairs of SiNx �nSiNx

=2.10� and SiO2

�nSiO2
=1.46�� on top of the inorganic QW structure by

plasma-enhanced chemical vapor deposition. Angularly re-
solved reflectivity spectra were collected through the
SiNx /SiO2 DBR stack.

III. RESULTS

Quantum wells comprised of InGaP are a suitable partner
for TPP �EFrenkel=1.90±0.02 eV, measured at 300 K�, given
their heavy-hole excitonic absorption in the red at
EWannier-Mott= �1.972±0.002 eV� at 4 K. Figure 3 shows the
absorbance spectrum of TPP at room temperature, as well as
the reflectivity spectrum of the inorganic component of the
hybrid microcavity structure at an angle of 65° at 4 K. The

FIG. 1. The organic-inorganic semiconductor microcavity struc-
ture used to observe strong coupling between Frenkel and Wannier-
Mott excitons through their mutual interaction with a common cav-
ity mode.

FIG. 2. The refractive index profile and calculated electric field
intensity distribution �normal incidence� in the structure of Fig. 1.

FIG. 3. The room temperature absorbance of tetraphenylporphy-
rin, and the low-temperature �4 K� reflectivity of the inorganic
InGaP/ �AlGa�InP quantum well component of the hybrid structure
at an angle of 65°. Excitonic absorption features in the inorganic
quantum wells are denoted by solid arrows.
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stop band of the AlGaAs/AlAs DBR is clearly visible from
1.86 eV to 2.03 eV, as are three separate dips in the reflec-
tivity spectrum. The large dip centered in the DBR stopband
is a weak cavity mode resulting from reflection between the
AlGaAs/AlAs DBR and the spacer/air interface. The two
smaller dips on the high-energy side of the DBR correspond
to heavy-hole and light-hole excitonic absorption. Previous
work has demonstrated that TPP can effectively form polari-
tons in an optical microcavity at room temperature.14

As a precursor to the study of the hybrid structure, the
angularly resolved reflectivity of a purely inorganic micro-
cavity was measured at 4 K �see Fig. 4�a��. The resulting
dispersion curve is shown in Fig. 4�b� and is fit using a
coupled oscillator model. To our knowledge, there has been

no report on the use of the red-emitting InGaP as an active
material for strongly coupled devices.

Angularly resolved reflectivity spectra collected at 100 K
for the full hybrid organic-inorganic structure are shown in
Fig. 5�a�. In the transfer matrix simulations of Fig. 5�b�, the
Wannier-Mott excitonic transition of InGaP is modeled as a
Lorentzian oscillator1 with a heavy hole oscillator strength of
fhh=4.9�1012 cm−2, a full width at half maximum �FWHM�
of �hh=7 meV, a background dielectric constant of �b
=11.5, and a center transition energy of 1.957 eV. The val-
ues of fhh and �hh are determined by fitting the transfer ma-
trix simulation to reflectivity spectra collected from the
inorganic-only structure of Fig. 4 as well as the hybrid struc-
ture of Fig. 5�a�. The Frenkel excitonic transition of TPP is
modeled using a peak absorbance of �=2.8�104 cm−1,
�TPP=42 meV, a background index of refraction of nTPP
=2.12, and a center transition energy of 1.917 eV. The val-
ues of � and �TPP were determined from low-temperature
transmission measurements made on a film of TPP deposited
on a quartz substrate.

In cases where the Rabi splitting is comparable to the
polaritonic linewidth, absorbance measurements �A� are fa-
vored over reflectivity �R� as the most quantitative measure
of strong exciton-photon coupling.1,21 In the hybrid organic-
inorganic microcavity studied here, the structure is purposely
unbalanced, with the reflectivity of the AlGaAs/AlAs back
mirror exceeding that of the TiO2/SiO2 front mirror. This
imbalance leads to the transmission, T�R for this structure
on resonance, such that the absorbance is A�1−R. Trans-
mission spectra were calculated for the hybrid structure as a
function of angle using transfer matrices, and in all cases T
�1% on resonance. This result further validates the use of
reflectivity measurements in Fig. 5�a� to examine the
strongly coupled state.

FIG. 4. �a� Reflectivity spectra at 4 K from an
InGaP/ �AlGa�InP semiconductor quantum well microcavity struc-
ture for angles of incidence ranging from 37.5° to 55°. The arrows
denote features resulting from the strong coupling of the cavity
mode and the heavy-hole exciton transition of InGaP at
EWannier-Mott=1.972 eV. �b� The dispersion relation extracted from
the reflectivity spectra of �a�. The fits �solid lines� are obtained
using a coupled oscillator model �see text� with a splitting of
�InGaP=10 meV.

FIG. 5. �a� Reflectivity spectra at 100 K for the hybrid organic-
inorganic semiconductor microcavity structure of Fig. 1. The three-
body coupling between the Frenkel and Wannier-Mott excitons and
the cavity mode is denoted by the broken lines. �b� Transfer matrix
simulations of the reflectivity of the hybrid organic-inorganic mi-
crocavity structure in Fig. 1. Qualitative agreement is obtained with
the experimental spectra of �a�.
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IV. DISCUSSION

In Fig. 4�a�, a clear anticrossing is observed that results
from strong coupling between the cavity photon and the
heavy-hole excitonic transition of the InGaP QWs at 4 K.
The resulting dispersion �Fig. 4�b�� can be modeled using
coupled oscillators with a cavity cutoff energy E0
=1.920 eV, an average cavity refractive index of 3.27, and a
splitting of �InGaP=10 meV. The uncoupled light-hole exci-
tonic transition is also observed in the reflectivity spectra of
Fig. 4�a�, and is included in the dispersion curve.

In the hybrid structure, three separate features are ob-
served in reflectivity at 100 K �Fig. 5�a��. For small angles
�	�47.5° �, two features dominate the spectra and show a
pronounced anticrossing. These features result from strong
coupling between the Frenkel exciton and the cavity mode.
As the angle of incidence is further increased, a third feature
emerges near the excitonic resonance of the inorganic QWs,
and all three features anticross with increasing angle of inci-
dence. For these intermediate angles �47.5° �	�60° �, the
two excitons of the system are mixed with each other, and
with the cavity photon. The positions of the three coupled
features are denoted by the broken lines in Fig. 5�a�. At large
angles �	
60° �, two features dominate the spectrum,
namely, coupling between the Wannier-Mott exciton and the
cavity mode. The polaritonic linewidths observed at high
angles are significantly narrower than those encountered at
low angles because the uncoupled Wannier-Mott exciton
linewidth is much narrower than that of the uncoupled Fren-
kel exciton �see Fig. 3�.

Figure 5�b� shows transfer matrix simulations of the re-
flectivity at angles of incidence corresponding to those in
Fig. 5�a�. In these simulations, both excitons are modeled as
Lorentz oscillators using the parameters discussed in Sec. III.
The simulations qualitatively agree with experimental data.
Slight discrepancies result from uncertainties in the low-
temperature refractive indices used in the calculation.

Figures 6�a� and 6�b� compare in detail the experimental
data collected at 100 K at an angle of 57.5° with the simu-
lated reflectivity spectrum at the same angle, respectively. All
three coupled features are clearly visible in both spectra. In
Fig. 6�b�, the multiple Lorentzian function deconvolution of
the spectrum used to extract the peak positions of each fea-
ture is also shown. Lorentzian functions were used to fit and
extract the peak centers of each feature in the reflectivity
spectra of Fig. 5�a� as functions of the angle of incidence.

For a microcavity with coupling between a cavity photon,
and Frenkel and Wannier-Mott excitons, the dispersion rela-
tion is modeled as a three-body coupled oscillator,4–6,22

� Ep VFrenkel VWannier-Mott

VFrenkel EFrenkel 0

VWannier-Mott 0 EWannier-Mott
���

�

�
� = ���

�

�
� , �1�

where �, �, and � are the mixing coefficients of the new
eigenvectors of the strongly coupled system. Here, two inter-
action potentials �VFrenkel ,VWannier-Mott� are included in the
Hamiltonian, as are the two uncoupled exciton energies
�EFrenkel ,EWannier-Mott�. The cavity photon dispersion, Ep, can
be expressed in terms of the angle of incidence as Ep
=E0�1−sin2 	 /n2�−1/2, where E0 is the cutoff energy and n is
the cavity index of refraction.8

The dispersion relations for the hybrid structure are
shown in Figs. 7�a� and 8�a� for temperatures of 100 K and
4 K, respectively. For the dispersion of Fig. 7�a�, the energy
eigenvalues ��� were determined numerically using Eq. �1�,
where E0=1.861 eV, EFrenkel=1.917 eV, EWannier-Mott
=1.957 eV, n=2.79, VFrenkel=10 meV, and VWannier-Mott
=4 meV. The dispersion curve at 4 K �Fig. 8�a�� is fit using
E0=1.865 eV, EFrenkel=1.918 eV, EWannier-Mott=1.970 eV, n
=2.81, VFrenkel=11 meV and VWannier-Mott=4 meV. The value
of the interaction potential, VWannier-Mott=4 meV, is consis-
tent with that of �InGaP /2=5 meV obtained from the inor-
ganic InGaP microcavity of Fig. 4. The uncoupled Frenkel

FIG. 6. �a� Measured reflectivity spectrum at
100 K at an angle of 57.5°. Also shown is the
multiple Lorentzian function deconvolution of
the spectrum used to extract the peak positions of
each feature. Some raw data points have been
omitted in order to increase the visibility of the
Lorentzian fits. �b� Simulated reflectivity spec-
trum at the same angle. All three coupled features
are clearly visible in both the measured and simu-
lated spectra.
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exciton energy used in the fit is blue-shifted in comparison to
its value at room temperature. This shift is consistent with
temperature-dependent transmission measurements sepa-
rately performed on films of TPP deposited on quartz sub-
strates. The uncoupled Wannier-Mott energy used in the fit
agrees with the value determined from Fig. 3.

In Fig. 7�b�, the mixing coefficients ���3, ���2, and ���2
�from Eq. �1�� are plotted versus angle for each branch of the
hybrid dispersion relation of Fig. 7�a�. The lower polariton
branch �bottom, Fig. 7�b�� has symmetrically varying
amounts of cavity photon and Frenkel exciton character. The
middle polariton branch exhibits significant mixing between
the cavity photon and both excitons with the point of stron-
gest coupling occurring at 	�54°, where the branch charac-
ter consists of equal parts Frenkel and Wannier-Mott

��10% �, and �80% cavity photon �middle, Fig. 7�b��. In
the upper branch, mixing is observed between the cavity
photon and the Wannier-Mott excitonic resonance �top, Fig.
7�b��, and at large angles some mixing of the Frenkel exciton
also occurs as a result of the strong coupling between the
cavity and the Frenkel state.

At 4 K, the absorbance of the InGaP QWs is blue-shifted,
and hence we expect a reduction in the mixing between the
two excitonic states. Indeed, the exciton hybridization of the
middle branch in the hybrid structure is weaker at 4 K than
at 100 K, with the branch character consisting of equal parts
Frenkel and Wannier-Mott ��7% �, and �86% cavity pho-
ton, as shown in Fig. 8�b�. For temperatures above 100 K,
the three-body coupling becomes increasingly difficult to re-
solve since the linewidth of the Wannier-Mott exciton be-
comes comparable to the splitting between the middle and
the upper branches.

FIG. 7. �a� Dispersion relation extracted from the reflectivity
spectra of Fig. 5. The pronounced anticrossings result from strong
coupling to both the organic Frenkel exciton and the inorganic
Wannier-Mott exciton. A three-body coupled oscillator model �solid
lines� yields interaction potentials of VFrenkel=10 meV and
VWannier-Mott=4 meV. �b� Mixing coefficients ���2, ���2, and ���2 ex-
tracted from the fits of �a�. The middle branch shows significant
mixing between both the Frenkel and Wannier-Mott excitons and
the cavity photon.

FIG. 8. �a� Dispersion relation obtained for the hybrid structure
of Fig. 1 at temperature of 4 K. A three-body coupled oscillator
model �solid lines� yields interaction potentials of VFrenkel

=11 meV and VWannier-Mott=4 meV. �b� Mixing coefficients ���2,
���2, and ���2 extracted from the fits of �a�.
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V. CONCLUSION

We have demonstrated strong exciton-photon coupling
between the Frenkel exciton of an organic semiconductor
and the Wannier-Mott exciton of inorganic QWs through
their mutual interaction with a cavity photon. The hybridized
exciton-polariton state is modeled as a three-body coupled
oscillator. Hybrid Frenkel-Wannier-Mott polaritonic states
are expected to exhibit nonlinear optical behavior that draws
on the properties of both component excitons. Namely, this
unusual eigenstate has been predicted to possess the large
exciton oscillator strength of a molecular Frenkel exciton
and the low saturation density typical of inorganic Wannier-
Mott excitons.17 In addition, the hybrid state may provide a
path for exciting the organic polariton by either optical or

electrical means.18 This is especially significant as there has
yet to be a successful demonstration of an electrically
pumped organic laser. In addition to being useful in the de-
sign of unique optoelectronic devices, hybrid states provide
an opportunity to study the storage and transfer of energy
between different excitonic species.
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