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We study the photoluminescence properties of a monolithic optical device constituted by two coupled
microcavities. A thin film of tetrakis�4-methoxyphenyl�porphyrin was embedded in one of these two cavities,
whereas the other one is a dielectric structure coupled to the first one by means of a LiF/ZnS Bragg mirror. This
optical device is the photonic analog of a microcavity embedded quantum well in the strong-coupling regime.
We report on photoluminescence spectra obtained exciting incoherently the bottom cavity by its embedded
organic layer and detecting light either from the bottom or the top cavity. A quantum statistical approach for
interacting quantum systems in the strong-coupling regime reproduces with very good agreement the experi-
mental results.
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I. INTRODUCTION

Optical microcavities �MCs� enable the resonant confine-
ment of light to small volumes. Devices based on optical
microcavities are already a key feature for a wide range of
applications and studies.1 When quantum emitters are
coupled to a microcavity mode,2 it is possible to realize im-
portant quantum optical effects and quantum information
processing tasks, such as control of spontaneous emission,
controlled coherent coupling, and entanglement of distin-
guishable quantum systems.3

In the past few years, much attention has been paid to
optical microcavity structures with embedded active organic
molecules.4–8 In this frame, organic materials are interesting
due to their large exciton oscillator strengths and binding
energies. These properties lead to a stronger interaction with
the cavity mode and stable, strongly coupled states at room
temperature.9 Organic materials offer great potential for a
wide range of applications in both linear and nonlinear op-
tics. Hence the special features and the flexibility of the or-
ganic molecules make them a very interesting candidate for
the development of high-efficiency optoelectronic and pho-
tonic devices.10,11 Motivated by the success of single-cavity
quantum electrodynamics experiments, the focus has re-
cently moved to the exploration of applications and of the
rich physics promised by quantum-optical systems in multi-
cavity devices �see, e.g., Ref. 12�. Different research groups
have analyzed the light-matter interaction in multiple semi-
conductor coupled MCs �Ref. 13� and optical devices have
been developed.14,15 The possibilities of active-passive con-
figurations of such systems are almost limitless, including
laser oscillators, directional switching of lasers, and a range
of optical and electro-optic switches.16 Parametric oscillation
in a monolithic semiconductor triple MC with signal, pump,
and idler waves propagating along the vertical direction of
the nanostructure has been demonstrated.15

In this paper, we study both experimentally and theoreti-
cally the photoluminescence �PL� properties of a monolithic
organic based optical device constituted by two coupled
MCs. The PL spectra from this coupled structure display two
narrow peaks despite only one cavity �b� contains an active
layer weakly coupled to the cavity mode. The presence of

two peaks of comparable height in the emission spectrum
originates from the coupling of the two cavities. These emis-
sion peaks arise from the photonic analog of cavity polari-
tons. Cavity polaritons result from quantum wells �QW� ex-
citons strongly coupled to cavity photons. Polariton PL arises
after the incoherent pumping of one subsystem �QW exci-
tons�, detecting quanta from the other one �escaping cavity
photons�. Analogously, in the present device, we can detect
light �PLa� from the passive top cavity �a� while pumping the
bottom cavity �b� by exciting the incoherent PL of the em-
bedded active organic layer. However in contrast to the cav-
ity polaritons, we can also pump and probe the same sub-
system �PLb� �the bottom cavity with the embedded organic
layer�. By this way it is possible to achieve a more complete
characterization of the strong coupling between two sub-
systems and a more complete test of the theoretical models.

The study of the incoherent emission properties of cavity
embedded quantum systems is also useful for understanding
the emission properties of electroluminescent devices. In
contrast theoretical studies are mainly concentrated on the
reflectivity properties �see, e.g., Refs. 8 and 17�. Electrolu-
minescent devices based on organic thin films are attractive
for their low-voltage operating, low power consumption,
ease of fabrication and low cost.18 White organic light-
emitting diodes �OLEDs� have drawn much attention due to
their potential applications in full color displays with the
help of color filters, in backlight for light crystal displays
�LCDs�, and eventually in solid-state lighting sources.19–21 A
number of strategies have been reported to control the color
purity. The improvement of the emitting properties in terms
of light extraction and color purity needs a device architec-
ture modeling. Coupled microcavity structures offer an effi-
cient chance of tailoring the spectral properties of the emitted
light. Hence theoretical modeling of light emission after in-
coherent excitation in strongly coupled systems with a reli-
able predicting character can be useful for the development
of novel optoelectronic devices. The appropriate modeling of
PL in coupled systems requires the correct description of the
interplay between incoherent pumping �optical pumping at
higher energy or even current injection� and decay resulting
in a mixed quantum steady state. Here we compare the ex-
perimental results with a recently developed quantum statis-
tical approach for interacting quantum systems in the strong-
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coupling regime.22 This approach was initially developed to
study the PL properties of a single quantum dot �QD�
strongly coupled to a microcavity. We apply this theoretical
framework to the case of incoherently pumped coupled mi-
crocavities. We find that the model provides PL spectra
which are in excellent agreement with the experimental data.
In particular we fit the PLa data and use the fit parameters as
input to calculate the PLb signal without using any other fit
procedure or free parameters. The calculation procedure is
fully reversible, i.e., it is possible to fit the PLb and calculate
the PLa. The impressive agreement with both PLa and PLb
data demonstrates the ability of the theoretical model to fully
catch the physics of the energy transfer between two strongly
coupled subsystems under incoherent excitation. At the same
time the excellent agreement between theory and experimen-
tal results is a clear signature of the good quality of the
device.

II. STRUCTURE

The structure, schematically shown in Fig. 1, was grown
by thermal evaporation in high vacuum �HV�. The HV cham-
ber was working at pressure below 4�10−6 Torr and it was
equipped with three crucibles and a quartz based thickness
monitor �Sycon—STM100�. The films were deposited onto
Corning 7059 glass substrates. The device consists of two
microcavities coupled via a central distributed Bragg reflec-
tor �DBR�. The ensemble is enclosed between a bottom and
a top Bragg mirrors. The mirrors were made of quarter wave-
length layers of lithium fluoride �LiF, n1=1.392� and zinc
sulfide �ZnS, n2=2.352�, used as low and high refractive
index medium. Both LiF and ZnS were evaporated by using
a tungsten boat at a deposition rate of about 0.5 and 0.1 nm/s,
respectively. The top DBR contains four periods, the bottom
DBR eight periods and the middle one is composed by 3.5
pairs.

Both cavities have a � /2 optical length, but only the bot-
tom �b� cavity contains, at its center, the active organic ul-
trathin layer, while the top �a� cavity is completely inorganic
�LiF�. The active layer consists of a 10-nm-thin film of
tetrakis�4-methoxyphenyl�porphyrin �TMPP� whose molecu-

lar structure is reported in Fig. 2. The organic thin film depo-
sition required a homemade MACOR based crucible, the or-
ganic layer was deposited at a rate of 0.05 nm/s.

The strong coupling of this double-microcavity structure
has been demonstrated in Ref. 23, where normal-incidence
optical reflectivity at room temperature was taken stepwise
while growing the structure.

III. THEORY

In order to analyze the PL properties of the coupled
double microcavity we exploit a quantum statistical approach
for interacting quantum systems in the strong-coupling
regime.22 We start considering a system of two coupled mi-
crocavities each of them can have an embedded layer of
luminescent organic layer. Here we address the case where
cavity photons and the organic excitations are in the weak-
coupling regime, corresponding to the present experimental
realization.

The master equation for the density matrix � of this sys-
tem can be written as

�̇ = i��,HS� + LA
R + LB

R, �1�

where the system Hamiltonian reads

HS = �aa†a + �bb†b + g�a†b + ab†� , �2�

with g being the coupling strength between the two single
mode cavities �with annihilation operator a and b, respec-
tively� depending on the transmission of the central mirror.
The superoperators LA

R and LB
R describe the interaction of the

two cavity modes with reservoirs providing both damping
and �when present� pumping mechanisms. Each of these
terms consists of two contributions arising from two inde-
pendent reservoirs: LC

R =LC
R1+LC

R2 �C=A ,B�. Transmission
and diffraction losses of the cavity modes can be modeled,
within a quasimode picture, as an effective coupling with a
continuous ensemble of electromagnetic modes through the
output mirrors.24 When dealing with optical frequencies it
can safely be regarded as a zero-temperature reservoir. The
resulting Liouvillian term can be written as

FIG. 1. �Color online� Schematic picture of the coupled micro-
cavity structure.

FIG. 2. �Color online� Absorption �dotted line� and PL spectra
�continuous line� of the TMPP film. The vertical line indicates the
energy of the exciting lased used for the PL experiments.
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LC
R1 =

�c
T

2
�2c�c† − c†c� − �c†c� , �3�

where �c
T describes the transmission and diffraction losses of

the cavity mode. The incoherent optical pumping originates
from light emission from the optically active transitions of
the cavity embedded organic layer providing the characteris-
tic emission band �see Fig. 2�. Such levels get populated
after laser excitation of the absorption band at higher energy
�Fig. 2�. This mechanism can be described by an additional
reservoir at a given effective temperature depending on the
pumping rate.

We address the weak excitation regime where saturation
effects are not present. In this case it is possible to describe
the optically active transitions as an ensemble of harmonic
oscillators coupled to the resonant light mode of the sur-
rounding cavity. The interaction Hamiltonian can be written
as

HI = �
m

gmc†dm + H.c., �4�

where c=a or b, and dm is the annihilation operator for the
mth mode at energy �m. After the usual approximations lead-
ing to the master equation and neglecting the small Lamb
and Stark shift terms,25,26 the corresponding Liouvillian term
takes the form,

LC
R2 =

�c
L + Pc

2
�2c�c† − c†c� − �c†c� +

Pc

2
�2c†�c − cc†�

− �cc†� , �5�

where Pc=��mgm
2 ���c−�m��dm

† dm� describes the pumping
rate of cavity c due to the incoherent emission from the
excited levels of the organic molecules. The decay rate of the
cavity mode is �c

L=��mgm
2 ���c−�m�. The resulting total

Lindblad-like Liouvillian term for the cavity mode LC
R

=LC
R1+LC

R2 can be written as

LC
R =

�c + PC

2
�2c�c† − c†c� − �c†c� +

PC

2
�2c†�c − cc†�

− �cc†� , �6�

where �c=�c
T+�c

L describes the total decay rate of the cavity
photon number �c†c�.

Starting from Eq. �1� a closed system of equations for the
intracavity photon numbers �c†c��Tr�c†c�� can be easily
obtained,

d

dt
�a†a� = − �a�a†a� + 2g Im�a†b� + Pa,

d

dt
�b†b� = − �b�b†b� + 2g Im�b†a� + Pb,

d

dt
�a†b� = 	i��a − �b� −

�a + �b

2

�a†b� + ig��b†b� − �a†a�� ,

�7�

with �b†a�= �a†b��. We are interested in calculating
the steady-state emission spectra: Sc���
=limt→	 2 Re�0

	�c†�t�c�t+
��ei�
d
. According to the quan-
tum regression theorem,25 two-time correlations �An�t�Am�t
+
�� follow the same dynamics of one-body correlation
functions �Am�
�� but with the one-time correlation
�An�t�Am�t�� as initial conditions. In our specific case the ini-
tial conditions are provided by the steady-state cavity occu-
pations limt→	�c†c� and by limt→	�a†b�. Hence we also need
to derive the dynamics of one-body correlation functions:

�t�a� = − i�̃a�a� − ig�b� ,

�t�b� = − i�̃b�b� − ig�a� , �8�

where �̃c=�c− i�c /2. According to the input-output formu-
lation of optical cavities,24 the PL spectra obtained collecting
the light escaping from the cavity a �or b� are proportional to
Sa��� and Sb���, respectively. In particular the output field
can be determined by the following relationship:

cout�t� = cin�t� + ��c
Tc�t� , �9�

where cin�t� describes the input field operator. We are inter-
ested to the case where only one cavity has an embedded
organic active layer �Pa=0�. In this case, by applying the
quantum regression theorem �see, e.g., Refs. 24 and 25�, we
obtain the following compact analytical expressions:

Sa��� = �a
T Pb

�2�

g2

�� − �1��� − �2�2
, �10�

Sb��� = �b
T Pb

�2�

� − �̃a2

�� − �1��� − �2�2
, �11�

where �i �i=1,2� are the complex Rabi resonances:

��1,2� =
�̃a + �̃b

2
�

1

2
�4g2 + ��̃a − �̃b�2. �12�

We observe that the input field operators do not provide any
contribution to the PL spectra since we are considering the
case where there is no input light field exciting resonantly
the cavity, i.e., in the frequency range of interest where the
spectrum is calculated.

As it can be easily inferred from the obtained expressions,
the two spectra differ from each other significantly even at
resonance �a=�b. It is also interesting to investigate the
limit case of very small coupling g→0 or even g �a
−�b. In this case, from Eqs. �10� and �11�, we obtain:
Sa���=0, and

Sb��� = �b
T Pb

�2�

4

4�� − �b�2 + �b
2 . �13�

In this limit, as expected, Sa goes to zero and Sb displays
only one emission peak. As Eqs. �10� and �11� show �see also
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Sec. IV�, the coupling of the active cavity with an additional
passive one can modify significantly the spectral properties
of the emitted light. Equations �10� and �11� can be useful to
design the double-cavity structure for tailoring the spectral
properties of OLEDs and for the theoretical descriptions of
PL measurements in double cavities. The procedure de-
scribed in this section to derive Eqs. �10� and �11� can be
easily generalized to the case of multiple cavities beyond
two.

IV. PL: THEORY AND EXPERIMENT

The PL measurements were performed by exciting the
cavity at �=473 nm �2.62 eV� within the absorption band of
the organic layer �see Fig. 2� with a diode-pumped solid-state
�DPSS� laser operating in continuous wave mode with a
power density of about 120 kW /m2. We checked that low-
ering the input power density does not provide any appre-
ciable spectral modification. The PL signal at longer wave-
lengths was collected by a lens that focused the light on the
end face of a single-mode optical fiber. Finally the spectrum
emitted by the MC was analyzed by a monochromator
coupled to a charge coupled device detector. The measure-
ments were carried out at room temperature. The PL spectra
were obtained in two different conditions: first by collecting
the light emitted from the top side of the cavity �PLa�; sec-
ond collecting the light emitted from the bottom side of the
sample �PLb�. As can be inferred from the theoretical analy-
sis of the previous section, the system of two-coupled MCs
can be viewed as the photonic analog of cavity polaritons
resulting from QW excitons strongly coupled to cavity pho-
tons. PL from polaritons is obtained by pumping incoher-
ently one subsystem �QW excitons� and detecting quanta
from the other subsystem �outgoing cavity photons�. In the
strong-coupling regime what is measured are photons �origi-
nating from the radiative recombination of excitons� emitted
at the energy of the new eigenmodes of the system �i.e.,
polaritons� and not at that of the uncoupled modes �i.e., nei-
ther at the energy of the uncoupled QW exciton nor at that of
the cavity photon�. The detected photons in PL experiments
carry information intimately linked with the dual light-matter
nature of polaritons.

Analogously, in the present device, we can detect photons
from the passive top cavity while pumping incoherently the
bottom cavity by the PL from the embedded active organic
layer. In this case the bottom cavity �b� and the top one �a�
play the role of QW excitons and cavity photons, respec-
tively. However in contrast to excitonic polaritons this pho-
tonic system allows the direct measurement of quanta escap-
ing from the subsystems a and b. Specifically we can excite
incoherently the subsystem b and detect light escaping from
both the two subsystems PLa and PLb. In this way a more
complete characterization of the energy transfer between two
strongly coupled subsystems after incoherent excitation can
be gathered. This information can be used for comparison
with theoretical results in order to check the adherence of the
experimental spectra to theoretical predictions for strongly
coupled systems.

The theoretical approach presented in Sec. III, allows us
to calculate the PL spectra which can be obtained for the two

cases. Figure 3�a� displays PLa. The circles represent the
experimental data collected at normal incidence from the
side of the empty cavity, while the continuous line describes
the best fit obtained by using Eq. �10�. The obtained best fit
parameters are: �a=4.5 meV, �b=11 meV, �a=1.962 eV,
and �b=1.916 eV. The theoretical spectra have been ob-
tained using a coupling strength g=34 meV. It has been pre-
viously obtained from the reflectivity spectra at normal inci-
dence of the single and double structure taken stepwise while
growing the device.23 The obtained decay rate �a is signifi-
cantly lower than �b. This difference reflects the difference
between the reflectivity of the two external mirrors which
provide the coupling of the two microcavities with the exter-
nal modes. We notice that the obtained value of the coupling
g satisfies the inequality 2g�Max��a ,�b�, hence the system
is in the strong-coupling regime. We also observe that the
two cavities display a non-negligible detuning between their
resonant energy; as a consequence the lower energy peak has
a dominant contribution from the top cavity �a� while the
narrower higher energy peak comes mainly from the bottom
cavity �b�. The quality factors of the two emission lines are
about 160 and 320 and are compatible with standard transfer
matrix calculations.

Figure 3�b� displays PLb. The circles represent the experi-
mental data collected from the side of the cavity with the
embedded organic layer �bottom cavity�. The continuous line
shows the corresponding theoretical calculation according to
�11�. In particular after fitting the PLa data �Fig. 3�a�� we use
the obtained fit parameters as input to describe the PLb signal
without using any other fit procedure �Fig. 3�b��. The agree-
ment of the PLb data with the theoretical calculation with no
free parameters is rather impressive. The calculation proce-
dure is fully reversible, i.e., it is possible to fit the PLb and
calculate the PLa. The results show the ability of the theoret-
ical model to fully catch the physics of the energy transfer

. . . . .

.....

FIG. 3. �Color online� �a� Photoluminescence data �empty
circles� and the corresponding theoretical fit �continuous line� for
light escaping from the empty cavity �PLa�. �b� Photoluminescence
data �empty circles� and the corresponding theoretical calculation
�continuous line� for light escaping from the active cavity �PLb�.
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between two strongly coupled subsystem under incoherent
excitation. On the other hand this very good agreement con-
firms the good quality of this hybrid active device and the
strong coupling between the two coupled microcavities.

V. CONCLUSION

We studied experimentally and theoretically the photolu-
minescence properties of a monolithic optical device consti-
tuted by two coupled microcavities. A thin film of tetrakis�4-
methoxyphenyl�porphyrin, was embedded in one of these
two cavities, whereas the other one is a dielectric structure
coupled to the first one by means of a LiF/ZnS Bragg mirror.
This optical device, working at room temperature, is the pho-
tonic analog of a MC embedded quantum well in the strong-
coupling regime. We report on the photoluminescence spec-
tra obtained exciting incoherently the bottom cavity by its
embedded organic layer and detecting light either from the
bottom or the top cavity. In this way we were able to inves-

tigate the strongly coupled system by exciting just one of the
two subsystems and probing each of the two subsystems.
Hence photonic polaritons provide an interesting tool to in-
vestigate the energetics of strongly coupled quantum sys-
tems. The experimental results have been compared with the
theoretical predictions of a quantum statistical model devel-
oped for the analysis of PL from strongly coupling systems.
The model is based on a master equation which includes the
interaction between the two subsystems as well as their in-
teractions with reservoirs providing both the decay and
pumping mechanisms. The excellent agreement between the
experimental data and the theoretical calculation shown in
Fig. 3�b� demonstrates the predicting ability of the model.
Theoretical modeling of light emission after incoherent exci-
tation in strongly coupled systems with a reliable predicting
character can be very useful for the design of light emitting
optoelectronic devices based on cavity embedded organic ac-
tive molecules.
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