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Tunable light-matter hybridization in open organic microcavities
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(Dated: 10 October 2017)

Open microcavities represent a versatile cavity design that allows the external control of internal properties
such as cavity thickness and mode detuning without changing the key parameters of the cavity itself, rendering
them particularly interesting for light-matter interaction experiments. Here, we demonstrate the tunability
of an open microcavity with an embedded active organic layer providing parallel alignment of molecular tran-
sition dipole moments as well as strong self-absorption inside the cavity. By decreasing the cavity thickness,
we observe a transition from the weak coupling regime into the strong coupling regime evidenced by the onset
of avoided crossing behavior between involved modes. This change of coupling mechanism is shown for 2D
(planar) as well as 0D (hemispherical) cavities.

Keywords: open microcavity, organic semiconductors, exciton-polaritons

Strong interactions between excitons and photons, e.g.
in a semiconductor microcavity, lead to the formation of
hybrid light-matter quasiparticles called cavity (exciton-
) polaritons1. In recent years, exciton-polaritons have
attracted special attention in photonics research as their
bosonic character features new emergent phenomena like
non-equilibrium condensation2,3 or superfluidity4. Ow-
ing to the instability of Wannier-Mott excitons at el-
evated temperatures, many commonly used inorganic
semiconductor materials do not support strong coupling
at room temperature5. In contrast to this, Frenkel ex-
citons, characteristic for organic semiconductors, possess
much larger binding energies and are stable at room tem-
perature, making polariton experiments at ambient air
conditions feasible6. Organic materials further exhibit
very large oscillator strengths and thus strongly inter-
act with a cavity field easily. However, the implementa-
tion of organic semiconductors in optical microcavities is
challenging because most organic materials are very sen-
sitive to the depositing of semiconductor layers on top of
them. Circumventing these issues, we use an open cavity
system7, which makes non-invasive investigation of the
active material possible. During the last decade, several
types of emitters have been studied towards single photon
emission using tunable open cavity systems, including
atoms8, quantum dots9, single molecules10 or nitrogen-
vacancy centers in diamond11. In recent years, tun-
able microcavities are extensively used for strong light-
matter experiments on III-V microcavities12, monolayer

a)Electronic mail: simon.betzold@physik.uni-wuerzburg.de
b)Electronic mail: christof.dietrich@physik.uni-wuerzburg.de

materials13 or polymers14.
Here, we make use of a tunable open cavity system at

ambient air conditions that comprises a bottom semicon-
ductor distributed Bragg reflector (DBR) with a fluores-
cent emitter (MEH-PBI) on top and an upper DBR sep-
arated by a micrometer sized air gap (see Fig.1a for the
cavity design). Both cavity halves are attached to piezo
translation stages enabling the control of inter-mirror dis-
tance and mirror tilt. By decreasing the mirror separa-
tion by several micrometers, we observe a transition from
a regime of weak interactions between emitter and cavity
to a regime of strong light-matter interaction. This was
demonstrated by the observation of pronounced mode
anticrossing and theoretically confirmed by coupled os-
cillator calculations. The identification of this transition
regime is particularly important for multi-lambda cav-
ity systems such as the recently established laminated
polariton microcavities15. By further introducing lens-
shape indentations into one of the mirrors, we observed
mode discretization along the mode dispersion as result
of in-plane confinement in both strong and weak cou-
pling regimes rendering tunable cavities very interesting
for more complex confinement potentials towards classi-
cal computation and quantum simulation experiments.
Our material of choice is the recently developed MEH-

PBI16. It belongs to the family of perylene bisimide
dyes and is synthesized by tetra-substituting the bay po-
sition of the PBI core with four dendritic wedges with
branched 2-ethylhexyl groups. This leads to a self-
assembly through hydrogen bonds and π-π-interactions
into J-aggregates that further self-organize into liquid-
crystalline domains. In this way, the molecular cores are
oriented with their transition dipole moments parallel
to each other and along the columnar axis. This situ-
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FIG. 1. a) Open cavity design: two DBR mirrors (composed of layer pairs of SiO2 and TiO2) are separated by an air gap.
By attaching the mirrors to two individually translatable piezo stages, the cavity length LCav can be varied in a deterministic
fashion. The incorporation of an active emitter material into the cavity makes the evolvement of strong interaction between
active material and cavity photons possible. Further, the implementation of lens-shaped indentation into one of the cavity
mirrors leads to an effective in-plane photonic confinement. b) The molecular structure of the organic compound MEH-PBI
used as active fluorescent material in the open cavity.

ation is unprecedented in π-conjugated liquid crystalline
(LC) phases and highly favorable with respect to cou-
pling to the cavity light field. The absorption spectrum of
MEH-PBI in its solid LC state (prepared by spin-casting
from solution) is shown in Fig.2a (red line) exhibiting
two excitonic maxima at 1.99 eV (623 nm) and 2.21 eV
(561 nm). The emission of solid-state MEH-PBI (yellow
line) peaks at 1.93 eV (642 nm). We emphasize that there
is pronounced spectral overlap between the absorption
and emission spectrum which we have identified as be-
ing crucial for the establishment of strong light-matter
interaction17,18.

DBRs were fabricated by means of ion beam depo-
sition. Both mirrors are designed for maximum reflec-
tivity close to the absorption maximum of MEH-PBI.
While the bottom mirror is composed of 10 pairs of
SiO2/Ta2O5 layers, the top mirror is composed of 10
pairs of SiO2/TiO2 in order to ensure both efficient light
injection and outcoupling through the bottom mirror.
Prior to coating, we have written lens-shaped indenta-
tions using ion beam milling19,20 into the top DBR sub-
strate. The indentations have diameters ranging from 1
to 30µm and depths between 0.5 and 1.5µm. One key
figure for spherical resonators is the radius of curvature
RC that in our case ranges from 5 to 250µm. The organic
layer is spin-coated from solution (solved in carbon tetra-
chloride) on top of the bottom mirror with a thicknesses
of about 300 nm.

The two cavity parts were each attached to a three-
axis nanopositioner (piezo actuators) allowing in-plane
translation as well as change of mirror distance which is
equivalent to a change of spectral detuning. In addition
to that, one of the two nanopositioners is equipped with
goniometers accounting for eventual tilting of the mirrors
with respect to each other and the optical beam axis.
The open microcavity emission was excited through the

bottom mirror by the 532 nm-line of a continuous-wave
diode laser that is resonant with the second Bragg min-
imum of the top mirror, collected in reflection geometry
(again through the bottom mirror) and monitored onto
the entrance slit of a spectrometer with 0.06 nm spec-
tral resolution able to resolve mode quality factors up to
10000. We have further performed Fourier imaging by
using a high-NA objective (50x, NA = 0.42) in front of
the microcavity sample and an additional Fourier lens in
the beam path in order to project the angle-dependent
emission onto the entrance slit. The absorption of the ac-
tive material was measured by transmission experiments
using a collimated white light beam.

Fig.2b-d shows the emission spectrum of an open
MEH-PBI microcavity for three different mirror separa-
tions measured on a planar spot of the microcavity. For
the largest separation shown (20µm in Fig.2b), the mi-
crocavity emission mainly follows the same intensity pro-
file as measured outside the cavity for MEH-PBI (yellow
line in Fig.2a). However, emission is also funneled into
longitudinal cavity modes that occur on top of the emis-
sion intensity profile. All cavity modes appear to be spec-
trally asymmetric as result of image binning along the
angular axis. Hence, we attribute the high-energy shoul-
der of the cavity modes to the angle-dependent mode
dispersions. As the majority of cavity modes occurs in
the emissive spectral region of MEH-PBI and emission is
largely suppressed in the absorptive region of MEH-PBI,
we assume to be dominated here by the regime of weak
light-matter interactions.

In Fig.2b, the energy of maximum intensity of the mi-
crocavity emission seems to be shifted with respect to the
emission maximum of MEH-PBI owing to the onset of
self-absorption within the cavity. Decreasing the mirror
separation to about 8µm (see Fig.2c), those effects are
still present. However, the free spectral range is consid-
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FIG. 2. a) Emission (yellow line) and absorption (red line)
spectrum of MEH-PBI. b-d) Open microcavity emission for
different mirror separations: 20µm (b), 8µm (c) and 4µm
(d). The yellow area highlights the spectral region of MEH-
PBI emission.

erably decreased as result of the decreased cavity length
and, more importantly, emission in the absorptive region
of MEH-PBI becomes more and more apparent. If we
decrease the mirror separation further (to about 4µm,
see Fig.2d), emission in the emissive region of MEH-PBI
is almost entirely suppressed and only peaks in the ab-
sorptive region. We attribute this shift to a transition
of the microcavity to a change of the interaction regime
from mainly weak to predominantly strong interactions
between light and matter. The latter is fully governed
by the excitonic transitions of the active organic material
and the cavity field leading to the formation of polariton
modes.

In order to confirm this hypothesis, we have performed
a fine-tuned thickness-dependent measurement of the mi-
crocavity emission in the close proximity regime. This
can be seen Fig.3c (all spectra are shown only along
the normal direction, kx,y = 0) where we have changed
the applied bias on the piezo actuators and, in this way,
tuned several apparent modes across the excitonic range
of MEH-PBI. It is obvious from Fig.3c, that the observed
modes do not linearly shift with increased cavity thick-
ness but rather show deflective behavior - the fingerprint
for strong coupling between cavity photons and MEH-

PBI excitons. This is in accordance with transfer ma-
trix calculations that we have performed for an active
(see Fig.3a) and a passive microcavity (shown in Fig.3b).
As a reference experiment, we have carried out reflectiv-
ity measurements in the large mirror separation regime
(please see Fig.3e) for an empty microcavity where we
tuned the cavity modes across the excitonic transitions
showing no effect on the spectral position of cavity modes
whatsoever. We have subsequently extracted the maxima
of all observed modes from Fig.3c and plotted them in
Fig.3d together with a coupled oscillator fit15 (red lines)
taking into account the uncoupled cavity field modes (or-
ange lines) as well as the two main excitonic resonances
(gray lines) revealing remarkable agreement between ex-
periment and theory. From the fit, we extract exciton-
photon coupling strengths of 114meV and 86meV (for
the two excitonic transitions, respectively). Those values
are in the same range as previously determined values for
exciton-photon systems with the same active material18.
The difference between the extracted values can easily be
explained by the different cavity designs involving differ-
ent cavity thicknesses.

Also the angle-resolved emission of the microcavity
from Fig.3c shows those peculiar features that would
only be expected in the strong light-matter interaction
regime. It can be seen in Fig.4a for a thickness of around
5.5µm, the respective spectrum at kx,y = 0 is indicated by
the vertical dotted white line in Fig.3c. It shows several
modes that blueshift with increasing wavevector (equiva-
lent to an increasing emission angle) due to their disper-
sion. We find the lower two modes (M1-M2) with a large
mode separation whereas the middle two modes (M2-M3)
show a much smaller spectral distance. The upper two
modes (M3-M4) then again exhibit larger mode spacing.
It seems that those modes that lie spectrally within the
two excitonic resonances are pushed together. However,
it is evident that there is a clear interaction between the
cavity field and the excitonic reservoir of MEH-PBI. Sim-
ilar to Fig.3c, we have also extracted the angle-resolved
mode maxima and plotted them in Fig.4b together with
a coupled oscillator model using exactly the same param-
eters as in Fig.3d again revealing very good correlation.

While the planar cavity design provides very good
mode confinement along the normal (out-of-plane) di-
rection, it suffers from photonic losses within the layer
plane. Those losses can largely be suppressed by intro-
ducing photonic traps along the layer plane. Here, we
achieve three-dimensional confinement by writing lens-
shaped indentations into the top mirror prior to coat-
ing. A one-dimensional cut through a three-dimensional
surface profile (measured by means of atomic force mi-
croscopy, AFM) of one of the written concave lenses after
coating can be seen in Fig.5a. The profile indicates that
the shape of the lens is a section of a sphere theoreti-
cally leading to the formation of hemispherical resonator
modes. This is particularly important as, according to
resonator theory, hemispherical cavities are only stable
as long as the cavity length is smaller than the radius
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tracted emission resonances (black squares, from a) and sim-
ulated polariton modes (red solid lines). The respective un-
coupled exciton (photon) modes are shown as dashed gray
(solid orange) lines.

of curvature RC of the concave mirror21. In order to
determine RC for all written indentations and to verify
the stability criterion, we have fitted the AFM images
with a spherical formula and derived values for RC rang-
ing from 10 to 250µm. We have further recorded the
emission of hemispherical microcavities filled with MEH-
PBI along the normal direction and determined the mode
quality factor Q of longitudinal modes in dependence of
RC for a constant cavity thickness of LCav = 10µm that
can be seen in Fig.5b. A clear maximum is obvious at
RC = 30µm. While the drop in Q at smaller radii of cur-
vature is caused by approaching the stability condition
of the hemispherical resonator, we attribute the decrease
of quality factors at higher RC to an increase of photonic
losses within the layer plane.

Fig.5c shows an angle-resolved emission pattern of an
open MEH-PBI microcavity recorded on the spatial po-
sition of a concave lens (the pattern covers most of the
emissive spectral region of MEH-PBI). The cavity thick-
ness in this case is about 8µm. In contrast to the planar
case (Fig2c), the emission pattern shows the formation of
additional dispersion-less transversal cavity modes as re-
sult of the three-dimensional mode confinement achieved
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MEH-PBI microcavity measured on the position of a concave lens for a cavity length of 8µm (c) and 3µm (d). Numbers in c)
indicate the respective transversal mode number.

by the concave lens. Modes can clearly be observed up
to high transversal mode numbers (e.g. up to m = 11
in Fig.5c) indicating a photonic confinement potential
of at least 40meV. The transversal mode patterns are
of Laguerre-Gaussian-type (as expected in systems with
cylindrical symmetry). The mode spacing is further con-
stant throughout the spectrum in accordance with hemi-
spherical resonator theory21. Consecutively, we have de-
creased the mirror separation below a value that we have
identified as transition point into the regime of strong
light-matter interaction for a planar microcavity. The
respective emission pattern for LCav = 3µm can be seen
in Fig.5d. Similar to what was observed in Fig.2, the mi-
crocavity emission only appears in the absorptive spectral
region of MEH-PBI. Fig.5d shows emission from the pla-
nar background around the irradiated lens but, more im-
portantly, emission into dispersion-less transversal modes
(red-shifted by the confinement potential with respect to
the planar background) that can be addressed as radia-
tive decay of 0D exciton-polaritons formed by the strong
interaction between MEH-PBI excitons and the cavity
light field being three-dimensionally confined in the lens
area.

In conclusion, we have demonstrated the advantages of
an open cavity approach for the investigation of coupled
exciton-photon systems at ambient air conditions facili-
tating the external tuning of the mirror separation and
thereby enabling deterministic switching of light-matter
coupling from a predominantly weakly to a predomi-
nantly strongly interaction exciton-photon system. In
our case, we have made use of the peculiar optical proper-
ties of the newly developed organic LC compound MEH-
PBI that exhibits parallel arrangement of molecular tran-
sition dipole moments and self-absorption strongly sup-

porting light-matter interaction. Microcavity emission
was recorded for planar and hemispherical resonators un-
ambiguously showing the transition from weak to strong
coupling by reducing the mirror separation. When in-
creasing the quantum yield of the active material, its con-
centration as well as layer thickness, we believe that this
open organic cavity system can readily be brought into
the non-linear regime of polariton condensation, where
it displays an externally tunable, low-threshold coher-
ent light source at room temperature. Furthermore, the
implementation of a deterministic polariton trap (using
lenses in the upper mirror) represents the basis for more
complex photonic potentials (such as waveguide struc-
tures or lattices) towards possible classical computation
and quantum simulation experiments.
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