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Strong exciton–photon coupling in a low-Q all-metal mirror microcavity
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We report the experimental observation of strong exciton–photon coupling in a planar microcavity
composed of an organic semiconductor positioned between two metallic~silver! mirrors. Via
transmission and reflectivity measurements, we observe a very large, room temperature Rabi
splitting in excess of 300 meV. We show that the Rabi-splitting is enhanced in all-metal
microcavities by a factor of more than 2 compared to an organic film positioned between a silver
mirror and a dielectric mirror. This enhancement results from the significantly larger optical fields
that are confined within all-metal microcavities. ©2002 American Institute of Physics.
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Placing emitters of light such as excitons within micr
cavities is attractive for device applications and allows
study of new optical phenomena. The effect of the microc
ity on the emission of light can be divided into two regime
In the weak-coupling regime, the spatial and temporal dis
bution of the emitted radiation can be altered. This regim
employed in applications such as vertical cavity surfa
emitting lasers and resonant cavity light emitting diodes1,2

In the strong-coupling regime, a mixing between optical a
electronic~excitonic! states within the cavity occurs, leadin
to the appearance of new states termed cavity-polarito3

This effect is an intensive area of research due in part to
interest in coherent, stimulated effects in such systems
may lead to new optical devices.4 The field has recently ex
panded to include Frenkel excitons supported by orga
materials.5–7 This has been important in that it has led to t
observation of significantly larger, room temperature, stro
coupling effects, and opens the possibility of easily fab
cated nonlinear optical devices.

A key phenomenon associated with strong-coupling8 is
the anticrossing of the exciton and photon mode where
the absence of a strong interaction, they would have cros
Until now, investigations into strong-coupling in organic a
inorganic materials have been conducted either using
Bragg reflectors~DBR! as microcavity mirrors or one Brag
reflector together with one optically thick metal mirror.
this letter we show that microcavities fabricated using j
two metal mirrors can operate in the strong-coupling regim
All-metal cavities are characterized by relatively lo
Q-factors;9 however we find that strong-coupling can still b
achieved because the effective optical path length in an
metal cavity is significantly shorter than that in microcaviti
based on one or more dielectric mirrors, providing a sign
cant enhancement of the optical field within the orga
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semiconductor region of the cavity. Because of this enhan
ment we observe very large Rabi-splittings of over 300 m

J-aggregates of organic dye molecules possess many
tures that make them particularly suitable to undergo stro
coupling in microcavities.6 The narrow, inhomogeneous line
widths ~40–50 meV! and very large oscillator strengths o
molecular J-aggregates allow the observation of stron
coupling at room temperature. To observe the splitting
tween exciton and photon, both the homogeneous and in
mogeneous linewidth of the cavity photon mode and
excitons must be smaller than the Rabi-splitting. Because
the very large oscillator strength of organic Frenkel excito
~which can be at least 100 times larger than that of a serie
III–V quantum wells!, we have observed5 Rabi-splittings of
160 meV in microcavities having ‘‘bare’’ cavity photon line
widths of around 20 meV.

Thin films of the J-aggregate forming cyanine dy
(2,28-dimethyl-8-phenyl-5,6,58,68,-dibenzothiacarbocyanine
chloride, shown as an inset in Fig. 1! were formed by dis-
solving it into the transparent host polymer polyvinyl alcoh
~PVA! in a 40:60 water:methanol mixture, using dye conce
trations of order 531019 molecules per cm3. Figure 1 shows
the room temperature absorption spectrum obtained f
such a PVA matrix film spin cast onto a silica substrate. T
microcavities~left insert, Fig. 1! used in our experiment wer
fabricated by evaporating a thin (2865 nm) silver film onto
a silica substrate. The cyanine-dye/PVA mix was then s
cast on top of the metal film, the spin speed being adjuste
produce film thicknesses in the range 175 to 200~615! nm,
thus placing the cavity photon mode close to the energy
the exciton mode for normally incident light. Microcavitie
were completed by evaporating a second thin film of silv
(2865 nm) on top of the organic layer, forming a lowQ
cavity (Q;10) of linewidth;120 meV. For comparison, we
also fabricated and measured metal–DBR cavities in wh
the lower mirror~i.e., adjacent to the substrate! was replaced

ail:
9 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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by a multilayer dielectric mirror having a peak reflectivity
98% at 700 nm.

Microcavities were characterized by measuring th
~room temperature! optical transmissivity and reflectivity be
tween angles of incidence of 0° and 89°. When the freque
and in-plane wave vector of the incident light match that o
microcavity mode, transmission~reflectivity! is resonantly
enhanced~reduced!. The in-plane wave vectorki is related to
the incident angleu and wavelengthl of the incident light
through the relationki5sinu(2p/l). Thus, by measuring the
transmission as a function of frequency and in-plane w
vector, the dispersion of the cavity modes can be determ
~experimental details are given elsewhere10!. Photolumines-
cence~PL! was also measured as a function of angle follo
ing nonresonant excitation by a 594 nm HeNe laser, the
was detected using a CCD spectrometer system.

The data acquired from one sample for TE-polariz
transmission are shown in Fig. 2~a! as a gray scale map
High transmission~dark! regions map out the dispersion o
the cavity modes. To analyze the optical properties of
cavity we used a standard transfer matrix reflectivity mod
into which we input the dielectric functions of the silve
mirrors and theJ-aggregates in the PVA matrix~which we
determined from absorption measurements on a con
sample!. TheJ-aggregate excitons were modelled as osci
tors having an absorbance that peaks atv/2pc
51.49mm21 ~1.84 eV!. The results of our analysis ar
shown superimposed on Fig. 2~a!. The agreement betwee
the predicted dispersion of the polariton modes and the
gions of high cavity transmission are very good, enabling
to identify both the upper and lower polariton branches
shown. Reflectivity measurements of the same structure
shown in Fig. 2~b!. The data shown in Figs. 2~a! and 2~b!
indicate that both transmission and reflection may be use
study the metal clad structure.

The PL emission from the microcavity as a function
angle is shown in Fig. 3. At 0°, two main features are app
ent: a low energy feature centred at 1.69 eV, and sec

FIG. 1. The absorption spectrum of a thin film of cyanine dyeJ-aggregates
dispersed in a PVA matrix. The right inset shows the chemical structur
the cyanine dye studied in this work, a schematic of the planar microca
structure is shown in the left inset.
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sharper feature at 1.85 eV. The feature at 1.85 eV co
sponds to ‘‘direct’’ emission from theJ-aggregates within the
cavity which do not appear to couple to the optical mode
the structure. At present the origin of this uncoupled em
sion is not fully understood. However similar emission h
been observed in inorganic II–VI semiconductor microca
ties, and has been ascribed to emission from locali
states.11 The lower energy peak at 1.69 eV coincides with t
energy of the lower polariton branch. The dispersion of t
low energy feature follows the dispersion of the lower pol

of
ty

FIG. 2. ~a! transmission across the visible region of the spectrum for
polarized radiation. Dark regions are areas of high transmission. Anticr
ing of the cavity modes and the exciton is very clear. The diagonal line
the right of the plot signifies the maximum accessible scan angle~;90°!.
Also shown in~a! are the results from the transfer matrix model. The da
region beyondki51.6mm21 is an experimental artifact.~b! reflectivity
across the visible region of the spectrum for TE polarized radiation for
same sample as in~a!. Dark regions are areas of low reflection. Also show
in are the positions of the peaks obtained from PL data.

FIG. 3. PL emission spectra recorded from a microcavity containing cyan
J-aggregates. The spectra for different angles have been displaced vert
for clarity.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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iton branch seen in reflection and transmission. In Fig. 2~b!
we indicate the position of the features determined from
PL spectra shown in Fig. 3. As we have observed in ot
strongly coupledJ-aggregate microcavities, the photon em
sion from the lower branch dominates, with emission fro
the upper branch being much weaker.12

From the reflectivity and transmissivity measuremen
we determine a Rabi-splitting energy between the polar
branches of 300 meV. This value is significantly larger th
our previous measurements using the same cyanine dye
metal–dielectric mirror cavity and is the largest Ra
splitting ever reported in a microcavity. To investigate t
enhancement of the Rabi-splitting, we fabricated a serie
all-metal cavities and metal–DBR cavities containi
J-aggregate films having different optical densities, and t
different oscillator strengths. For each cavity, an identi
control ~noncavity! film of J-aggregates in PVA was fabri
cated. We were able to accurately determine the oscill
strength of each control film~in units of cm22! from a mea-
surement of its absolute optical transmission. In Fig. 4
plot the square root of the oscillator strength of the orga
film within the cavity versus the Rabi-splitting, confirmin
the expected linear dependence.13 It can be seen that both th
metal–metal cavity and the metal–dielectric mirror show
anticipated dependence of Rabi-splitting on oscilla
strength, however, it is clear that the Rabi-splitting measu
in the all-metal cavities is enhanced by;2.360.3.

We can explain this increase in splitting on the basis
the reduced optical path length of the metal–metal ca
compared to the metal–dielectric mirror cavity. The optic
field within a cavity defined using dielectric mirrors pe
etrates a significant distance into each dielectric mirror.13,14

In the metal–dielectric mirror cavity, we calculate that t
optical field penetrates approximately 0.87l into the dielec-
tric mirror thus increasing the effective cavity length (Leff). It
has been shown15 that the Rabi-splitting is proportional t
Leff

21/2. We calculate that the effective optical path length
the metal–dielectric cavity is approximately 2.7 times long
than the metal–metal cavity, which implies that the Ra
splitting in the metal–metal cavity should be enhanced b
factor of approximately 1.7. A full transfer matrix simulatio
yields a very similar result. This factor is in reasonab
agreement with the measured enhancement in the splittin

FIG. 4. Measured Rabi-splitting for all-metal and metal–DBR microcavit
as a function of the square root of the oscillator strength.
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approximately 2.3. We therefore explain the enhanced s
ting by better confinement of the optical field in the all-me
cavity as the penetration of the optical field into a silv
mirror is very small~;10 nm for light ofl5670 nm). This
significantly shortens the effective cavity length of th
metal–metal cavity, which enhances the optical field that
teracts with theJ-aggregates. The enhancement of the opti
field is thus reflected by an increase in the Rabi-splitting

We have demonstrated that microcavities with all-me
mirrors may be successfully used to explore strong-coup
phenomena, despite the absorption exhibited by the me
and the associated low-Q of such cavities. Indeed, th
strength of the splitting is the largest ever measured i
microcavity and is due to both the large oscillator strength
the organic film, and the strong field enhancement in meta
microcavities. The large splitting we obtain is of particul
significance for current efforts to achieve polariton lasing
microcavities. Strong-coupling will be maintained in o
structures at high temperatures, where the ‘‘polariton bot
neck’’ effect,16 which inhibits scattering into polariton state
is much less significant. The benefits of increasing the Ra
splitting are apparent in studies of II–VI microcavities (\v
;30 meV), where stimulated scattering has been obser
for nonresonant excitation.17
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