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We report the incorporation of thin films of a cyanine dyeJ aggregate into a versatile, length
tunable, optical microcavity. The denseJ-aggregate layers give an optical response that can be
modified by embedding them at specific positions within heterostructures of dielectric and metal
layers. The microcavities are composed of separate gold mirrors, which can be individually
nanopositioned, and give sharp resonant modes in the red/near-infrared region of the spectrum. With
the dye layer favorably placed, anticrossing behavior is observed as the cavity modes are
successively swept through the absorption resonance. Large Rabi splittings of up to 170 meV are
achieved at room temperature, agreeing well with predictions from a transfer-matrix model. These
strongly coupled microcavities pave the way for microelectromechanical systems-integrated
microdevices with tailored nonlinear optical properties. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1850189g

The use of optical microcavities to control the spectral,
spatial, and temporal characteristics of spontaneously emit-
ted light currently represents an area of intense scientific
interest.1–4 In particular, the so called “strong-coupling” re-
gime, when resonant-cavity modes are matched in energy
with resonances in the confined medium, such as atomic or
molecular transitions, has expanded into a very rich field for
the study of fundamental physics and applications, including
cavity quantum electrodynamicssQEDd. Such strongly
coupled systems produce anticrossing dispersion behavior
sRabi splittingd, as well as admixture quasiparticles or
“polaritons,”5 which have been observed to possess drasti-
cally different radiative dynamics, carrier scattering proper-
ties, and quantum statistics, than the weakly coupled photon
and exciton states.6–8 This results in modified spontaneous
emission that makes microcavities operating in the strong-
coupling regime highly attractive for practical semiconductor
systems, particularly in developing low-threshold lasers9 and
resonant-cavity light-emitting diodessLEDsd.10 In this letter,
we demonstrate strong exciton-photon coupling in a versa-
tile, length tunable, optical microcavity, based on a piezo-
controlled, metal-coated, optical fiber. Our techniques have
many attractive aspects compared to widely reported mono-
lithic planar microcavity structures, which require wedge or
angle tuning for detection. This geometry allows us to di-
rectly compare the Rabi splitting for different cavity lengths
in the same structure.

A schematic of the microcavities used in the experiments
reported in this Letter is shown in Fig. 1. The bottom mirror
of the cavity is produced by thermally evaporating 28 nm of
Au onto an optically flat indium-tin-oxidesITOd glass sub-
strate. The upper mirror is formed by thermally evaporating a
28-nm-thick film of Aus80% reflectivity atl=750 nmd onto
a perpendicularly cleaved stripped single-mode optical fiber
sSM660d of 100-mm outer diameter, which is mounted in an
XYZ piezoelectric nanotranslation stage and aligned nor-
mally to the bottom mirror film. In order to investigate the
transmittance properties of the structures, a broadband white-

light source is focused to a,10 mm spot on the rear side of
the bottom mirror film. Spectra are recorded by directly cou-
pling the output end of the fiber to a 0.5-m monochromator
and a nitrogen-cooled charge-coupled devicesCCDd of com-
bined 0.05-nm resolution. All the measurements reported
were carried out at room temperature.

These cavities have a tunable longitudinal length be-
tween the mirrors,L, which can be continuously reduced
down to,1 mm, with a fine-tuning resolution of a few na-
nometers. This facilitates the tuning of cavity modes to cover
the entire red and near-infrared region of the spectrumsbe-
low l=550 nm, the strongly absorbing nature of Au limits
the cavity finessed. This extremely large operating bandwidth
contrasts with conventional monolithicl /2 cavities, where
off-axis angle tuning is often used to demonstrate the blue-
shifting of resonant modes across a limited range of photon
energies. We are able to achieveQ factors in the range of
10-100, with corresponding cavity finesse of up to 10. These
cavity photon linewidths are sufficient to allow the strong-
coupling regime to be observed using high oscillator strength
media, such as various organic dyes11 and molecular
semiconductors.12

In our particular experiments, a cyanine dyesHayash-
ibara NK2751d, which exhibits aJ-aggregating property in a
self-ordered, thin-film form, was used as the active medium.
This J aggregate is characterized by a narrow, high oscillator
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FIG. 1. Schematic of the structure of the length tunable planar microcavities
used in our experiments. The optical fiber, onto which the top mirror of the
cavity is deposited, is mounted on anXYZpiezocontroller and this enables
fine tuning of the cavity lengthL. Also shown is the absorption spectrum of
drop-cast films of the cyanine dyesHayashibara NK2751d, showing a
650-nm peak fromJ-aggregate formation. The chemical structure of the dye
is shown as an inset.
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strength absorption feature atl=650 nm, as shown in Fig. 1.
Using a convenient drop-casting technique from a dilute so-
lution of the dye in methanol, a uniform thin film is depos-
ited onto the bottom mirror of the cavity. As discussed below,
a spacer layer of silica of variable thicknesss0–100 nmd is
deposited onto the bottom Au layer, by a technique of radio-
frequency sputtering, in order to move the dye away from the
expected optical-field node at the mirror. Ellipsometry mea-
surements on films of the dye indicate that they are of thick-
ness of order 10 nm, which probably corresponds to a close-
packed arrangement of only a few molecular monolayers.

Here we incorporate the thin layers in resonant micro-
cavities to obtain strong coupling. In Fig. 2sad, the resonant
transmitted modes of the dye-containing microcavity are
shown, as the cavity is tuned, starting atL=1440 nm, in-
creasing in steps of 20 nm. As expected, we see the resonant
modes of the cavity redshift with increasing cavity length. As
the modeM1 is tuned across the dye absorption peak at
around l=650 nm, we see a clear anticrossing behavior
characteristic of strong exciton-photon coupling. A similar,
although less pronounced, effect is seen as the next longitu-
dinal mode,M2, is tuned throughl=650 nm. The dispersion
of these modes showing the split branches of the polariton
states is directly shown on an energy versus tuning plot in
Fig. 2sbd, as the cavity is lengthened. The on-resonance Rabi
splittings clearly observed within this range are approxi-
mately 170 and 100 meV, for theM1 andM2 modes, respec-
tively.

In order to better understand the behavior exhibited by
our microcavities, a theoretical model based on a transfer-
matrix technique, incorporating appropriate optical constants
for each of the layers in the system, was developed. In the
case of the dye layer, we estimate an extensive oscillator
strength of 131014 cm−2 based on fitting our absorption
measurements to a Lorentzian lineshape. The experimental
transmission data is compared to the model in Fig. 3sad for
the case of on-resonance Rabi splitting corresponding to a
cavity lengthL=1630 nmfsid in Fig. 3sadg. The agreement
between experiment and theory is satisfactory, and shows
that in this geometry the Rabi splitting is of the same order
as the longitudinal mode splittings. Also shown in this figure
are the theoretical transmission spectra for cavities of equiva-
lent optical path length for the case when the silica spacer is
absentfsii d in Fig. 3sadg and for an unfilled all-metallic cavity
fsiii d in Fig. 3sadg. This clearly shows the beneficial effect of
the spacer to the magnitude of Rabi splitting observed. As
can be seen from the intensity profiles in Fig. 4splotted at
the longer wavelength Rabi-split peakd, the coupling to the
dye is greatly increased by suitably tailoring both dye posi-
tion and phase. This differs from bulk organic microcavities
in which the oscillator strength is fully distributed across the
cavity and not concentrated into a thin quantum well-like
layer, which perturbs the optical modes. The magnitude of
the strong-coupling effect is well known to depend upon the
on-resonance local electric-field strength of the cavity mode
within the active medium2 and this accounts for the unusu-
ally large Rabi splittings we observe compared to previously
reported microcavities containing active media of compa-
rable oscillator strength in diluted or matrix-bound form.13

We find that the optical field intensity at the dye layer de-
creases by a factor of about 2 when the 100-nm silica spacer
is omitted from the bottom mirror of the cavity, leaving the
dye layer on the Au and closer to a node of the optical field.
This, in turn, produces Rabi splittings which are roughly
halved.

FIG. 2. sad Broadband transmission spectra as the cavity length,L, is tuned.
The dispersion of the resonancesssolid linesd resolves an anticrossing be-
havior and Rabi splittingsVd as the cavity modes are tuned across the
absorption peak of the dyesdashed lined. sbd Extracted peak positions for
modesM1 and M2 sopen circlesd. The dashed lines are a guide to eye,
constructed using a standard theoretical modelslinesd.

FIG. 3. sad Transfer-matrix simulations corresponding toL=1630 nm,sid
with the silica spacer between dye and Au,sii d in the absence of any spacer,
andsiii d with an unfilled cavity. The bold line shows corresponding experi-
mental transmittance data for casesid. sbd Rabi splittingsVd values, derived
from our transfer-matrix simulations, plotted against cavity length, asL−1/2,
for cavities with a silica spacershollow circlesd and without a spacerssolid
circlesd between the dye and Au layers. The solid linescavity with spacerd
and dashed lineswithout spacerd are guides to the eye showing theV
~L−1/2 relation. Experimental data points for both cavity types are also
shown for comparison.
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The ability to scan the cavity length conveniently allows
us to measure anticrossings with successive longitudinal cav-
ity modes. The reduced Rabi splitting ofM2 compared to
M1 as the cavity is lengthened, as shown in Fig. 2sbd, is
attributed to the reduced confinement of the optical field due
to the longer cavity length. To further emphasize this, the
predicted Rabi splittings from our transfer-matrix model for
various resonant-cavity lengths are shown in Fig. 3sbd. As
expected, the model shows that the Rabi splitting is propor-
tional to the inverse square root of the cavity length.2 Our
experimental data points for the cases of both with and with-
out the silica spacer are found to be in reasonable agreement.

In principle, the strong coupling of photon and excitons
J-aggregate peakd modes can be observed at many different
positions of cavity length as the resonant modes are continu-
ously tuned. However, we note that the range of cavity
lengths over which we are able to unambiguously observe
Rabi splitting sand hence the number of experimental data
points that can be extractedd is limited by a number of fac-
tors. Firstly, it is not currently possible to tune the cavity to
shorter lengths than,1400 nm, as the geometrical limita-
tions of the present configuration result in reduced cavity
stability for such short lengths. Secondly, in order to satisfy
the criteria for strong coupling, the optical cavity modes
should have sufficientQ factor and finesse, and the band-
widths of both excitonsDlexcitond and optical modesDlcavityd
should also be closely matched.2,5,14 As we increase the
length of the experimental cavity beyondL.3000 nm, the
increasingQ factor and finesse become such that the latter of
these criteria is no longer satisfied and, hence, Rabi splitting
can no longer be clearly observed.

Using our recently developed technology to fabricate
tunable confocal microcavities, the bottom mirror may be
replaced by a micron-sized, hemispherical Au negative-
curvature microreflector.15 The advantages of these spherical
microcavities, as compared to the planar structures reported
in this Letter, are their higher finesse and the increased lo-
calization of optical modes, and we predict greatly enhanced

strong coupling due to this improved 3D field confinement.
Experiments are in progress, using further microfabrication
techniques to enhance and separate these sharp, closely
spaced, cavity modes using shorter cavities, which will in-
corporate molecular semiconductors with exciton linewidths
which are even narrower than theJ-aggregate system re-
ported here.

A further advantage of direct length tuning through
strongly coupled resonances is the immediate application to
study microcavities in which the photons are further confined
within the plane, such as photonic pillars16 shence precluding
the need for angle or wedge tuningd. In terms of prospective
applications, these piezocontrolled microcavities are the first
step to compatible microelectromechanical systemssMEMSd
technology.17,18 This will enable the powerful features of
photonic state engineering possible in microcavities operat-
ing in the strong-coupling regime,19 to be combined with
integrated fabrication techniques.

In conclusion, we report strong exciton-photon coupling
in a length tunable optical microcavity containing a
J-aggregate dye. Using optimized heterostructures, room-
temperature Rabi splittings as large as 170 meV are ob-
served, tying up well with corresponding theoretical models.
The versatility of our tunable microcavity, combined with the
convenience of solution processing techniques, provides an
attractive platform for the further investigation of strong-
coupling light-matter interactions using high oscillator
strength materials in optical cavities, and for the future ex-
ploitation of these effects in optoelectronic devices.
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FIG. 4. Spatial optical-field intensity profilesstop mirror at z=0d corre-
sponding to casessid andsii d from Fig. 3sad, at the longer wavelength trans-
mission peak,l=660 nm. The refractive index profile shows the position of
Au and dye layers.
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